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“It looked insanely complicated, and this was one of the reasons why the
snug plastic cover -- had the words DON’T PANIC printed on it in large
friendly letters.”

Douglas Adams: The Hitchhiker’s Guide to the Galaxy
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ABSTRACT

Cornea is the transparent tissue in the front of the eye essential for our vision. Its
normal function requires a constant turnover of new epithelial cells to maintain a
healthy ocular surface. Limbal stem cell deficiency (LSCD) is a severe type of corneal
blindness where the normal healing capacity of the corneal epithelium is destroyed,
for example due to burns or chemical trauma. This painful and debilitating condition
cannot be treated with conventional transplantation of donor corneal tissue but
requires the introduction of new therapeutic cells to regain the function of the
cornea. In addition to the corneal epithelium, the underlying stromal layer is often
also affected in LSCD, and the simultaneous delivery of regenerative cells for both
corneal layers would be beneficial for treatment of these patients.

Human pluripotent stem cells (hPSCs) have the capacity to differentiate with high
efficacy to limbal epithelial stem cells (LESCs), that could provide the therapeutic
cells to restore the function of the corneal epithelium. To regenerate the corneal
stromal layer, human adipose stem cells (hASCs) provide an attractive cell source
because of their immunomodulatory and antiangiogenic properties, relative
abundance and ease of isolation, and their capacity to differentiate towards corneal
keratocytes. However, for realizing their full therapeutic potential, clinically relevant
biomaterial scaffolds are needed for the delivery of these two stem cell types to the
cornea.

This dissertation explored the production of hydrogel-based scaffolds for hASCs
and hPSC-LESCs in a corneal tissue-mimicking organization and studied their
applicability for implantation to corneal wounds in an ex vivo cornea organ culture
model. First, hyaluronic acid-based hydrogels were evaluated as suitable cell-
encapsulation materials for hASCs. With further modification of the hyaluronic acid
with dopamine moieties, tissue adhesive hydrogel implants with encapsulated hASCs
and a layer of hPSC-LESCs on the surface were successfully fabricated. Lastly, laser-
assisted 3D bioprinting with clinically relevant hydrogel bioinks was used to create
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corneal structures accurately mimicking the properties of both the stroma and the
epithelium.

In conclusion, this dissertation describes innovative methods to produce
functional tissue-engineered structures for the regeneration of both the epithelium
and stromal layers of the cornea. With the aim of treating patients with stem cell-
based therapies in the future, the clinical applicability of both the raw materials and
the ready-made structures were considered throughout this work.
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TIIVISTELMÄ

Sarveiskalvo on silmän etuosan läpinäkyvä kudos, joka on ensisijaisen tärkeä
näkökyvyllemme. Terveen silmän pinnan toiminta perustuu epiteelisolujen jatkuvaan
uusiutumiseen. Limbaalinen kantasolupuutos (engl. limbal stem cell deficiency,
LSCD) on vakava sarveiskalvosokeuden muoto, jossa silmän pinnan epiteelisolukon
uusiutumiskyky on menetetty, esimerkiksi palo- tai kemikaalivammojen seurauksena.
Kivuliasta ja toimintakykyä heikentävää LSCD:tä ei voida hoitaa perinteisillä,
kuolleilta luovuttajalta saatavilla sarveiskalvosiirteillä, vaan sen hoito vaatii uusien
kudosta uusivien solujen tuomisen sarveiskalvolle. Epiteelisolujen lisäksi LSCD
vaurioittaa usein myös syvempää sarveiskalvon stroomakerrosta. Tästä syystä uusien
solujen siirtäminen samanaikaisesti molempien solukerrosten parantamiseksi
mahdollistaisi näiden potilaiden paremman hoidon.

Ihmisen erittäin monikykyisistä kantasoluista (eng. human pluripotent stem cells,
hPSC) saadaan erilaistettua tehokkaasti limbaalisia epiteelin kantasoluja (eng. limbal
epithelial stem cells, LESC), jotka toimivat sarveiskalvon epiteeliä uusivina soluina.
Sarveiskalvon strooman hoitoon sopivista soluista ihmisen rasvan kantasolut (engl.
human adipose stem cells, hASC) ovat yksi houkuttelevimmista vaihtoehdoista.
Rasvan kantasoluilla on kyky muokata kehon immuunireaktioita sekä estää
verisuonten uudismuodostumista, niiden saatavuus on hyvä ja eristäminen
suhteellisen vaivatonta, minkä lisäksi ne pystyvät erilaistumaan sarveiskalvon
strooman keratosyyteiksi. Näiden kantasolujen lääkinnällistä käyttöä varten tarvitaan
kuitenkin kliiniseen käyttöön soveltuvia biomateriaaleja ja niistä tehtyjä uudenlaisia
tukirakenteita molempien solutyyppien samanaikaiseen siirtämiseen sarveiskalvolle.

Tämän väitöskirjan tavoitteena oli tuottaa hydrogeelipohjaisia tukirakenteita sekä
hASC- että hPSC-LESC-soluille matkien sarveiskalvon solujen järjestäytymistä ja
tutkia niiden käytännön soveltuvuutta siirteiksi sarveiskalvon kudosviljelymallissa.
Väitöskirjan ensimmäisessä osatyössä tutkittiin hyaluronihappopohjaisten
hydrogeelien soveltuvuutta hASC-solujen viljelyyn ja siirtoon. Seuraavassa osatyössä
hyaluronihappomateriaaliin lisättiin dopamiiniryhmiä, joiden avulla saatiin
valmistettua kudokseen tarttuvia geelirakenteita ja pystyttiin kasvattamaan hASC-
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soluja sisältävän geelin pinnalle myös hPSC-LESC-solukerros. Kolmannessa
osatyössä hASC ja hPSC-LESC -soluista tuotettiin sarveiskalvon stroomaa ja
epiteeliä ominaisuuksiltaan muistuttavia rakenteita laseravusteisen 3D
biotulostuksen avulla käyttäen kliinisiin käyttötarkoituksiin soveltuvia
hydrogeeliraaka-aineita biomusteena.

Kaiken kaikkiaan tässä väitöskirjassa on kuvattu uudenlaisia menetelmiä
toiminnallisten kudosteknologisten sarveiskalvosiirteiden valmistukseen epiteeli- ja
stroomakerrosten korjaamiseksi. Jotta kantasolupohjaisia hoitomuotoja saataisiin
tulevaisuudessa potilaskäyttöön, työssä on kiinnitetty erityistä huomiota sekä
lähtömateriaalien että tuotettujen rakenteiden kliiniseen soveltuvuuteen.
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1 INTRODUCTION

Cornea is the transparent front of the eye, essential for transmittance and refraction
of incoming light to the light-sensing retina. The cornea is composed of three cellular
layers: epithelium, stroma and endothelium. The stratified corneal epithelium is
constantly shed and replenished by new epithelial cells produced by tissue resident
stem cells of the cornea called limbal epithelial stem cells (LESCs). If the limbal stem
cell niche is destroyed, the normal regenerative function of the corneal epithelium is
disrupted, and opaque conjunctival tissue can breach the broken limbal barrier and
grow over the cornea (Deng et al., 2019). This severe type of corneal blindness is
termed limbal stem cell deficiency (LSCD). LSCD is typically caused by burns and
chemical injuries, that do not merely affect the epithelium, but cause also scarring of
the underlying corneal stroma (Deng et al., 2019; Dua et al., 2000). As LSCD cannot
be treated using conventional transplanted corneal tissue, cell therapies are needed
to restore vision in these patients.

Cell therapies for restoring the LESC function to the cornea have previously
relied on using isolated primary cells, either from the contralateral healthy eye, a
living related donor, or from cadaveric corneas (Fernandez-Buenaga et al., 2018).
However, these isolated cells are only available in small quantities and have a limited
capacity for self-renewal. Using directed differentiation of human pluripotent stem
cells (hPSCs), it is possible to obtain vast amounts of LESCs with clinically
appropriate production methods (Hongisto et al., 2017; Mikhailova et al., 2014). As
therapeutic cells for corneal stromal regeneration, human adipose stem cells (hASCs)
have shown great potential due to their abundant availability, immunomodulatory
and anti-angiogenic properties, as well as their capacity to differentiate towards
corneal stromal keratocytes both in vitro and in vivo (Arnalich-Montiel et al., 2008; Du
et al., 2010).

In addition to the cellular component, restoration of corneal function also
requires suitable biomaterial scaffolds for the transplantation of these cells to the
eye. These scaffolds should be non-immunogenic, support the growth of cells both
inside and on top of the materials, be transparent and have adequate mechanical
properties to allow transplantation (Ahearne et al., 2020; Brunette et al., 2017). For
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full regeneration, the biomaterial should degrade after transplantation, allowing the
transplanted cells to remodel their surroundings and integrate to the cornea. Finally,
the clinical applicability of the biomaterial scaffold should be considered, taking into
account the origin of biological raw materials, and suitable transplantation
techniques of the final cell-laden scaffold (Brunette et al., 2017).

The aim of this dissertation was to develop suitable biomaterial scaffolds for the
transplantation of hASCs to the corneal stroma and the hPSC-derived LESCs for
corneal epithelial regeneration and study their transplantation strategies and
biological function in a corneal ex vivo model using excised porcine corneas.
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2 LITERATURE REVIEW

2.1 The human cornea

The cornea is the transparent front of the eye (Figure 1), which acts as a protective
barrier against pathogens and small mechanical damage and is our window to the
surrounding world. The cornea and its overlying mucinous tear film also provide
two thirds of the refractive power of the eye (DelMonte & Kim, 2011; Meek &
Knupp, 2015). This uniquely transparent tissue is comprised of three cellular layers;
epithelium, stroma and endothelium, separated by two acellular layers at their
interfaces; Bowman’s layer and Descemet’s membrane. Although the cornea lacks
blood vessels, it is one of the most innervated tissues of the body (DelMonte & Kim,
2011). Nutrients to the cornea are supplied by the small vessels on the edges of the
cornea, through the anterior chamber and by the tear film. (DelMonte & Kim, 2011)

Figure 1. Structures of the human eye, cornea and limbus.
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The stratified corneal epithelium renews constantly, through shedding of dead cells
from the surface and replenishing the epithelium through cell division and migration
(Richardson et al., 2016). This renewal capacity is maintained by the tissue resident
stem cells of the corneal epithelium, the limbal epithelial stem cells (LESCs), which
reside in the periphery of the cornea, in a an area known as the limbus (DelMonte &
Kim, 2011; Di Girolamo, 2015; Li et al., 2017; Richardson et al., 2016). The LESCs
in the limbus produce migratory daughter cells with a limited potential for cell
division, known as transient amplifying cells (TACs) (West et al., 2015). It has been
estimated that only 2.5–3% of cells in the limbal epithelium are true slow-cycling
LESCs (de Paiva et al., 2005).

The stroma constitutes the bulk of the cornea, making up 80–90% of its thickness
(DelMonte & Kim, 2011; Meek & Knupp, 2015). It comprises a densely packed
extracellular matrix (ECM) of collagens and proteoglycans, with sparsely distributed
quiescent cells called keratocytes. The collagen in the stroma is highly organized in
very specific patterns, constituting to both the transparency and mechanical strength
of the cornea (Meek & Knupp, 2015; Petsche et al., 2012). In case of injury to the
stroma, the normally quiescent keratocytes activate into a migratory and proliferative
fibroblast phenotype to repair small wounds (Fini, 1999). At the wound site, these
cells are transformed further to alpha smooth muscle actin (αSMA)-expressing
myofibroblasts, that contract to close the wound (Fini, 1999). This wound healing
response can induce the production of fibrous scar tissue, which leads to the
disruption of the regular arrangement of the stroma and a loss of transparency.

The endothelium is a uniform monolayer of hexagonal cells, which actively pump
water out of the stroma to maintain its transparency (DelMonte & Kim, 2011).
Corneal endothelial cells are non-mitotic in vivo, and their density has been shown to
decrease with age (Bourne et al., 1997; Hollingsworth et al., 2001). Despite being an
integral part of a healthy cornea, the endothelium was left out of the scope of this
dissertation.

2.1.1 The limbal niche

In the human cornea, the limbus constitutes a physical barrier between the
transparent corneal epithelium and the opaque conjunctiva. It also provides a
protective microenvironment, a “niche”, to the LESCs. The limbal stem cell niche
consists of palisades of Vogt, which are upward stromal protrusions, and their
complementary epithelial counterparts called the limbal crypts (Shortt et al., 2007a;
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Yazdanpanah et al., 2017). Usually, the limbal crypts are mostly concentrated in the
superior and inferior limbus, where they are protected by the eye lids, but their size
and location varies considerably between individuals (Grieve et al., 2015; Shortt et
al., 2007a). The specific environment within these crypts consists of a fenestrated
basement membrane with a signature distribution of ECM proteins, allowing a
complex interplay between different cell types on both sides. In addition to the
LESCs, the limbal niche also houses melanocytes to protect the LESCs from
ultraviolet (UV) light, mesenchymal cells for supporting LESCs, and immune cells,
blood vessels and nerves (Yazdanpanah et al., 2017). The mesenchymal niche cells,
which are located on the stromal side of the basement membrane, have also shown
stem cell properties, giving rise to the term corneal stromal stem cells (CSSCs)
(Funderburgh et al., 2016; Pinnamaneni & Funderburgh, 2012). The LESCs
themselves have been identified morphologically based on their small size and high
nucleus to cytoplasm ratio, capability to retain labelled DNA precursors due to slow
cell cycling, as well as a panel of protein markers (Dziasko & Daniels, 2016;
Schlötzer-Schrehardt & Kruse, 2005). Especially the transcription factor p63, and its
specific isoform ΔNp63α, have been shown to be of clinical relevance for
determining the success of transplanted LESCs (Rama et al., 2010). Some of the
most commonly used markers for identifying LESCs are listed in Table 1.

Table 1. Putative stem cell markers commonly used to identify limbal epithelial stem cells.

Marker Biological function Selected references

ΔNp63α transcription factor, specific isoform of p63 (Di Iorio et al., 2005; Kawasaki et
al., 2006)

C/EBPδ transcription factor (Barbaro et al., 2007)
BMI-1 transcription factor (Barbaro et al., 2007)

ABCG2 membrane transporter (Budak et al., 2005; de Paiva et
al., 2005)

ABCB5 membrane transporter (Ksander et al., 2014)
CK15 cytokeratin (Hayashi et al., 2007)
CK14 cytokeratin (Figueira et al., 2007)

CK19 cytokeratin (Chen et al., 2004; Schlötzer-
Schrehardt & Kruse, 2005)

N-cadherin cell adhesion molecule (Hayashi et al., 2007)

integrin α9 cell adhesion molecule (Chen et al., 2004; Stepp et al.,
1995)

Abbreviations: ABCB5: ATP-binding cassette sub family B member 5; ABCG2: ATP-binding
cassette sub family G member 2; C/EBPδ: CCAAT-enhancer binding protein δ; CK: cytokeratin
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The components of the limbal basement membrane are important regulators of stem
cell proliferation, migration and differentiation (Schlötzer-Schrehardt et al., 2007).
The protein composition of the limbal basement membrane differs from the corneal
basement membrane especially in laminin subchains and the α chain of collagen type
IV (Fukuda et al., 1999; Mei et al., 2012; Schlötzer-Schrehardt et al., 2007). Unique
ECM components found only in the limbal basement membrane include laminin α1
and γ3, BM40/SPARC (basement membrane protein 40 or secreted protein acidic
and rich in cysteine), and the glycoproteins tenascin-C and vitronectin (Mei et al.,
2012; Schlötzer-Schrehardt et al., 2007). Fibronectin is also more highly expressed
in the limbal basement membrane than the central cornea or the conjunctiva
(Schlötzer-Schrehardt et al., 2007). Both fibronectin and tenascin-C have been found
to be upregulated during wound healing also in other parts of the cornea (Mei et al.,
2012).

In addition to the unique molecular composition, the limbal niche has a distinct
mechanical microenvironment (Eberwein & Reinhard, 2015). The limbal niche has
a lower elastic modulus than the central cornea, and this stiffness gradient from the
softer limbus to the stiffer central cornea has been shown to drive the differentiation
and migration of corneal epithelial cells (Foster et al., 2014; Gouveia et al., 2019b;
Jones et al., 2012). Moreover, the cellular stiffness of LESCs themselves has been
shown to be lower compared their more differentiated progeny (Bongiorno et al.,
2016).

2.1.2 Corneal transparency and biomechanics

What makes corneal tissue exceptional, is its combination of transparency and high
mechanical strength. Corneal transparency arises from the specific molecular
arrangement of the densely packed ECM of the stroma, as well as the transparent
corneal cells themselves. The highly organized stromal ECM is rich in collagen,
predominantly of type I, with smaller amounts of types III, V, VI and XII (Meek &
Boote, 2009). Collagen type I molecules are triple helices, which assemble in a
staggered manner to form microfibrils and further into uniformly sized collagen
fibrils (Meek & Knupp, 2015). These regularly spaced collagen fibrils are then
bundled into approximately 2 µm thick and 200 µm wide lamellae (Meek & Knupp,
2015). This hierarchical assembly of collagen in the stroma is illustrated in Figure 2.
Adjacent lamellae are preferentially aligned orthogonally to each other in the central
cornea, with a more isotropic arrangement closer to the periphery (Abahussin et al.,
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2009; Meek & Knupp, 2015). Moreover, the organization of the lamellae changes
throughout the thickness of the cornea, resulting in differing mechanical strength
across its depth (Abahussin et al., 2009; Petsche et al., 2012). The lamellar
arrangement of the stroma is crucial in maintaining the curved shape of the cornea,
whereas the regular fibril arrangement is responsible for its transparency (Meek &
Knupp, 2015).

Figure 2. Collagen type I hierarchy and organization in the corneal stroma, as described in (Meek &
Knupp, 2015).

Proteoglycans between the collagen fibrils regulate matrix assembly and interfibrillar
spacing. Proteoglycans contain a protein core decorated with highly sulphated
glycosaminoglycans, which bind large amounts of water due to their high negative
charge. Specific proteoglycans of the cornea are keratan sulphate-containing
lumican, keratocan and mimecan, and dermatan sulphate-containing decorin
(Massoudi et al., 2016; Meek & Boote, 2009). Due to their high affinity to water, the
interfibrillar proteoglycans can also drive corneal swelling if the pumping action of
the endothelium is compromised. Upon swelling, the interfibrillar spacing increases,
resulting in increased light scattering and loss of corneal transparency (Meek &
Knupp, 2015; Meek et al., 2003).

Uniform refractive index of the cells in the cornea is also crucial for corneal
transparency (Meek & Knupp, 2015). Keratocytes in the stroma have a very compact
cell body to minimize light scattering and their cytoplasms are packed with crystalline
proteins, such as aldehyde dehydrogenases and transketolases (Hassell & Birk, 2010;
Jester et al., 1999). The expression of these crystalline proteins has been found to
decrease upon injury to the corneal stroma, and is also associated with scar formation
(Jester et al., 1999).

The structure of the stroma gives rise to the unique biomechanics of corneal
tissue. The cornea is constantly subjected to intraocular pressure, and the precise
organization of collagen lamellae within the stroma exists to carry this mechanical
load (Abahussin et al., 2009; Dupps & Wilson, 2006). The aligned collagen lamellae
can withstand large deformations in the direction of the fibres, whereas the
interweaving of collagen bundles can transfer tensile loads between neighbouring
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lamellae, contributing to the resilience of the stroma (Dupps & Wilson, 2006; Meek
& Boote, 2009). With 78% of stromal weight consisting of water, the cornea can be
considered as a complex anisotropic composite, where the collagen lamellae and
proteoglycans exist in a matrix of water molecules (Dupps & Wilson, 2006).

2.2 Corneal blindness

Corneal opacities are a major cause of blindness worldwide and constitute a great
socioeconomic burden, as they primarily affect people at a younger age (Mathews et
al., 2018). Global estimates of the number of people suffering from blindness or
visual impairment due to corneal opacities range from 4.5 to 5.7 million individuals
(Flaxman et al., 2017; Pascolini & Mariotti, 2012). While these numbers mostly
reflect the total loss of visual acuity, opacities affecting only one eye are often
underreported in these surveys. These unilateral cases of corneal blindness, typically
due to ocular trauma or corneal ulceration, are estimated to constitute to 1.52 million
new cases every year (Whitcher et al., 2001). Corneal blindness is most common in
developing countries, where the infectious disease trachoma causes significant
amount of corneal vision loss (Whitcher et al., 2001).

Forms of corneal blindness where the renewal capacity of the epithelium is
compromised due to partial or complete loss of LESC function, are classified
collectively as limbal stem cell deficiency (LSCD). LSCD is characterized by invasion
of blood vessels and the surrounding conjunctiva to the cornea, and it causes ocular
discomfort, persistent inflammation, pain and photophobia (Deng et al., 2019).
There are a variety of causes for LSCD, ranging from traumatic (e.g. burns or
chemical injuries), to acquired diseases (e.g. Stevens-Johnson syndrome or
keratoconjunctivitis) and genetic conditions (e.g. aniridia) (Bobba et al., 2017;
Vazirani et al., 2018). Also, prolonged contact lens wear has been shown to induce
symptoms of LSCD (Bobba et al., 2017; Rossen et al., 2016). LSCD can affect one
eye (unilateral) or both eyes (bilateral), and varies in severity (Deng et al., 2019). In
the UK, chemical injury-related LSCD has been estimated to affect 148 patients
yearly (Ghosh et al., 2019), whereas 240 new cases have been predicted based on the
incidence of all LSCD causes (Shortt et al., 2011). In Australia and New Zealand, a
one-year surveillance study estimated an incidence of 63 new cases of severe LSCD
(Bobba et al., 2017). By extrapolating the estimates of Ghosh et al. (2019) and Bobba
et al. (2017) to a population incidence based on statistics of the respective countries,
these numbers roughly translate to an incidence of 0.23 per 100 000 people.
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2.2.1 Corneal transplantation and artificial corneas

Most patients with corneal blindness are treated with cadaveric corneal transplants.
Although corneal tissue represents the most common organ transplant worldwide,
there is a constant global shortage of donor tissue, with only 1 in every 70 patients
receiving a transplant (Gain et al., 2016). With the advancement in surgical
techniques, full thickness corneal transplantation (penetrating keratoplasty, PK) can
often be replaced by partial thickness corneal grafts aimed to replace only the
damaged layers of the cornea. For example, anterior lamellar keratoplasty (ALK) can
be performed to replace only the dysfunctional outermost part of the cornea, without
disturbing the endothelium. Conversely, Descemet’s membrane endothelial
keratoplasty (DMEK) can be used to replace only the dysfunctional endothelium
layer. These different types of corneal transplantations are illustrated in Figure 3.

Typically, corneal transplants are not immunophenotype matched as the cornea
is considered immune-privileged because of its avascular nature (Panda et al., 2007).
However, in LSCD this immune privilege is compromised due to the invasion of
new blood vessels, which increases the risk of transplant rejection. This high risk of
rejection and the low functionality of LESCs in cadaveric grafts make traditional
corneal transplantation unsuitable for the treatment of LSCD (Kethiri et al., 2017;
Vemuganti et al., 2004). Keratolimbal allografts (KLAL), a transplantation of corneal
rims from freshly obtained donor tissue, are considered a possible option for LSCD
patients, but a strict immunosuppression regimen is required to combat transplant
rejection (Cheung & Holland, 2017; Eslani et al., 2017).

In severe cases of corneal blindness, where previous corneal transplants have
failed, prosthetic artificial corneas can be considered as an alternative treatment. Two
keratoprosthetics devices (KPros) have gained market approval by the American
Food and Drug Administration (FDA); the Boston KPro and the AlphaCor (Lee et
al., 2015). They are non-biodegradable synthetic implants designed to replace the
optical element of the central cornea. The Boston KPro consists of a rigid
poly(methyl methacrylate) (PMMA) optic core, a titanium or PMMA back plate and
a rim of donor corneal tissue (Khan, 2015). The AlphaCor is a softer core-and-skirt
type device, with a hydrated poly(2-hydroxyethyl methacrylate) (PHEMA) central
optic and an opaque porous rim for the fixation of the implant (Myung et al., 2008).
However, lack of integration to the host tissue and the risk of severe complications,
such as extrusion of the device, anterior chamber inflammation or glaucoma have
hindered the widespread use of artificial KPros (Aravena et al., 2018; Jiraskova et al.,
2011; Lee et al., 2015).
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Figure 3. Different types of corneal transplantations are used to replace either the whole cornea
(penetrating keratoplasty, PK), the affected parts (anterior lamellar keratoplasty, ALK and
Descemet’s membrane endothelial keratoplasty, DMEK) or aim to restore the function of
the cornea (keratolimbal allograft, KLAL and keratoprosthetics device, KPro).

2.2.2 Epithelial reconstruction for treating LSCD

In LSCD, the renewal capacity of the corneal epithelium is compromised. In minor
epithelial defects, topical therapeutics such as lubricating eye drops, autologous
serum eye drops, bandage contact lenses or patches of human amniotic membrane
(hAM) can be sufficient to stabilize the corneal surface after ocular injuries (Dua et
al., 2010; Shortt et al., 2011). The placenta-derived hAM has been widely used in
ophthalmology, because of its anti-inflammatory and anti-angiogenic properties that
can promote re-epithelialization of the corneal surface (Azuara-Blanco et al., 1999;
Jirsova & Jones, 2017; Lee & Tseng, 1997). Moreover, hAM is still commonly used
as a carrier material for many cell-based therapies for the corneal epithelial
reconstruction (Fernandez-Buenaga et al., 2018). Despite its many advantages, the
use of donated hAM requires careful donor screening to avoid disease transmission,
and is subject to large biologic variation (Connon et al., 2010; Jirsova & Jones, 2017).

For the treatment of severe LSCD, different strategies have been developed for
transplantation of new LESCs to the diseased eye. In unilateral LSCD, the preferred
techniques utilize autologous limbal biopsies obtained from the contralateral healthy
eye, such as conjunctival limbal autograft (CLAU), cultivated limbal epithelial
transplantation (CLET) or simple limbal epithelial transplantation (SLET)
(Fernandez-Buenaga et al., 2018). In CLAU, tissue segments typically representing
2–3 clock hours are taken from the upper and lower limbal areas of the healthy eye,
containing also conjunctival epithelium (Cheung et al., 2017). Although recent
evidence suggest CLAU to be safe to the healthy donor eye, worries about inducing
LSCD to the healthy eye have driven popularity of surgical techniques requiring
smaller biopsies (Cheung et al., 2017; Shanbhag et al., 2020). In CLET, cells from a
small limbal biopsy are expanded in culture before being transplanted back to the
patients affected eye. This technique, originally described by Pellegrini et al. (1997),
was later commercialized and gained market approval in Europe as the first tissue
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engineered product (Holoclar®; Chiesi Farmaceutici). In a 3-year follow-up, the
efficacy of this method was shown to be 68% (Fasolo et al., 2017). More recently,
SLET was developed as a simpler alternative for CLET, that does not require the
heavy economic or logistic resources (Sangwan et al., 2012). In SLET, a 2 mm2 limbal
biopsy is minced and the fragments transplanted onto the affected eye on a piece of
hAM. Overall, CLAU and SLET have shown comparable, or even better results than
CLET (Basu et al., 2016; Jackson et al., 2019; Shanbhag et al., 2020). In bilateral
LSCD, the limbal biopsy-based treatments can also utilize allogeneic tissues from
either living related donors or fresh cadaveric corneas. In these cases, the use of
immunosuppression medication is required, but the length of treatment can vary
(Baylis et al., 2011). Arguably, the immunosuppression for cell-based therapies is not
as heavy as when transplanting allogenic limbal tissue (such as KLAL), which
contains highly antigenic immune cells and blood vessels (Holland et al., 2012).
These different treatment options for LSCD are illustrated in Figure 4.

Other cell sources apart from corneal cells have also been suggested for replacing
corneal epithelium in LSCD patients. For example, cultivated oral mucosal
epithelium transplantation (COMET) can be used as an autologous alternative to
patients with bilateral disease. By taking small biopsies from the oral cavity and
culturing these cells on hAM at the air-liquid interface, they can generate a stratified
epithelium resembling the corneal epithelium (Fernandez-Buenaga et al., 2018).
Long-term success rates ranging from 53% after 3 years (Satake et al., 2011) to 70%
after 4 years (Prabhasawat et al., 2016) have been reported for COMET. In addition
to oral mucosal cells, other suggested autologous cell sources for replacing corneal
epithelium in bilateral LSCD include conjunctival epithelium (Ricardo et al., 2013),
dental pulp stem cells (Gomes et al., 2010), nasal mucosa (Chun et al., 2011), hair
follicle stem cells (Meyer‐Blazejewska et al., 2011), epidermal stem cells (Yang et al.,
2008), and mesenchymal stem cells (MSCs) (Calonge et al., 2019; Holan & Javorkova,
2013; Reinshagen et al., 2011).

An interesting cell-free alternative for treatment of LSCD has been recently
proposed, where the already clinically approved collagenase enzyme can be topically
applied to locally soften the surface of the cornea, and to promote endogenous
regeneration of the corneal epithelium (Gouveia et al., 2019a). This simple and low-
cost treatment showed promise in a rabbit alkaline burn model in reducing corneal
haze and suppressing inflammation and neovascularization (Gouveia et al., 2019a).
This investigational therapy has recently entered into a first-in-human clinical trial in
India (TrialSite News, 2019).
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Figure 4. Treatment options for unilateral and bilateral LSCD. In unilateral cases, pieces of limbal
tissue are taken from the contralateral healthy eye, whereas in bilateral cases an
allogeneic donor is needed. Alternatively, autologous oral mucosal epithelium can be used
to replace corneal epithelium. CLAU: conjunctival limbal autograft, CLET: cultivated limbal
epithelial transplantation, COMET: cultivated oral mucosal epithelium transplantation,
hAM: human amniotic membrane, KLAL: keratolimbal allograft, LSCD: limbal stem cell
deficiency, SLET: simple limbal epithelial transplantation.

2.2.3 Strategies for stromal reconstruction and replacement

To fully restore vision in patients with LSCD, both the regenerative capacity of the
epithelium and the transparency of the underlying stroma need to be re-established.
Current treatments for LSCD aim to first stabilize the ocular surface using
transplantation or reactivation of LESC, after which the scarred stroma is then
replaced by corneal transplantation (Baradaran-Rafii et al., 2010; Behaegel et al.,
2019; Zakaria et al., 2014). In addition to the inconvenience of a second surgery, the
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time between the operations might be long, and the operation still requires suitable
corneal donor tissue. The lack of donor corneal tissue has been the main driver for
the development of stromal replacements.

In contrast to the cell-based approaches to epithelium regeneration, the
approaches for corneal stromal regeneration are mainly aimed at replacing the bulk
of the cornea with suitable replacement materials (Matthyssen et al., 2018).
Decellularized stromal tissue has been suggested as an alternative for corneal
transplantation, with some promising results (Hashimoto et al., 2016; Shafiq et al.,
2011). To solve the shortage of corneal donor tissue, mainly decellularized porcine
corneas have been suggested, but the use of animal tissue for clinical use still raises
concerns with the regulatory authorities regarding traceable manufacturing,
consistent quality and possible immune responses (Brunette et al., 2017; Lagali,
2020). In vitro approaches for producing corneal stromal equivalents have also been
reported, where corneal keratocytes were induced to secrete their own organized
ECM in long-term cultures (Gouveia et al., 2017a; Guo et al., 2007).

Biomaterial-based strategies for corneal stromal reconstruction utilize both cell-
seeded and acellular methods. Biomaterial implants without cells allow greater
freedom in their production methods, for example in using different crosslinking
strategies and toxic reagents. These types of implants rely on the recruitment of cells
from the corneal stroma for successful integration and regeneration (Ahearne et al.,
2020; Griffith et al., 2009). Conversely, stromal regeneration strategies including
therapeutic cells within the biomaterial scaffold can provide faster regeneration of
the tissue by replacing the lost keratocytes of the slowly regenerating stroma and
produce a therapeutic effect through secretion of cytokines and other factors. The
different types of biomaterials used as scaffolds for corneal regeneration are
described in more detail in Chapter 2.4.

Many different types of cells have been suggested as therapeutic cells for corneal
stromal regeneration. Primary human corneal keratocytes isolated from donor
corneas have only limited capacity for proliferation in vitro, and tend to adopt the
activated fibroblast phenotype in culture (Wilson et al., 2012a). Instead, multipotent
stem cells of the corneal stroma (CSSCs), have shown better capacity for
proliferation and producing native-like stromal ECM (Du et al., 2005; Wu et al.,
2014a). The application of CSSCs to the surface of the eye has also been shown to
reduce corneal scarring (Basu et al., 2014). Also, MSCs from other sources have
shown capacity for producing keratocyte-like cells (Dos Santos et al., 2019).
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2.3 Stem cells as a treatment modality for the cornea

The eye has historically been at the forefront of stem cell-based therapies, possibly
due to the simplicity of visual monitoring of the treatment site in vivo. Preclinical
studies in animal models are abundant, while some therapies have already advanced
to clinical trials. Some of the recent and ongoing clinical trials using stem cells for
treating corneal diseases are listed in Table 2.

Table 2. Examples of ongoing and recent clinical trials using stem cells for corneal applications.

Cells
Autologous/
allogeneic

Transplantation
vehicle Indication Status in

July 2020
Reference/
sponsor

BM-MSC Allogeneic hAM LSCD Completed (Calonge et al.,
2019)

LESC Autologous
and
allogeneic

hAM LSCD Ongoing (Behaegel et al.,
2019; Zakaria et
al., 2014)

LESC Autologous Fibrin membrane LSCD Phase III
Ongoing

(Rama et al., 2010),
Chiesi
Farmaceutici SpA

LESC Autologous hAM LSCD Recruiting Massachusetts Eye
and Ear Infirmary

LESC
(ABCB5+)

Allogeneic Topical
suspension

LSCD Recruiting RHEACELL
GmbH

iPSC-
CEC

Allogeneic Cell sheet LSCD Ongoing (Osaka University,
2019)

CF +
LESC

Allogeneic Fibrin-agarose Corneal
ulcers

Recruiting (González-
Andrades et al.,
2017)

LESC +
CSSC

Allogeneic Suspension in
fibrin

Corneal
scars

Recruiting (Basu et al., 2014),
LV Prasad Eye
Institute

ASC Autologous Injection or
decellularized
stroma

Keratoconus Unknown (Alió del Barrio et
al., 2017), Vissum,
Instituto
Oftalmológico de
Alicante

ASC Allogeneic Injection Dry Eye Recruiting Rigshospitalet,
Denmark

LESC Allogeneic Eye drops Dry Eye Recruiting Rush Eye
Associates

Abbreviations: ASC: adipose stem cells, ABCB5: ATP-binding cassette sub family B member 5,
BM-MSC: bone marrow mesenchymal stem cells, CF: corneal fibroblasts, CSSC: corneal stromal
stem cells, hAM: human amniotic membrane, iPSC-CEC: induced pluripotent stem cell derived
corneal epithelial cells, LESC: limbal epithelial stem cells



33

Tissue resident stem cells of the cornea, namely LESCs and CSSCs, can be used to
treat corneal opacities of the epithelium and the stroma, respectively. However,
drawbacks of using isolated primary cells include their limited availability and the
variability between donors, which can lead to inconsistent treatment outcomes
(O'Callaghan & Daniels, 2011). Moreover, the culture methods used to expand these
cells in vitro often utilize undefined and xenogeneic components such as serum and
feeder cells (O'Callaghan & Daniels, 2011; Shortt et al., 2007b; Sidney et al., 2015).
The challenges of using isolated stem cells has led to the investigation of other stem
cell sources, such as human pluripotent stem cells (PSCs) or MSCs.

2.3.1 Human pluripotent stem cells

PSCs are defined by their capacity for self-renewal and differentiation to all the three
different germ layers of an embryo; ectoderm, endoderm and mesoderm. There are
two types of PSCs, embryonic stem cells (ESCs) and induced pluripotent stem cells
(iPSCs). ESCs are mainly derived from the inner cell mass of early-stage embryos,
whereas iPSCs can be reprogrammed from adult somatic cells by inducing the
expression of pluripotency genes. Since the discovery of in vitro culture methods for
human ESCs (Thomson et al., 1998) and iPSCs (Takahashi et al., 2007), hPSCs have
provided new means for studying human development, disease modelling,
toxicology and cell therapy (Romito & Cobellis, 2016).

Human PSCs have been proposed as an unlimited source of cells for any type of
human tissue. Over the years, knowledge of the differentiation methods for
obtaining corneal cells from both ESCs and iPSCs has grown vastly, and the culture
methods have evolved towards being GMP (good manufacturing practice) compliant
and xenobiotic- and feeder cell free, making them more likely to reach clinical use.
Although the discovery of iPSC technology has made it possible to use also these
cells as autologous cell therapy, the cost of such treatments renders them
economically impractical. Minimizing rejections in allogeneic cell therapy with
hPSCs requires matching of the human leukocyte antigen (HLA) haplotype between
patients and cell lines, and the establishment of clinical grade cell banks with HLA-
homozygous cell lines (Wilmut et al., 2015). However, as the frequencies of HLA
phenotypes vary between different ethnic groups, population-based cell banks might
be needed to cover suitable portion of each population, requiring a coordinated
global effort (Gourraud et al., 2012). Initiatives for establishing such HLA haplotype
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banks are already underway, for example the Center for iPS Cell Research and
Application (CiRA) in Japan (Azuma & Yamanaka, 2016).

Corneal epithelial and progenitor cell differentiation from hPSCs is based on
supplying the cells with appropriate growth and differentiation cues from the culture
substrate and the culture medium. By mimicking the conditions of the limbal niche,
Ahmad et al. produced the first hPSC-derived corneal epithelial cells on collagen
type IV (Col IV) coating using limbal fibroblast-conditioned culture medium
(Ahmad et al., 2007). Since then, the differentiation methods have improved towards
defined and xenobiotic-free culture conditions to improve the efficacy and reliability
of corneal differentiation. Drawing inspiration from the early eye development,
Mikhailova et al. described an efficient method to obtain corneal epithelial
progenitor cells from hPSCs, using human Col IV as culture substrate and small-
molecule inhibitors and activators to drive LESC differentiation (Mikhailova et al.,
2014). With the implementation of feeder-free hPSC culture techniques, this method
was later updated by Hongisto et al. and the ECM substrate was modified to include
both human Col IV and human recombinant laminin-521 (Ln-521) (Hongisto et al.,
2017). Another approach, also mimicking the development of the eye, for
differentiating feeder-free hPSCs to corneal cells was described by Hayashi et al. and
named SEAM (self-formed ectodermal autonomous multi-zone) (Hayashi et al.,
2016). In the SEAM method, the culture consists of concentric areas of different
ocular cells, from which the corneal epithelial cells can be purified by manual
pipetting and cell sorting (Hayashi et al., 2016). However, the SEAM method is quite
time-consuming, as the full differentiation process to corneal epithelial cells can take
12–16 weeks (Hayashi et al., 2017). Corneal epithelial cell sheets differentiated from
allogeneic iPSCs with the SEAM method have recently entered into first-in-human
clinical trials in Japan for treatment of bilateral LSCD (Osaka University, 2019).

Keratocyte differentiation using hPSCs has also been reported. Developmentally,
keratocytes originate from the neural crest, having a slightly different origin from the
surface ectoderm-derived epithelial cells. Thus, keratocyte differentiation from PSCs
typically starts with the induction of neural crest cells, followed by 3D culture in cell
clusters with fibroblast growth factor (FGF) and ascorbic acid (vitamin C)
supplemented medium (Chan et al., 2013; Naylor et al., 2016). With the more readily
available cell sources for producing keratocyte-like cells, their differentiation from
hPSCs has not attracted considerable attention.



35

2.3.2 Human mesenchymal stem cells

MSCs are multipotent adult stem cells capable of differentiating into various
mesenchymal tissues, such as bone, cartilage and adipose tissue. MSCs have been
found in various tissues of the human body including bone marrow, adipose tissue
and the umbilical cord. Also CSSCs can be classified as MSCs, as they have the
potential to differentiate also into other mesenchymal cell types (Funderburgh et al.,
2016). Overall, MSCs have been widely studied for applications in regenerative
medicine, as they can be relatively easily isolated and display anti-inflammatory and
immune-modulatory properties (Dos Santos et al., 2019; Zhang et al., 2015b).
Although MSCs are generally known to induce angiogenesis, they have actually been
shown to display anti-angiogenetic properties in corneal injuries (Oh et al., 2008).

 MSCs have been claimed to differentiate towards both keratocyte and epithelial
cells of the cornea (Sánchez-Abarca et al., 2015). As the corneal stroma also
represents a mesenchymal tissue, it is not surprising that there is evidence of stromal
regeneration using MSCs. In vivo animal experiments have shown evidence that
human bone marrow derived MSCs (BM-MSCs) and umbilical cord MSCs can
assume a keratocyte phenotype in the corneal stroma (Liu et al., 2010; Liu et al.,
2012). Furthermore, a comparison of the in vitro differentiation capability of four
different types of MSCs confirmed that all differentiated towards keratocytes, with
CSSCs showing the highest potential (Dos Santos et al., 2019). Although the
transdifferentiation of MSCs to corneal epithelial cells has been debated (Harkin et
al., 2015), recent evidence suggests that MSCs are capable of undergoing
mesenchymal-epithelial transition (MET) and subsequent corneal epithelial lineage
commitment in vitro (Venugopal et al., 2019). Also, a recent randomized clinical study
compared the efficacy of allogeneic BM-MSCs on hAM to allogeneic CLET in
treating patients with severe LSCD (Calonge et al., 2019). The study demonstrated
improvement of the corneal epithelium in both cases, although the particular
mechanism for epithelial restoration (transdifferentiation or paracrine stimulation of
remaining LESCs) was not determined (Calonge et al., 2019).

The paracrine effects of MSCs have shown beneficial effects on both epithelium
and stromal wound healing. MSCs are known to secrete many anti-inflammatory and
anti-angiogenic cytokines, especially in treatment of acute corneal injuries of the
epithelium (Oh et al., 2008; Yao et al., 2012). Furthermore, MSC-conditioned
medium has been shown to reduce the scar tissue formation of corneal keratocytes
in vitro (Watson et al., 2010). More recently, the wound healing and anti-fibrotic
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property of MSCs has been attributed to paracrine stimulation through secreted
extracellular vesicles (EVs) (Samaeekia et al., 2018; Shojaati et al., 2019).

2.3.2.1 Human adipose stem cells

Adipose tissue is an attractive source for MSCs, as human adipose stem cells (hASCs)
can be isolated in larger quantities and with better patient compliance compared to
BM-MSCs (Lindroos et al., 2011). Because adipose tissue is usually abundant and
relatively expendable, autologous hASCs are often available for regenerative
therapies. However, their immunomodulatory nature also allows allogeneic hASCs
to be a clinically feasible therapeutic option. One such therapy is already on the
market, under the trade name Alofisel® (Takeda) for treatment of patients with
Crohn’s disease (Jones, 2018). The immunomodulatory effects of hASCs has also
promoted their use in treatment of immune reactions, such as severe graft-versus-
host-disease (Jurado et al., 2017).

For corneal regeneration, hASCs have been applied mainly for regeneration of
the stroma through tissue integration and differentiation towards corneal keratocytes
(Harkin et al., 2015). Of all MSCs, hASCs have been shown to be second to only the
precursor-like CSSCs in their ability to differentiate towards keratocytes (Dos Santos
et al., 2019). The in vitro differentiation of hASCs towards keratocytes has been
demonstrated by several research groups and the differentiation protocols are firmly
established (Du et al., 2010; Lynch & Ahearne, 2017; Zhang et al., 2013).
Additionally, undifferentiated hASCs have shown to adopt a keratocyte phenotype
after implantation to the corneal stroma in animal models (Arnalich-Montiel et al.,
2008; Espandar et al., 2012). In a clinical trial, autologous hASCs have been shown
to produce new collagen in the corneal stroma of patients with keratoconus, a disease
resulting from loosening of stromal collagen and subsequent deformations of the
cornea (Alió del Barrio et al., 2017).

Like other types of MSCs, also hASCs have been studied for treatment of corneal
epithelium in LSCD. When hASCs on hAM were transplanted into a rabbit LSCD
model, they showed moderate suppression of neovascularization, and promotion of
healthy corneal epithelium (Galindo et al., 2017). However, the authors explicitly
attributed these effects to paracrine factors rather than MET (Galindo et al., 2017).
The evidence for in vivo transdifferentiation of hASCs to corneal epithelial cells
remains poor, but in vitro MET with small molecule induction has been demonstrated
(Bandeira et al., 2020). In a rat LSCD model, only hASCs with prior in vitro
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transdifferentiated were capable of reconstructing the corneal epithelium with its
typical morphology and marker expression (Bandeira et al., 2020).

2.4 Biomaterials for corneal tissue engineering

Biomaterials can be broadly defined as any materials interacting with the body with
the purpose of replacing or augmenting tissue function. Although biomaterials
encompass a wide variety of hard and soft materials, specific requirements exist for
materials for delivering living cells to the cornea. The optimal biomaterial should
degrade in the body in a suitable timeframe, display sufficient mechanical toughness
to withstand manipulation and implantation, and be transparent to allow
unobstructed vision (Chen et al., 2018). The unique combination of transparency
and high mechanical strength, which is typical for the cornea is very difficult to
replicate by the means of tissue engineering (Matthyssen et al., 2018). To circumvent
the challenges of manufacturing such biomaterial scaffolds, many research groups
have suggested animal-derived decellularized stromal tissue as a corneal scaffold
(Hashimoto et al., 2010; Yoeruek et al., 2012). However, these animal-derived
biological scaffolds have a limited clinical translatability and are not considered
within the scope of this dissertation.

In the field of corneal tissue engineering, most approaches to date have focused
on replacing only one cell layer at a time, with epithelial applications being the most
numerous (Chen et al., 2018). The main goal for these studies has been to find more
standardisable and risk-free alternatives to the current gold standard transplantation
material hAM (O'Callaghan & Daniels, 2011). While scaffolds for corneal epithelium
replacements are mostly membranes or films supporting cell growth (i.e. two-
dimensional (2D) surfaces), stromal cells require a more three-dimensional (3D)
approach for creating relevant biological scaffolds. The underlying principles of
manufacturing biomaterial scaffolds for corneal epithelium and stromal tissue
engineering are illustrated in Figure 5. Rather than listing all the different biomaterials
suggested for corneal applications, this chapter describes the different approaches
for producing the various types of corneal scaffolds ranging from hydrogels and
fibrous materials to the scaffold-free production methods. Examples are given of
each scaffold type, while few materials considered the most relevant within the scope
of this dissertation are discussed more thoroughly in the following chapters.
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Figure 5. Different approaches and scaffold types used for corneal regeneration, and examples of
their use for corneal epithelial and stromal tissue engineering. ΔT refers to temperature
change.

2.4.1 Hydrogels

Hydrogels are crosslinked polymer networks capable of retaining large amounts of
water. The crosslinks can be formed through either physical interactions or chemical
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bonds. Physical crosslinking can be induced by changes in temperature, causing
chain entanglement or hydrogen bonding, by introducing ionic crosslinking agents,
or by hydrophobic self-assembly of polymer units (Baroli, 2007). Chemical
crosslinking includes the formation of covalent bonds between polymer chains,
either via crosslinker molecules or through chemical reactions between functional
groups in the hydrogel components (Baroli, 2007). Chemical bonding can also be
achieved through photopolymerization, i.e. irradiation with specific wavelengths of
light.

In tissue engineering, hydrogels are used as cell culture matrices because they
mimic the 3D environment in the body and allow efficient diffusion of nutrients and
waste products. Typically, hydrogels have good optical properties, but lack the
mechanical properties required in corneal tissue engineering (Oyen, 2014). For
corneal applications, hydrogels have been utilized for encapsulation of stromal cells,
as culture substrates for epithelial cells and manufacturing of in vitro corneal models.

When water is removed from a hydrogel, the result can either lead to the
formation of a sponge (lyophilization), or the structure can collapse to form a
membrane or a film (evaporation). Sponges can maintain their 3D shape, whereas
membranes usually cannot recover their original dimensions after rehydration. For
example, collagen and collagen-chondroitin sulphate sponges have been seeded with
human primary corneal cells after lyophilization (Orwin & Hubel, 2000; Vrana et al.,
2008) and collagen films produced by evaporation, termed vitrigels, have been used
as transplantation substrates for human LESCs in a rabbit model (Chae et al., 2015).
Due to the drying step, cells cannot be encapsulated in these scaffolds in the
manufacturing phase but need to be seeded on their surface afterwards. Since
membranes can only be used as 2D culture surfaces, they are used more for corneal
epithelial regeneration. However, 3D stromal equivalents can be produced by
stacking, for example, collagen or silk fibroin films seeded with corneal stromal cells
(Crabb et al., 2006; Gosselin et al., 2018).

Hydrogel materials can either be prefabricated into their final form prior to
corneal implantation, or they can be used as injectable, in situ -forming scaffolds.
Injectable hydrogels are typically precursor solutions that can flow to fill the stromal
defect before they are crosslinked, for example, via photopolymerization (Sani et al.,
2019), or they can be two-component hydrogels with a suitable gelation time after
mixing (Zarembinski et al., 2014). In situ -forming hydrogels have been used as cell-
free materials to support endogenous stromal regeneration (Sani et al., 2019), and as
cell delivery vehicles to the stroma (Lee et al., 2018; Zarembinski et al., 2014).
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For successful cell growth, proliferation and maturation, the cells encapsulated
inside hydrogels or grown on their surface need to attach to the biomaterial. Some
materials, such as collagen and its hydrolysed form gelatin, are inherently conducive
for cell attachment and remodelling, while others require some biological
functionalization to support cell growth (Zhu & Marchant, 2011). This biological
functionalization can be achieved by incorporation of full-length ECM proteins,
such as collagen, laminin or fibronectin, or the short peptide sequences that act as
binding motifs for the integrin receptors that facilitate cell attachment. Some well-
known cell attachment peptides include the fibronectin-derived RGD (arginine-
glycine-aspartic acid) sequence and the laminin-derived IKVAV (isoleucine-lysine-
valine-alanine-valine) and YIGSR (tyrosine-isoleucine-glycine-serine-arginine)
sequences. For example, surface functionalization with the RGD sequence has been
used to improve the attachment of LESCs and corneal stromal cells on silk fibroin
membranes (Jia et al., 2016; Wu et al., 2014b).

2.4.1.1 Collagen

Collagen has been the most extensively studied scaffold material in corneal tissue
engineering due to its role as the principal component in the corneal stroma. A
variety of different collagens have been suggested for corneal tissue engineering,
including collagen type I from rat, bovine, porcine or equine origin, and plant-based
recombinant human collagens type I and III (Crabb et al., 2006; Koulikovska et al.,
2015; Levis et al., 2010; Liu et al., 2008; Liu et al., 2009; Petsch et al., 2014). Isolated
animal collagens are acid soluble can they typically form gels after neutralization and
possible cell incorporation. To improve the mechanical properties of these gels,
excess water can be removed from the structure during gelation using plastic
compression or capillary fluid flow with a method termed RAFT (Real Architecture
For 3D Tissue) (Levis et al., 2015). Removing excess water allows compaction of the
collagen fibres to better resemble the dense collagenous ECM in the body. Other
methods to mimic the compaction and alignment of collagen in the cornea have
included the use of strong magnetic fields or vitrification (Builles et al., 2010;
Calderón-Colón et al., 2012).

Improving mechanical properties of collagen hydrogels by increased crosslinking
density has been widely explored. Typical crosslinking methods include chemical
crosslinking, for example with the EDC/NHS (1-[3-(Dimethylamino)propyl]-3-
ethylcarbodiimide and N-hydroxysuccinimide) system, or blending with other
polymers to obtain interpenetrating networks (Islam et al., 2015; Koulikovska et al.,
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2015; Rafat et al., 2008). However, as these methods can be harmful to cells, they are
mostly used to produce only cell-free stromal replacements or films for the culture
of corneal epithelial cells. The RAFT method has been the most successful method
to produce corneal constructs with tissue-like organization of both stromal and
epithelial cells in a suitably robust collagen hydrogel, and its mechanical properties
have been further improved by gentle UV-crosslinking (Levis et al., 2015; Mi et al.,
2011). Still, the method relies on the use of animal collagen, which can be potentially
immunogenic, and poses possible risks of transmitted diseases (Levis et al., 2015;
Lynn et al., 2004).

Gelatin, which can be obtained through denaturing and hydrolysis of animal
collagen, is considered less immunogenic than its parent molecule, while being
cheaper and easier to process (Rose et al., 2014). Without the tertiary structure of
native collagen, hydrogel formation of gelatin occurs mainly through chain
entanglement in low temperatures, making additional chemical crosslinking
necessary for obtaining solid gelatin scaffold for corneal applications. The same
chemical crosslinking systems can be used to crosslink collagen and gelatin, but
direct chemical functionalization of gelatin is also common (Rose et al., 2014). For
example, gelatin modified with methacrylate groups (GelMA) allows UV
crosslinking of gelatin-based hydrogels, and the system has been used for keratocytes
encapsulation of and their implantation to rabbit corneas in vivo (Bektas et al., 2019).

To avoid the use of animal-derived collagen, recombinant human collagens and
synthetic collagen peptides have been proposed (Islam et al., 2016; Islam et al., 2015;
Liu et al., 2008). Although cell-free recombinant collagen implants have shown
excellent biocompatibility in clinical trials as stromal replacements, they degrade very
slowly and only rely on recruitment of cells from the surrounding tissue (Fagerholm
et al., 2010; Fagerholm et al., 2014). Short collagen-peptide analogues have shown
similar cellular recruitment in a pig model with stable corneal regeneration after 1
year (Jangamreddy et al., 2018). However, recombinant collagen or collagen peptide
analogues have not yet been used for cell delivery to the cornea, although their
suitability as substrates for LESCs has been evaluated in vitro (Haagdorens et al.,
2019).

2.4.1.2 Fibrin

Fibrin is another protein-based biomaterial commonly used for culture and
transplantation of corneal cells. Fibrin can be used either as a 2D membrane or 3D
gel for cell encapsulation. Insoluble fibrin gel is formed in the blood clotting cascade



42

from fibrinogen via enzymatic cleavage by thrombin, and it can be manufactured
either from commercially available components, or from isolated blood plasma
(Riestra et al., 2017). Fibrin gels produced from the components of a surgical tissue
sealant have been used as transplantation substrates for LESCs in the Holoclar®
product as well as other experimental work (Bandeira et al., 2020; Pellegrini et al.,
1999; Rama et al., 2010). Although fibrin allows cell attachment by itself, the
expansion and maturation of human LESCs on fibrin can be further improved by
coating the surface with limbus-specific laminin isoforms (Polisetti et al., 2017). The
fibrin gel is only translucent upon implantation, but is cleared quite rapidly through
degradation in the body (Pellegrini et al., 1999). Blending of agarose to fibrin and
subsequent plastic compression of the created scaffold has been shown to increase
the transparency and mechanical properties of fibrin scaffolds while slowing down
cellular degradation (Ionescu et al., 2011). These plastic-compressed fibrin-agarose
scaffolds with encapsulated corneal fibroblasts and LESCs on their surface are being
evaluated in a clinical trial for corneal ulcers (González-Andrades et al., 2017).

2.4.1.3 Hyaluronic acid

Hyaluronic acid (HA) is an abundant polysaccharide component of the natural ECM
and has been widely used both in clinical applications (e.g. dermal fillers and eye
drops) and tissue engineering (Burdick & Prestwich, 2011). Chemical modifications
of the native HA are well known and aim at tailoring crosslinking strategy,
mechanical properties and biological activity (Burdick & Prestwich, 2011). HA has
also been identified as a key component of the corneal limbal niche (Gesteira et al.,
2017), but its use for corneal tissue engineering is still relatively under-explored
(Yazdani et al., 2019). Although cells can interact with endogenous HA using specific
cell surface receptors, such as CD44 (cluster of differentiation 44), RHAMM
(receptor for HA-mediated motility) and ICAM1 (intercellular adhesion molecule 1),
it does not support integrin-mediated cell attachment (Collins & Birkinshaw, 2013;
Wang et al., 2010). Possibly, the lack of integrin binding sites in HA has hindered its
use as a cell culture material in corneal applications, unless cell detachment is
specifically required (Fiorica et al., 2011). This poor cell adhesion to HA can be
improved by incorporating other ECM components, with available cell binding
motifs. For example, the commercially available HyStem™ system, containing  thiol-
modified HA and gelatin, heparan sulphate and a crosslinking agent, has been used
for transplanting encapsulated hASCs to rabbit corneas in vivo and as a culture
substrate for LESCs in vitro (Chen et al., 2017; Espandar et al., 2012). Moreover, the
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HyStem™ hydrogel system has been used as a basis for an injectable hASC delivery
system to the eye, where the thiolated HA was crosslinked by disulphide bonds with
glutathione disulphide crosslinker, and the gelatin component was replaced with
maleimide-tagged RGD sequences while achieving the same beneficial effect on
hASC attachment without using animal-derived gelatin (Zarembinski et al., 2014).

2.4.2 Fibrous scaffolds

Micro- and nanoscale fibres are another method to mimic the composition of natural
ECM. Fibrous scaffolds typically have a high surface area to volume ratio, good
porosity and good mechanical properties, but poor optical properties (Kong & Mi,
2016). The fibres in the scaffold can be either random or aligned, which can guide
the organization of cells on the scaffolds. In corneal tissue engineering, randomly
organized fibrous scaffolds have mainly been used as 2D films or membranes for
corneal epithelial cells (Deshpande et al., 2010; Ortega et al., 2013), whereas fibre
alignment is typically required for corneal stromal cells, as this resembles the lamellar
organization of the stromal ECM (Fernández-Pérez et al., 2020; Phu et al., 2010; Wu
et al., 2012b). For stromal tissue engineering, 3D structures can be produced from
fibres by stacking them together.

Electrospinning is a well-known method to produce micro- and nanosized fibres
of both synthetic and natural polymers. In this method, a charged polymer solution
is drawn into fibres using an electric field. The solvent evaporates as polymer fibres
are deposited on the oppositely charged collector. By tuning the process parameters,
the size and alignment of the electrospun fibres can be controlled. Collector design
is a key factor in controlling fibre alignment in electrospinning. Parallel plates and
rotating mandrel collectors are the most used for producing uniaxial fibres, whereas
switchable perpendicular electrodes have been used to produce orthogonally aligned
fibres (Fernández-Pérez et al., 2020; Kong & Mi, 2016). Interestingly,
electrospinning collectors have also be designed to produce radially organized fibres
and hemispherical fibrous scaffolds for corneal applications (Fernández-Pérez et al.,
2020; Kim et al., 2018).

The same natural polymers commonly used in hydrogel scaffolds, such as
collagen, gelatin and HA, have been utilized also in fibrous scaffolds, either alone or
blended with synthetic polymers (Kim et al., 2018; Wray & Orwin, 2009; Wu et al.,
2018; Ye et al., 2014; Zhang et al., 2015a). As the natural polymer fibres tend to be
fragile and difficult to handle, blending them with synthetic polymers can increase
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their mechanical properties while maintaining their biological functionality (Ahearne
et al., 2020). Also, these polymer blends can produce fibrous scaffolds with improved
transparency (Kim et al., 2018; Kong & Mi, 2016; Ye et al., 2014).

Another approach for producing more biologically relevant fibre dimensions
(tens of nanometres in diameter) takes advantage of the self-assembly process of
synthetic molecules, such as peptide amphiphiles (PAs) (Miotto et al., 2015; Wade &
Burdick, 2014). These PAs are engineered peptide sequences with hydrophobic alkyl
tails, which can organize themselves into fibres in aqueous solutions in response to
external stimuli, such as a change in pH or mixing oppositely charged molecules
(Miotto et al., 2015; Uzunalli et al., 2014). Rational design of the peptide sequence
allows the tailoring of PAs to include specific cell attachment sites for guiding cell
proliferation and differentiation, such as laminin or fibronectin –derived sequences
(Uzunalli et al., 2014). Although PAs can form hydrogel-like assemblies, they lack
the robustness for prolonged cell culture and handling (Gouveia et al., 2014; Miotto
et al., 2015). Instead, they can be used to produce fibrous surface patterns or used as
injectable solutions (Uzunalli et al., 2014).

2.4.3 Composite scaffolds

Composite scaffolds are combinations of two separate materials in the same
structure, which give the final product distinct material properties from those of the
individual components. For example, incorporating electrospun fibres into a
hydrogel matrix gains mechanical strength and contact guidance from the fibres, and
a hydrated 3D environment with possible biological factors from the hydrogel
(Bosworth et al., 2013). This approach has also been used to create corneal scaffolds
(Kong et al., 2017; Tonsomboon & Oyen, 2013; Wilson et al., 2012b). The
orthogonal fibre arrangement of the corneal stroma has even been mimicked by
stacking layers of aligned polylactide fibres in alternating orientation and encasing
the final structure within a collagen gel (Wilson et al., 2012b; Yang et al., 2011).

Although fibre-reinforced composites can achieve the mechanical properties
required for corneal scaffolds, the incorporation of fibres compromises their
transparency. Creation of transparent fibre-hydrogel composites would require fibre
diameters to be below one-tenth of the wavelength of visible light or matching of
the refractive indices of the matrix and the fibres (Maranchi et al., 2014). Good
attempt at producing a transparent fibre-reinforced composite for corneal
applications has been shown by infiltrating a mat of aligned gelatin fibres in an
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alginate matrix (Tonsomboon & Oyen, 2013). However, the transparency was
ultimately reduced as the gelatin fibres required crosslinking to increase their strength
and stability (Tonsomboon & Oyen, 2013). Another attempt at increasing
transparency of a composite corneal scaffold used a laser-perforated electrospun mat
of poly-lactide-co-glycolide (PLGA) sandwiched into plastic compressed collagen
matrix (Kong et al., 2017). Furthermore, precise control over fibre alignment and
spacing can be used to improve the transparency of a composite, as has been
achieved with near-field electrospinning (also called direct writing) of poly(ε-
caprolactone)-poly(ethylene glycol) fibres encased into a GelMA hydrogel (Kong et
al., 2020).

In addition to electrospun fibres, also PAs have been incorporated into
composite scaffolds for corneal stromal cell scaffolds. Incorporating RGD-
sequence-containing PAs into collagen hydrogels was shown to increase the cell
viability in the scaffold, and decrease their cell-induced shrinkage (Gouveia et al.,
2014). This ability to control the shrinkage of the composite material was further
utilized to create curved corneal scaffolds. By incorporating PAs only in the central
part of collagen gels, encapsulated cells induced contraction of the outer rim of the
construct, resulting in cornea-like curvature (Miotto et al., 2019).

Another strategy for creating composite scaffolds for corneal tissue engineering
has been to incorporate two different formats of the same material into the same
structure. Silk fibroin fibres and films has been combined to create a scaffold with a
3D fibrous matrix for corneal stromal cells and a 2D film surface for LESCs (Bray
et al., 2013). Despite its poor transparency, the scaffold could be used as
transplantable ring around the limbal area (Bray et al., 2013). Also porcine collagen
has been used to create core-and-skirt scaffolds with a translucent plastic
compressed collagen skirt for encapsulating cells or drugs and a transparent
crosslinked collagen hydrogel core for stromal reconstruction (Rafat et al., 2016).

2.4.4 Scaffold-free tissue engineering

One approach for corneal tissue engineering is to transplant cells without any
scaffold material, relying only on the ECM production of the cultured cells. From a
regulatory perspective, this approach can significantly reduce the regulatory burden
for this method, when only cells with their own ECM are transplanted to patients.

For corneal epithelium applications, scaffold-free corneal epithelial sheets have
been produced on temperature-responsive surfaces of poly(N-isopropylacrylamide),
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PNIPAAm. Cell sheets can be detached from these plates by lowering the
temperature to around 20 ºC, which is below the glass transition temperature of
PNIPAAm (Nishida et al., 2004). This approach has been used for producing corneal
epithelial cell sheets from primary LESCs and hiPSC-CECs, that were lifted and
transplanted with the help of PVDF (poly(vinylidene difluoride)) membrane after
culturing for 2–3 weeks (Hayashi et al., 2017; Nishida et al., 2004).

Enzymatic release of cell-secreted ECM constructs has been utilized for corneal
stromal engineering. As opposed to the traditional cell detachment enzymes trypsin
and dispase, a more controlled release of these constructs has been achieved on
surfaces with self-assembled PAs containing a matrix metalloprotease (MMP)
cleavable site for endogenous protease activity (Gouveia et al., 2015; Gouveia et al.,
2017a). The formation of the stromal sheets was controlled by retinoic acid
supplementation, which inhibits MMP activity (Gouveia et al., 2015). Removing
retinoic acid from the culture medium caused stromal sheets to detach from the
culture surfaces (Gouveia et al., 2015; Gouveia et al., 2017a).

Surface patterning has been shown to induce orthogonal lamellar organization of
the ECM secreted by corneal stromal cells (Gouveia et al., 2013; Guillemette et al.,
2009; Wu et al., 2014b). Interestingly, mere substrate curvature has been shown
adequate for inducing corneal stromal cell alignment, and capable of producing
enzymatically cleavable curved stromal constructs (Gouveia et al., 2017b). These
corneal stromal constructs with lamellar ECM organization have shown increased
transparency and mechanical properties (Gouveia et al., 2017b).

The scaffold-free techniques for creating corneal constructs require careful
control over the culture conditions and long culture times to achieve adequate
amount of transplantable matrix, especially for stromal reconstruction. The
procollagen production of corneal stromal cells can be induced using ascorbic acid,
and its assembly into ECM can be accelerated by means of macromolecular crowding
of the culture medium (Kumar et al., 2015). Commonly, these secreted ECM layers
have also been stacked to create thicker constructs (Gouveia et al., 2017a;
Guillemette et al., 2009; Proulx et al., 2010).

2.5 3D bioprinting

3D bioprinting is the additive manufacturing of tissue-like structures using a living
“bioink”. The bioink consists of living cells or bioactive compounds dispersed in a
biomaterial, which is usually a hydrogel or a hydrogel precursor solution (Malda et
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al., 2013). The bioink is then deposited layer-by-layer according to a computer-
generated pattern to form the wanted 3D object. Bioprinting facilitates the rapid
fabrication of complex tissue architectures with defined spatial organization of cells.
There are a variety of different techniques for 3D bioprinting and the field is
constantly evolving. The most common methods categorized under this topic are
briefly described below and illustrated in Figure 6. The key differences between these
3D bioprinting methods are summarized in Table 3.

Figure 6. Most common approaches in 3D bioprinting, as described in (Malda et al., 2013;
Mandrycky et al., 2016).

Extrusion-based bioprinting is the most commonly used method in commercial
bioprinters (Angelats Lobo & Ginestra, 2019; Malda et al., 2013). This method
utilizes a rotating screw or downward pressure (e.g. piston or compressed air) to
force the bioink through a nozzle. Extrusion-based bioprinting requires careful
optimization of bioink viscosity and printing parameters to maintain adequate cell
viability, as high pressures and shear stresses can damage the cells (Mandrycky et al.,
2016). To improve printability of bioinks, shear-thinning materials, such as alginate
or nanocellulose are often used in extrusion bioprinting (Axpe & Oyen, 2016; Malda
et al., 2013). Despite the widespread use of extrusion bioprinting, one inherent
weakness of this nozzle-based approach is the limited printing resolution (Hölzl et
al., 2016).

Whereas extrusion-based bioprinting deposits the bioink in a continuous strand,
inkjet bioprinting applies the bioink in very small droplets (1–100 picoliters) (Malda
et al., 2013). The droplets are pulsed and ejected from the nozzle of the printer head
either by means of thermal vaporization or an acoustic wave generated by a
piezoelectric actuator (Murphy & Atala, 2014). The bioinks used for this method are
typically  low viscosity hydrogel precursor solutions with a high surface tension, that
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can form solid gels in situ after deposition on to the substrate for construction of 3D
objects (Hölzl et al., 2016; Murphy & Atala, 2014). Inkjet bioprinting is limited by
low cell density (<106 cells/ml) required to facilitate droplet formation and avoid
clogging of the printhead nozzle (Hölzl et al., 2016; Murphy & Atala, 2014).

Table 3. Comparison of the four most common 3D bioprinting approaches. Adapted from (Hölzl
et al., 2016; Mandrycky et al., 2016; Murphy & Atala, 2014).

Property Extrusion Inkjet Stereolitho-
graphy Laser-assisted

Viscosity
range

30 to > 6 ×107

mPa/s
<10 mPa/s No limitations 1–300 mPa/s

Cell density Nozzle size
limiting

<106 cells/ml <108 cells/ml <108 cells/ml

Cell viability 40–80% >85% >85% >95%
Gelation
methods

Chemical, photo-
crosslinking,
shear thinning,
temperature

Chemical,
physical, photo-
crosslinking

Photo-
crosslinking

Chemical, photo-
crosslinking

Printing
speed

Slow Fast Fast Medium

Resolution 200–1000 µm 10–50 µm 50–100 µm 10–100 µm
Main
advantages

Printing of cell
clusters and
organoid possible
for high cell
density

Low cost Fast, high spatial
resolution

No clogging,
wide range of
viscosities, high
cell viability

Main
challenges

Nozzle clogging,
low spatial
resolution

Nozzle clogging,
low cell density,
low viscosity
bioinks

Possible
phototoxicity to
cells, limited
bioinks available

High cost,
complex system

Stereolithography can be utilized for 3D bioprinting by selectively solidifying layers
in a bath of photopolymerizable bioink. Light is projected through digital
micromirror arrays, which control the intensity in each pixel to crosslink the bioink
(Mandrycky et al., 2016). As the crosslinking occurs for the entire layer at the same
time, this method can produce also very complex shapes without increasing the
manufacturing time (Mandrycky et al., 2016). Stereolithography can ether utilize UV
or visible light to cure the bioink, depending on the reactive functional groups and
possible photoinitiators in the bioink (Wang et al., 2015).

Laser-assisted bioprinting (LaBP) setup consist of two parallel surfaces, the upper
donor slide and the lower collector plate. The bioink is applied on top of an energy
absorbing layer and suspended above the collector plate. A laser beam is then
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focused on a spot of the absorption layer (e.g. gold), causing it to vaporize. The
formed high-pressure bubble ejects a droplet of the bioink on to the underlying
collector plate. This method allows the use of a large variety of bioink viscosities and
does not cause mechanical stress to the cells, resulting in cell viability of over 95%
(Mandrycky et al., 2016; Murphy & Atala, 2014). However, the widespread adoption
of LaBP technique has been hindered by the high cost and relative complexity of the
equipment (Mandrycky et al., 2016).

2.5.1 Bioprinting for corneal applications

3D bioprinting has been proposed an effective method to provide alternatives for
donor corneal tissues by providing multi-layered, high density cellular constructs
with native curved shape (Zhang et al., 2019). The cornea is an appealing target tissue
for 3D bioprinting because of its quite simple layered structure and avascular nature
(Sommer & Blumenthal, 2019). The digital design allows 3D bioprinting of custom-
made implants based on real geometric data of corneal dimensions for individual
patients (Zhang. et al., 2019). This approach has been utilized to produce extrusion-
printed cornea-mimicking structures using primary corneal keratocytes in alginate-
based bioinks (Isaacson et al., 2018). However, alginate alone did not maintain the
printed shape in culture, and required addition of methacrylated Col I in the bioink
(Isaacson et al., 2018). Collagen and gelatin have also been previously combined with
alginate to overcome the poor cell attachment and slow degradability of alginate, and
applied to extrusion print corneal epithelial cells (Wu et al., 2016). UV-crosslinking
GelMA has also been used to extrusion print human corneal keratocytes, although
the bioprinted constructs did not show significant advantages over the bulk GelMA
scaffolds (Bektas & Hasirci, 2020).

In another approach to produce 3D bioprinted stromal structures using inkjet
printing, the bioink consisted of agarose and Col I (Duarte Campos et al., 2019).
Although agarose and alginate are both seaweed-derived polysaccharides, agarose is
physically crosslinked via hydrogen bonding, whereas alginate is stabilized through
ionic bonds. This makes agarose bioinks thermosensitive and their gelation can be
temperature controlled by heating the printing head and cooling the printing
substrate (Duarte Campos et al., 2019). This method relied in the initial stabilization
of agarose in room temperature, with subsequent gelation of collagen in 37 ºC
(Duarte Campos et al., 2019). By incorporating iron nanoparticles in this type of
collagen-agarose bioink, it has been possible to magnetically align the collagen fibres



50

within the bioprinted scaffold, which could be beneficial in corneal applications to
mimic the natural collagen organization of the stroma (Betsch et al., 2018).

Another method to produce bioprinted layers of collagen mimicking the 2 µm
thick lamellae in the corneal stroma have been described with recombinant human
collagen type III (Gibney et al., 2017). In this method, the recombinant collagen was
aerosolized and extruded from a nozzle in a pressurized stream of nitrogen gas
(Gibney et al., 2017). Human CSSCs were successfully cultured on top of the layered
scaffolds crosslinked with EDC/NHS (Gibney et al., 2017). Although the
production method of the scaffold constituted as additive manufacturing, the
material did not actually function as a true bioink, as the harsh printing conditions
did not allow cell incorporation during the production of the scaffold.

Corneal 3D bioprinting is developing a large hype around the world, and many
research projects make headlines before realization of peer-reviewed scientific
publications. Internet news sites have reported, for example, 3D bioprinted corneas
developed using fish collagen in New Zealand (Tuckey, 2017), and plans to make
bioprinted stromal replacements from autologous adipose stem cells and collagen
(Saunders, 2017). It remains to be seen whether these projects will deliver on their
promises to produce alternatives for corneal transplants.
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3 AIMS OF THE STUDY

The aim of this dissertation was to develop tissue-engineered corneal implants,
combining clinically relevant biomaterials and therapeutic stem cells aimed to treat
severe corneal blindness involving both scarring of the stroma and LSCD. The
therapeutic stem cell types used for the purposes of this study were hASCs for
stromal regeneration and hPSC-LESCs to restore the healing capacity of corneal
epithelium. The specific aims of this dissertation are outlined below.

1. To investigate suitable hydrogels for hASCs encapsulation and delivery to
corneal stromal defects (Studies I and II).

2. To develop and produce implants with both hASCs and hPSC-LESCs in a
tissue-like cell organization (Studies II and III).

3. To find suitable implantation strategies for the produced scaffolds and study
their integration in a porcine ex vivo corneal model (Studies I, II and III).
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4 MATERIALS AND METHODS

4.1 Ethical considerations

The use of human embryos for research purposes at Tampere University has been
approved by the national supervisory authority for welfare and health, Valvira (Dnro
1426/32/300/05). The supportive statements of the Ethical Committee of the
Pirkanmaa Hospital District allow the derivation, culture, and differentiation of
hESC (Skottman/R05116) and hiPCS lines (Uusitalo/R16116) for ophthalmic
research, as well as the use hiPSC lines derived in other laboratories
(Skottman/R14023). The extraction and use of hASCs for research purposes has
also been approved by the Ethical Committee of the Pirkanmaa Hospital District
(Miettinen/R15161). No new cell lines were derived for the purposes of this
dissertation.

The research use of human donor corneas deemed unsuitable for transplantation
has been accepted by the Ethical Committee of the Pirkanmaa Hospital District
(Uusitalo/R11134).

4.2 Biomaterials for corneal scaffolds

4.2.1 Hyaluronic acid hydrogels

In Studies I-II, hyaluronic acid (HA, 150 kDa) from Lifecore Biomedical (Chaska,
MN) was chemically modified and used to produce hydrazone-crosslinked hydrogel
scaffolds. Hydrazone-crosslinking is a mild bio-orthogonal reaction, where a
hydrazide group and an aldehyde group react in physiological conditions, producing
only water as a by-product. For developing optimal corneal scaffolds from
hydrazone-crosslinked hydrogels, we studied different aldehyde- and hydrazide-
modified HA components. In Study I, HA hydrogels were produced using two
different hydrazide-modifications, adipic acid dihydrazide HA (HA-ADH) and
carbodihydrazide HA (HA-CDH). In Study II, the HA-CDH component was
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further modified to include a tissue-adhesive dopamine moiety (HA-DA-CDH).
Aldehyde groups were introduced into HA using periodate oxidation, either directly
(Study I) or through an intermediate product, 2,3-dihydroxypropylamide derivative
of HA (Studies I-II). Synthesis of aldehyde-modified HA (HA-Ald), HA-ADH,
HA-CDH and HA-DA-CDH components are described in detail in the original
publications (Studies I-II), and the degree of substitution (DS) of reactive groups
in the polymer backbone in each study is specified in Table 4.

The freeze-dried hydrogel components were dissolved in either Dulbecco’s
phosphate buffered saline (DPBS, Lonza, Basel, Switzerland) or 10% sucrose
(Sigma-Aldrich, St. Louis, MO) solution, in varying concentrations as specified in
Table 4. The components were sterilized either by forcing the dissolved components
though a 0.22 µm syringe filter (Study I) or subjecting the dry components to UV
light for 30 min (Study II). The hydrogels were formed by mixing equal volumes of
hydrazide-modified HA and aldehyde-modified HA in a suitable mould and allowed
to form a gel either in room temperature or in a cell culture incubator (37°C, 5%
CO2). In Study I, also human collagen type I (Col I) (Sigma-Aldrich) was added to
the hydrogel, by first combining it to the HA-Ald, followed by mixing with the
hydrazide component.

Table 4. Hyaluronic acid hydrogels used in this dissertation.

Hydrogel Components Solvent Concentration DS%
Amount
of total
volume

Study

H1
HA-Ald

HA-CDH
DPBS
DPBS

30 mg/ml
30 mg/ml

15%
17%

50%
50%

I

H1C
HA-Ald

HA-CDH
Col I

DPBS
DPBS

acetic acid

30 mg/ml
30 mg/ml
5 mg/ml

15%
17%

-

40%
40%
20%

I

H2
HA-Ald

HA-ADH
10% sucrose
10% sucrose

20 mg/ml
10 mg/ml

9%
50%

50%
50%

I

HA-HA
HA-Ald

HA-CDH
DPBS

10% sucrose
16 mg/ml
16 mg/ml

10%
10%

50%
50%

II

HA-DOPA
HA-Ald

HA-DA-CDH
DPBS
DPBS

16 mg/ml
16 mg/ml

10%
10%

50%
50%

II

Abbreviations: ADH: adipic acid dihydrazide, Ald: aldehyde, CDH: carbodihydrazide Col I: human
collagen type I, DA: dopamine, DPBS: Dulbecco’s phosphate buffered saline, DS: degree of
substitution, HA: hyaluronic acid
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4.2.2 Covalent surface modification of hydrogels

In Study II, proteins and peptides were bound on the surface of preformed
hydrogels to facilitate cell attachment. In HA-DOPA, the dopamine residue
provided a site for Michael addition reaction, which requires free thiol (–SH) groups
in the protein and oxidation of the dopamine residues to their reactive quinone form.
Primary thiol groups were introduced into native proteins using Traut’s reagent (2-
iminothiolane) (Thermo Fisher Scientific, Waltham, MA), or alternatively ready-
made synthetic peptides with N-terminal cysteine residues were used. Oxidation of
the dopamine moieties was achieved by performing the conjugation reaction in pH
10.

The HA-DOPA hydrogels were covalently modified with cysteine-terminated
laminin-mimetic peptide CDPGYIGSR (Bachem, Bubendorf, Switzerland, and
Calbiochem/Sigma-Aldrich) and Col IV from human placenta (Sigma-Aldrich).
Details of the covalent surface modification can be found in the original publication
(Study II).

4.2.3 Bioinks and 3D bioprinting

In Study III, hydrogel-based bioinks were used to produce bioprinted cornea-
mimicking structures. Different bioinks were developed for epithelial and stromal
layers. For the epithelial layer, hPSC-LESCs were printed in a bioink composed of
recombinant human laminin 521 (Ln521, BioLamina, Sundbyberg, Sweden) and HA
(Sigma-Aldrich) in CnT-30 medium (CELLnTEC, Bern, Switzerland) supplemented
with the ROCK (Rho-associated protein kinase) inhibitor RevitaCell™ (Thermo
Fisher Scientific). For the stromal structures, hASC were printed in a bioink
composed of human Col I (OptiCol™, Cell Guidance Systems, Cambridge, UK),
human plasma and thrombin (Sigma-Aldrich) and 10X DPBS. Additionally, HA was
added for acellular stromal layers in between cellular layers for production of 3D
structures. The different bioinks used for 3D bioprinting of the epithelial and
stromal components of the corneal structures are summarized in Table 5. Further
details about the bioinks and bioprinting process can be found the original
publication (Study III).
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Table 5. Composition of bioinks used for the different layers of the 3D bioprinted corneal
structures

Layer Cells Components Concentration Amount of
total volume

Epithelium hPSC-
LESC

CnT-30 w/ 1X RevitaCell™
Ln521

HA

-
0.1 mg/ml
10 mg/ml

50%
33%
17%

Stroma hASC

Col I
human plasma

human thrombin
10X DPBS

3 mg/ml
-

40 IU/ml
-

44,4%
22,2%
22,2%
11,1%

Acellular
stromal layers -

Col I
human plasma

human thrombin
HA

10X DPBS

3 mg/ml
-

40 IU/ml
10 mg/ml

-

40%
20%
20%
10%
10%

Abbreviations: Col I: human collagen type I, DPBS: Dulbecco’s phosphate buffered saline,
HA: hyaluronic acid, hASC: human adipose stem cells, hPSC-LESC: human pluripotent stem cell-
derived limbal epithelial stem cells, Ln521: human recombinant laminin-521

The cornea-mimicking structures were bioprinted using LaBP based on laser-
induced forward transfer (LIFT). The custom-built setup is described in detail in
(Koch et al., 2009). Briefly, the setup consists of a glass slide suspended above a
collection surface and a moving laser focusing system. The glass slide contained an
energy absorbing material layer and the bioink layer. Focusing of the laser on the
absorption layer caused it to evaporate and eject a droplet of the adjacent bioink
towards the collection surface underneath. In Study III, two different laser setups
were used. In the first setup, a Nd:YAG-laser (DIVA II; Thales Laser, Orsay, France)
with 1064 nm wavelength was used in conjunction with a 60 nm gold absorption
layer. This setup was used for printing both investigated cell types, hPSC-LESCs and
hASCs, separately. The second setup consisted of an Er:YAG-laser (DPM-15,
Pantec Engineering AG, Ruggell, Liechtenstein) with 2940 nm wavelength, which
was used together with Corning® Matrigel® (Thermo Fisher Scientific) as the
absorption layer. This setup was used to produce corneal-mimicking structures
containing both cell types. The fabrication of the bioprinted corneal structures is
illustrated in Figure 7. Details of the 3D bioprinting parameters are described in the
original publication (Study III).
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Figure 7. The production of cornea-mimicking structures from human pluripotent stem cell-derived
limbal epithelial stem cells (hPSC-LESCs) and human adipose stem cells (hASCs) with
laser-assisted bioprinting.

4.3 Biomaterial characterization methods

4.3.1 Spectroscopic methods

The hydrogel components synthesized for the purposes of this work were
characterized using different spectroscopic methods. Nuclear magnetic resonance
(1H NMR) spectra of the synthesized hydrogel components were used to
characterize the HA-components in Study I and to estimate the degree of aldehyde
and dopamine modifications of HA in Study II. In Study I, Fourier transform
infrared (FTIR) spectroscopy was used to study the chemical structures of the HA
components and to verify the presence of hydrazone crosslinks after mixing. Details
of the NMR and FTIR measurements are described in the original publications
(Studies I-II).

UV/Vis spectroscopy was used to determine the amounts of specific chemical
entities in the hydrogel components and other reagents. TNBS (2,4,6-
trinitrobenzenesulfonic acid) assay was used to study the DS% of HA-Ald and HA-
CDH in Studies I and II, and the primary amine content in Col IV used for surface
functionalization in Study II. In this assay, TNBS reacts with amines and hydrazides
forming a stable trinitrophenyl complex with an absorbance peak at λ=334 nm. This
absorbance was then detected, and the number of reacting groups was determined
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from a standard curve. The aldehyde group estimation using TNBS assay was
performed indirectly. First, the aldehydes were reacted with an excess of tert-butyl
carbazate resulting in stable carbazones, analogous to the hydrazone crosslinks. The
amount of carbazate consumed from the solution was then determined from a
reaction with TNBS based on the absorbance at 334 nm. (Bouhadir et al., 1999)

UV/Vis spectroscopy was also used to quantify the amount of thiol groups in
reaction solutions of Study II, by measurement of their absorption at λ=412 nm
with Ellman’s reagent (DTNB, 5,5-dithiobis(2-nitrobenzoic acid)). Ellman’s reagent
reacts quantitatively with free thiol groups, such as cysteine residues, to form a
coloured product. The absorbance values can then be directly translated to
concentration using the molar extinction coefficient (14 150 M-1cm-1) of Ellman’s
reagent and Equation (1), where A is the absorbance of the sample at 412 nm, b is
the length of the light path, and E is the molar extinction coefficient.

. =
ܣ
ܧܾ                                                                 (1)

4.3.2 Rheological and mechanical properties

The physical properties of the produced corneal scaffolds were characterised in
Studies I and II based on the rheological and mechanical properties of the formed
HA hydrogels. In Study I, the rheological measurements were conducted using a
rotational HAAKE RheoStress RS150 rheometer (Thermo Fisher Scientific),
whereas in Study II, DHR-II rheometer (TA Instruments, New Castle, DE) was
used. Amplitude and frequency sweeps were used to determine the storage modulus
(G’), loss modulus (G’’) and loss tangent (tan δ = G’’/G’) of the hydrogels. In
Study II, these values were used to calculate the average mesh size (ξ) and average
molecular weight between crosslinks (Mc), to determine the material properties of
the elastic hydrogels based on rubber elastic theory (Oommen et al., 2013). Average
mesh size was calculated using Equation 2, where G’ is the storage modulus of the
hydrogel, N is the Avogadro constant (6.023×1023 /mol), R is the molar gas constant
(8.314 J/K mol) and T is the temperature (298 K).

ξ = ቆ
ᇱܰܩ
ܴܶ ቇ

ିଵଷ
                                                         (2)

The molecular weight between crosslinks (Mc) was calculated using Equation 3,
where c is polymer concentration (1.6%), is the density of water at 298 K (997 ߩ
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kg/m3), R is the molar gas constant, T is the temperature, and G’p is the peak value
of G’.

௖ܯ =
ܴܶߩܿ
௣′ܩ

                                                           (3)

In Study I, the mechanical properties of the hydrogels were determined using
compression testing with BOSE Electroforce Biodynamic 5100 machine with a
225 N load cell (Bose Corp, Eden Prairie, MN). Compression testing is a valid
method for obtaining typical material parameters for fragile hydrogels, since they
rarely endure conventional tensile testing (i.e. clamping between two grips). From
the obtained stress-strain data, hydrogel bulk stiffness was determined as the
derivative of stress with respect to strain, as described in (Karvinen et al., 2017).
Moreover, estimates of the second order elastic constants (Young’s moduli) were
calculated for each hydrogel. Details of the methods and mathematical models can
be found in the original publication (Study I).

In Study II, rheometric tack test was used to measure the tissue adhesion of the
hydrogel implants with pig corneal tissue. In the tack test, the cornea was glued to
the upper plate, and used to probe the fully cured hydrogel on the bottom plate.
After a 2-min holding period, the probe was lifted at a constant rate.

4.3.3 Swelling and degradation kinetics

In Studies I and II, the swelling and enzymatic degradation of the hydrogel scaffolds
was studied to estimate the stability of the corneal scaffolds. The swelling ratio (SR)
or residual mass (RM) was calculated by weight of the hydrogels according to
Equation 4, where Wi denotes the initial weight and Wt the weight of the hydrogel
at measurement time point.

ܴܵ ݎ݋ ܯܴ = ௧ܹ − ௜ܹ

௜ܹ
× 100%                                    (4)

The hydrogel swelling ratios at 37 ºC were examined in cell culture medium in
Study I, whereas in Study II, the hydrogel swelling kinetics were measured in both
DPBS and medium. In Studies I and II, the enzymatic degradation of the HA
hydrogels was determined in the presence of hyaluronidase enzyme (20–50 U/ml).
Details of the swelling and degradation measurements can be found in the original
publications (Studies I-II).
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4.3.4 Optical properties

For corneal scaffolds, transparency and other optical properties are also relevant
material properties. The transparency of the hydrogels was evaluated by measuring
light transmittance through the hydrogels (Studies I-II) and by photography of the
scaffolds superimposed on text (Studies I-III). Light transmittance across the
visible light spectrum was measured using UV/Vis spectrometer, with the hydrogel
samples directly prepared into the measuring cuvettes. In Study I, the refractive
indices of the hydrogels were measured with surface plasmon resonance equipment
Navi 210A (BioNavis, Tampere, Finland) using a glass slide with a known refractive
index as a reference. The optical properties were only studied for acellular hydrogels.
Details of the methods can be found in the original publications (Studies I-II).

4.4 Cell culture

In this dissertation, two types of human stem cells were used in the produced corneal
scaffolds, hASCs and hPSC-LESCs. In Study I, only hASCs were used, whereas the
biomaterial structures in Studies II and III contained both cell types.

4.4.1 Culture of adipose stem cells

The hASCs used in Studies I-III were received from Associate Professor
Miettinen’s Adult Stem Cell group at Tampere University at passage 2. The hASCs
were originally obtained from adipose tissue samples extracted from a female donor
during elective plastic surgery, and the cells were isolated mechanically and
enzymatically as described in (Lindroos et al., 2009). The surface marker profile of
undifferentiated hASCs had been characterized using flow cytometry before
cryostorage at passage 1 (Table 6. ). The hASCs were expanded either in Dulbecco’s
modified Eagle’s medium/Ham’s nutrient mixture F-12 (DMEM/F-12) medium
(Thermo Fisher Scientific) with 5% human serum (BioWest, Nuaillé, France), 1%
GlutaMAX™ (Thermo Fisher Scientific) and 1% antibiotics (penicillin-
streptomycin, Lonza) (in Studies I and II) or EBM-2 medium (Lonza) with 2%
human serum (Study III), and passaged at approximately 80% confluence using
TrypLE™ Select (Thermo Fisher Scientific). Cells at passage 3–5 were used in all
experiments.
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Table 6. Cell surface marker profile of the undifferentiated hASCs used in Studies I-III.

Marker Positive cells (%)
CD75 95.8
CD90 99.2
CD105 98.7
CD14 0.7
CD19 0.9
CD45 2.0
HLA-DR 1.1
CD34 47.5
Abbreviations: CD: cluster of differentiation, HLA: human leukocyte antigen

4.4.2 Culture of pluripotent stem cells

Human ESC line Regea08/017 (XX) was used in Studies II and III. The cell line
has been derived at University of Tampere (Skottman, 2010), and has been later
adapted to feeder-free culture conditions (Hongisto et al., 2017). The feeder-free
hESCs were cultured on Corning® CellBind (Corning Inc., Corning, NY) culture
plates coated with 0.55 µg/cm2 of Ln521 (BioLamina) in Essential E8™ Flex
medium (Thermo Fisher Scientific) with 0.5% antibiotics. The cells were passaged
twice a week using TrypLE™ Select and reseeded at a density of 40 000–50 000
cells/cm2. The cell line has been characterized for its pluripotency and karyotype
(Skottman, 2010).

4.4.3 hPSC-LESC differentiation and culture

The hPSC-LESCs used in Studies II and III were differentiated from the
Regea08/017 hESC line cultured in feeder-free conditions, as previously described
(Hongisto et al., 2017). The undifferentiated hESCs were detached and transferred
to Corning® Costar® Ultra-Low attachment culture plates in xeno-free basal
medium (containing KnockOut™ DMEM) supplemented with 15% KnockOut™
SR XenoFree CTS™, 2 mM GlutaMAX™, 0.1 mM 2-mercaptoethanol, 1% MEM
non-essential amino acids (all from Thermo Fisher Scientific) and 0.5% antibiotics)
with 5 µM blebbistatin (Sigma-Aldrich) to induce embryoid body (EB) formation.
The EBs were cultured in xeno-free basal medium and subjected to 10 µM SB-
505124 (Sigma-Aldrich) and 50 ng/ml basic fibroblast growth factor (bFGF;
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PeproTech, Rocky Hill, NJ) for 1 day, followed by 2 days in 25 ng/ml bone
morphogenetic protein 4 (BMP4; PeproTech). After this induction phase, the EBs
were plated onto well plates coated with 0.75 g/cm2 Ln521 and 5 µg/cm2 Col IV in
CnT-30 medium. The cells were cultured in CnT-30 for 21–24 days, after which they
were detached, counted and frozen in PSC cryopreservation medium (Thermo
Fisher Scientific).

For culturing on corneal scaffolds in Study II, the hPSC-LESCs were thawed
directly onto the hydrogels using a plating density of 0.9–1.5 × 106 cells/cm2. For
bioprinting in Study III, the hPSC-LESCs were first thawed onto 0.75 g/cm2 Ln521
and 5 µg/cm2 Col IV –coated well plates in CnT-30 and expanded in culture before
being detached and mixed into the bioink for printing.

4.5 Cell characterization methods

4.5.1 Cell viability and proliferation

The viability and proliferation of the cells within the developed corneal scaffolds was
evaluated qualitatively using a LIVE/DEAD™ viability/cytotoxicity kit, and
quantitatively using a resazurin-based metabolic assay PrestoBlue™ and the
CyQUANT™ cell proliferation kit (all from Thermo Fisher Scientific). The
LIVE/DEAD™ staining was performed by incubating the samples in staining
solution containing Calcein-AM (2 µM in Studies I and II,  0.5 µM in Study III)
and 1 Ethidium homodimer (1 µM in Studies I and II, 0.25 µM in Study III). The
diluted PrestoBlue™ reagent, was incubated with the hydrogel samples at 37 ºC for
4 hours (Studies I and II) or 30 min (Study III). The CyQUANT® analysis was
performed to determine the DNA content in the hydrogels in Study II. The number
of cells was estimated using a standard curve of DNA content obtained from 2D-
cultured hASCs. Details of the methods can be found in the original publications.

4.5.2 Immunofluorescence

In Studies II and III, indirect immunofluorescence staining was used to evaluate
the identity and morphology of the cells in the corneal scaffolds. The primary
antibodies used to visualize specific proteins are listed in Table 7. Secondary
antibodies anti-rabbit Alexa-488, anti-goat Alexa-568, anti-mouse Alexa-647, anti-
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mouse Alexa-488, anti-rabbit Alexa-568 (all from Thermo Fisher Scientific) were
diluted 1:800 (Study II) or 1:400 (Study III). The actin cytoskeleton of the cells was
stained with Phalloidin-Atto 550 1:100 (Sigma-Aldrich) in Study III together with
the secondary antibodies. Cell nuclei were visualized with 4’,6-diamidino-2-
phenylindole (DAPI) in the mounting medium either with Vecta-Shield (Vector
Laboratories, Burlingame, CA) or ProLong™ Gold Antifade mounting medium
(Thermo Fisher Scientific). The detailed immunofluorescence staining protocols can
be found in the original publications.

Table 7. Primary antibodies used to detect specific marker proteins.

Antibody Host Manufacturer Dilution Study
CK3 mouse Abcam 1:200 III
CK12 goat Santa Cruz Biotechnology 1:200 II
CK15 mouse Thermo Fisher Scientific 1:200 III
Col I mouse Abcam 1:200 III
Col IV goat Millipore 1:200 II
Ki67 rabbit Millipore 1:200 III

p40 mouse Biocare Medical
1:100
1:200

II
III

p63α rabbit Cell Signaling Tech 1:200 III
VWF rabbit Dako Cytomation 1:200 III
Abbreviations: CK: cytokeratin, Col: collagen, VWF: von Willebrand factor

4.5.3 Gene expression analysis

In Study II, the capability of hASCs to differentiate towards corneal keratocytes was
studied using quantitative polymerase chain reaction (qPCR) using specific primers
for three keratocyte markers: aldehyde dehydrogenase 3A1 (ALDH3A1,
Hs00964880_m1), keratocan (KERA, Hs00559942_m1) and lumican (LUM,
Hs00929860_m1). The housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, Hs99999905_m1) was used to normalize the data. The
TaqMan primers were obtained from Applied Biosystems (Foster City, CA) and the
qPCR analysis was run on Applied Biosystems’ real-time PCR instrument. The
relative fold change of gene expression was analysed using the 2−ΔΔCt method
(Schmittgen & Livak, 2008).

In the differentiation experiment, hASCs were cultured for 10 days in keratocyte
differentiation medium containing Advanced DMEM (Thermo Fisher Scientific)
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supplemented with 10 ng/ml bFGF (PeproTech), 0.1mM ascorbic acid-2-phosphate
(Sigma-Aldrich) and 1 μM retinoic acid (Sigma-Aldrich) (Du et al., 2010; Lynch &
Ahearne, 2017). For the qPCR analysis, RNA from hASCs cultured in keratocyte
differentiation medium in 2D and hASCs encapsulated in hydrogels in ex vivo corneal
culture were compared to undifferentiated hASCs. Details of the RNA isolation,
complementary DNA synthesis and qPCR protocols are described in the original
publication (Study II).

4.6 Ex vivo corneal culture

The corneal scaffolds developed in Studies I-III were evaluated in a porcine cornea
ex vivo model to study the interaction of the scaffold with the surrounding corneal
tissue, and to evaluate the implantation strategy of each scaffold. Fresh porcine eyes
were obtained from an abattoir (Paijan tilateurastamo, Urjala, Finland), and kept in
cold AMES buffer (Sigma-Aldrich) (Study I) or DPBS (Studies II and III)
containing 2% antibiotics until preparation for culture. The excised corneas were
cultured partially submerged in serum-free co-culture medium (CnT-Prime-CC,
CELLnTEC) with 1% antibiotics and 0.25 µg/ml amphotericin B (Thermo Fisher
Scientific), and optionally 5 µg/ml plasmocin (InvivoGen, Toulouse, France). The
corneas were mounted on a Barron artificial anterior chamber (Katena Products,
Denville, NJ) where scaffold implantations were performed as shown in Figure 8.
After operations were performed, the corneas were returned to fresh culture dishes,
covered with contact lenses and cultured partially submerged, so that the surface of
the cornea remained at the air-liquid interface under the contact lens. The ex vivo
corneas with implanted cell-containing scaffolds were cultured in hASC culture
medium (Studies I and III) or CnT-30 medium (Study II).

The ex vivo corneas were fixed after 7 days of culture in 4% PFA or acid-
formaline/EtOH fixative and either dehydrated and embedded in paraffin (Studies
I and III) or kept overnight in Tissue-Tek® OCT™ (Sakura Finetek Europe,
Alphen aan den Rijn, The Netherlands) at 4 ºC followed by snap-freezing in liquid
nitrogen (Study II).
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Figure 8. Implantation of corneal scaffolds into the porcine cornea ex vivo model. A partial depth
incision was made to the cornea (Step 1) and the trephined stromal button was removed
(Step 2). In Step 3, the scaffold was implanted into the wound site. In Study I, the
hydrogel mixed with hASCs was made directly into the wound site, whereas in Studies II
and III, the ready-made scaffolds were trephined with the same outer dimensions of the
wound and placed in the wound site. After implantation of the scaffolds, the corneas were
removed from the artificial anterior chamber and covered with soft contact lenses (Step 4).

4.7 Histological evaluation

Immunohistochemical staining against human cell surface marker TRA-1-85 was
performed to identify the implanted human cells in the ex vivo porcine corneas in
Studies I-III. Thin sections of the paraffin-embedded (Studies I and III) or frozen
(Study II) corneal tissue were captured onto glass slides and stained using anti-TRA-
1-85 mouse IgG antibody (courtesy of Peter Andrews, University of Sheffield).
Details of the staining procedure can be found in the original publications (Studies
I-III).

In Study III, haematoxylin and eosin (HE) staining was used to observe the
structures of normal corneal tissue (human donor cornea deemed unsuitable for
transplantation), ex vivo cultured porcine corneas and bioprinted corneal structures.
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4.8 Statistical analyses

In Study I, statistical analyses were performed with MATLAB using non-parametric
Kruskal-Wallis test and a Mann-Whitney U test were used to test for statistical
significance. In Study II, the statistical testing was performed with IBT Graph Pad
Prism software, version 5.02 using two-way ANOVA. In Study III, the statistical
analysis was performed with IBM SPSS Statistics software, where significance was
determined with Mann-Whitney U test. In all studies, p-values <0.05 were
considered statistically significant.
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5 SUMMARY OF THE RESULTS

5.1 Hyaluronic acid hydrogels as hASC scaffolds

HA-based hydrogels were studied as scaffolds for hASC encapsulation and cell
delivery to the cornea in Studies I and II. In both studies, the formation of these
hydrogels was based on hydrazone crosslinking between an aldehyde-modified and
a hydrazide-modified HA component. In Study I, comparisons were made between
an adipic acid dihydrazide (ADH)-derived hydrazone (denoted as H2) and a
carbodihydrazide (CDH)-derived hydrazone (H1). Additionally, human Col I was
mixed as the third component with the CDH-hydrazone hydrogel (H1C). In
Study II, CDH-hydrazone hydrogels (here denoted as HA-HA) were further
modified to include dopamine units (DS 14%) (HA-DOPA). The dopamine units
were included to facilitate covalent surface modification of the hydrogels and to
create hydrogels with tissue-adhesive functionality. The chemical structures of the
HA hydrogels are shown in Figure 9. Hydrogel formation occurred rapidly after
mixing of the components in all the studied hydrogels. Formation of the hydrazone
crosslinks was verified with FTIR (Study I/Figure 1).

Figure 9. Chemical structures of the different HA hydrogels used in this dissertation. In Study I, HA
hydrogels crosslinked with hydrazone bonds from adipic acid dihydrazide (ADH, in green)
and carbodihydrazide (CDH, in blue) were compared. In Study II, The CDH-conjugated
HA was also modified to include dopamine moieties (in red).
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5.1.1 Rheological, mechanical and optical properties

The studied HA hydrogels showed typical viscoelastic behaviour of strong gels in
rheological measurements. The detailed material characterisations obtained from
rheological and compression testing are described in the original publications (Study
I/Figure 3 and Study I/Table 2) and (Study II/Figure 2 and Study II/Table 2). In
Study I, compression testing revealed that the hydrogels experienced strain-
hardening, meaning that their stiffness was relatively constant at low strains (<20%)
but increased at higher strains. The H1 hydrogel was considered the most elastic of
the gels in Study I, whereas H1C was the stiffest. The stiffness of H1C was
attributed to the additional crosslinking of the structure through imine bonds formed
between the collagen and the aldehyde groups of HA. In Study II, the effect of the
encapsulated hASCs on the rheological properties was also evaluated. The presence
of cells in the gels affected the rheological measurements considerably. Interestingly,
without cells, the HA-HA gel showed higher stiffness than HA-DOPA, whereas
with encapsulated hASCs the HA-DOPA gel was stiffer.

To investigate the stability of the hydrogels, their swelling kinetics were studied.
It was noted, that an equilibrium swelling state was reached in PBS whereas a steady
increase in hydrogel weight was observed in cell culture medium (Study II/Figure
2). The swelling ratio measurements in culture medium from both Studies I and II
are shown in Figure 10. The H2 hydrogel with the ADH-derived hydrazone was the
least stable, dissolving in medium after 8 hours. Overall, the hydrogels in Study I
showed much faster and pronounced swelling in 48 hours compared to those in
Study II, which were measured for 3 weeks. In Study II, the comparison of the
hydrogel swelling kinetics revealed an almost linear trend in their swelling behaviour,
with HA-DOPA gel swelling less than the HA-HA in the later time points. The
differences in swelling stability of the hydrogels in Studies I and II can be attributed
to their different initial concentration of the hydrogel components and the resulting
final polymer concentration in the hydrogels. Most notably, the polymer content of
the H1 hydrogel in Study I was almost double to that of HA-HA in Study II, and
the higher concentration of hygroscopic HA can explain the higher water absorption.

The transparency of the hydrogels was evaluated based on transmittance of light
through the hydrogels and photography, as shown in Figure 10. The HA hydrogels
showed high light transmittance values, although the measurements were obtained
from 10 mm thick samples in micro-cuvettes. In Study I, the H1-based hydrogels
showed lower transmittance values than H2, which might be caused by their higher
polymer concentration and crosslinking degree. Also, the addition of collagen in



69

H1C gel decreased light transmittance slightly. In Study II, both hydrogels showed
over 90% transmittance over the entire spectrum, while the lower transmittance in
HA-HA might be caused by the minute inhomogeneities of the gel arising from
mixing the DPBS and sucrose-dissolved components.

Figure 10. Swelling kinetics in cell culture medium and transparency of HA hydrogels. Graphs on the
left refer to hydrogels of Study I and graphs on the right to Study II. Transmittance graphs
also show an inset of photographed hydrogels, H1 on the left, and HA-DOPA on the right.

5.1.2 Cell viability

The viability of encapsulated hASC in the HA hydrogel scaffolds was evaluated
qualitatively by LIVE/DEAD™ staining and quantitatively using PrestoBlue™ and
CyQUANT™ analyses. The cells remained viable in all the studied hydrogels for 10
days, except for H2, which dissolved and could no longer be evaluated after 3 days
in culture. In Study I, The PrestoBlue™ analysis of cell metabolic activity showed a
drop in the cellular activity after 3 days of cell culture for both H1 and H1C gels, and
a significantly higher viability for the H1C in the later timepoints than H1 (Study
I/Figure 5). In Study II, the cell metabolic activity remained quite stable throughout
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the culture period, with HA-DOPA showing consistently higher cell viability
compared to HA-HA (Study II/Figure 6). Also, the number of cells determined by
CyQUANT™ was higher in HA-DOPA gels with a significant difference reached
on day 10 (Study II/Figure 6).

Figure 11. Live/dead staining of human adipose stem cells in HA hydrogels used in Studies I and II.
Staining could not be performed on H2 hydrogel after the first timepoint because the gel
dissolved in culture medium.
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The LIVE/DEAD™ staining of the hASC in HA hydrogels (Figure 11) confirmed
the high cell viability of these scaffolds. There were very few dead cells visible in the
scaffolds. Although the number of live cells seemed to decrease with increased time
in culture, this was partly attributed to the strong swelling of the hydrogels in
medium. Also, in Study I, the cells were observed to escape the gels and grow
underneath the surrounding PDMS structures (Study I/Figure 5). The
LIVE/DEAD™ staining also showed that the hASCs inside the scaffolds were
mostly rounded and tended to cluster together. Still, a few elongated cells were
observed, especially in H1C and HA-DOPA hydrogels.

5.2 Creating tissue-like cellular organization

For creating cornea-mimicking cell organization in the scaffolds, the hASCs needed
to be compartmentalized within the structure and the hPSC-LESCs on the surface.
Two different approaches were used for achieving this type of cellular organization,
surface modification of hASC-encapsulated HA hydrogels (Study II) and 3D
bioprinting of multi-layered cornea mimicking structures (Study III).

5.2.1 Surface modification for improving hPSC-LESC attachment

As unmodified HA hydrogels are poor substrates for cell culture, covalent surface
modification using extracellular matrix proteins was performed to improve the
growth of hPSC-LESCs on the HA scaffolds. The dopamine moiety in the HA-
DOPA was used as a modification site, since it can transform to a quinone in high
pH, which in turn can react with terminal thiol (–SH) groups. Two different
extracellular matrix derivatives were studied for the covalent surface modification,
synthetic laminin-derived peptides with a terminal cysteine (CDPGYIGSR) and
thiolated Col IV. Although the laminin peptide was effectively conjugated to the
hydrogel surface (Study II/Figure 4), it did not support the attachment of hPSC-
LESCs (Study II/Figure 5). However, thiolated Col IV (Col IV-SH) showed clear
improvement of hPSC-LESC attachment and maintained their growth for 7 days,
compared to both HA-HA gel with Col IV-SH and HA-DOPA with non-thiolated
Col IV (Figure 12). The localization of the Col IV on the surface of the hydrogels
was verified from cryosections of the hydrogels with encapsulated hASCs and hPSC-
LESCs plated on the surface (Figure 12). The hPSC-LESCs cultured on the surface-
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modified HA scaffolds also maintained their progenitor marker expression, which
was verified by immunofluorescent staining of p63α and p40 (Study II/Figure 6).

5.2.2 3D bioprinted cornea-mimicking structures

Structures with corneal tissue-like cell organization were manufactured also using
laser-assisted 3D bioprinting (Study III). The bioinks were optimized separately for
both cell types and consisted mainly of human recombinant laminin and CnT-30
medium for hPSC-LESCs and of human Col I, plasma and thrombin for hASCs.
Both cell types were bioprinted separately to observe their viability, morphology and
marker expression and, finally, cornea-mimicking structures were printed with both
cell types in their respective bioinks. The viability of the hPSC-LESCs was high after
printing and they maintained their proliferative capacity until day 7 (Study
III/Figure 2). Also, they showed typical epithelial morphology and progenitor cell
marker p63α and p40 expression (Figure 12). Importantly, by day 12 the bioprinted
hPSC-LESCs showed maturation with stratification and polarization of the
epithelium. The matured epithelium displayed basal expression of p63α and p40 and
topical expression of corneal epithelial marker CK3 (Study III/Figure 3).

The bioprinted hASCs also showed excellent viability after printing
(Study III/Figure 4 and Figure 12). The 3D printed stromal structures were created
by printing the hASCs in alternating directions, and the cells showed elongated
morphology and grew in orthogonally aligned layers similarly as corneal keratocytes
in the native stroma (Figure 12). During prolonged culture, the bioprinted stromal
structures compacted to a final thickness of 300 µm. Compaction was also observed
as shrinkage of the printed structures, which could be avoided by printing the
stromal structures onto Matriderm® supportive sheets. However, the Matriderm®
supportive sheet was hardly an optimal printing substrate, as it was not transparent
and the bioprinted structures could not be separated from it without damaging them.

By bioprinting the hPSC-LESCs on top of the bioprinted stromal structures, 3D
cornea-mimicking structures were produced. In production of these structures,
substituting Matrigel® as the absorption layer instead of gold, it was possible to get
rid of the discoloration caused by embedded gold particles. Although the structures
were not fully transparent, text was still discernible beneath them (Study III/Figure
8). These hASC and hPSC-LESC -containing structures maintained the layered
organization resembling the anterior cornea (Figure 12). However, the cell density
especially in the bioprinted stroma was much higher than in the native cornea.
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Figure 12. Corneal tissue-like cellular organization was achieved by collagen type IV (Col IV) surface
modification of HA-based hydrogels (Study II, top panel) and using 3D bioprinting (Study
III, middle and bottom panels). In Study II, the thiol-modified Col IV (Col IV-SH) on HA-
DOPA gel showed the best hPSC-LESC attachment and the successful covalent binding
to HA-DOPA surface was verified by immunofluorescent staining. In Study III, both hPSC-
LESCs and hASC remained viable after printing, and the printed structures matured in
culture. The bioprinted hPSC-LESCs showed polarized expression of progenitor markers
and hASCs produced orthogonally aligned layers. The bioprinted corneal structures with
both cell types resembled the architecture of human corneal tissue.
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5.3 Proof-of-concept in the porcine ex vivo model

Each of the produced scaffolds was evaluated for their implantation strategy and
tissue integration in a porcine ex vivo cornea model (Studies I-III). In Study I, the
hASCs in HA hydrogels were delivered to the stromal defects in the ex vivo model as
injectable hydrogels, i.e. the hydrogels with hASCs were manufactured directly into
cavities made in the corneal stroma. From the histological evaluation, it was
apparent, that the hASCs could migrate from the hydrogels into the surrounding
stroma, although the hydrogels themselves were lost during tissue processing
(Study I/Figure 6). Additionally, the histological sections showed that the porcine
epithelium had grown over the injected hydrogels.

The proof-of-concept implantation of the hydrogel scaffolds with hASCs and
hPSC-LESC proved more successful in Study II, where trephined implants from
prefabricated scaffolds could simply be placed into the stromal defects. The tissue-
adhesive nature of the HA-DOPA implants allowed these implants to remain in tight
contact with the surrounding tissue (Study II/Figure 7). Human cells were identified
both on top of the scaffolds as well as inside them. In Study II, we also tested the
differentiation capacity of the hASC towards keratocytes after ex vivo implantation.
After 10 days in culture with a keratocyte differentiation medium, the hASCs showed
increased expression of lumican in both HA-HA and HA-DOPA, although other
differentiation markers were not detected (Study II/Figure 6). The differentiation
study was not remotely conclusive but at least provided some validation that the
hydrogels would allow hASCs to differentiate similarly as in 2D conditions in vitro.

In Study III, the 3D bioprinted stromal structures with hASCs were implanted
into the ex vivo cornea model. As the bioprinted stromal structures also contained
the Matriderm® support structure, the structures were placed into the stromal
defects with the printed hASCs facing downwards. Cells from the printed structures
attached themselves to the defect site and were seen migrating into the surrounding
stroma (Study III/Figure 7). Furthermore, the implantation was an indication of the
robustness of the bioprinted structures, as the bioprinted structures were
successfully shipped live from Germany to Finland only two days after their
production.
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6 DISCUSSION

6.1 Hydrogels as corneal scaffolds

Hydrogels offer many attractive properties for tissue engineering, such as their good
transparency, efficient nutrient diffusion and capacity to encapsulate cells with high
viability into a 3D environment resembling the natural ECM (Baroli, 2007). This
dissertation explored different methods of applying hydrogel-based materials as
tissue-engineered corneal scaffolds for hASCs and hPSC-LESCs. In Study I, HA-
based hydrogels were studied as scaffolds for hASC encapsulation in vitro, and as
injectable cell delivery materials ex vivo. In Study II, dopamine-modified HA
hydrogels was used to fabricate hydrogel structures with encapsulated hASCs and a
layer of hPSC-LESCs on their surface, that demonstrated improved stability in vitro
and good transplantation potential ex vivo. In Study III, hydrogel-based bioinks were
used to create layered structures of hASCs and hPSC-LESCs using laser-assisted 3D
bioprinting, that accomplished significant structural and biological mimicry of
corneal tissue.

The cornea is an exceptionally strong tissue, with complex viscoelastic
mechanical properties (Hjortdal, 1996). Although hydrogels are inherently weak
materials, many hydrogel-based approaches still aim at replicating the mechanical
properties of corneal tissue by utilizing excessive crosslinking or dehydration-driven
compaction of the structure, for example via vitrification (Majumdar et al., 2018;
Rafat et al., 2008). The biomaterials produced in this manner do not allow cell
encapsulation within the hydrogels due to their harsh reaction conditions or toxic
crosslinkers but rely only on the recruitment of cells from the surrounding cornea.
For example, EDC/NHS crosslinked recombinant human collagen-based acellular
stromal replacements have shown capacity to restore transparency of the stroma,
with successful infiltration of corneal nerves and keratocytes over a 4-year follow-up
(Fagerholm et al., 2014). The slow ECM turnover of native stromal keratocytes
makes the integration and degradation of cell-free scaffolds slow, with remnants of
the implants still present even 4 years after implantation (Fagerholm et al., 2014).
However, this slow remodelling might be advantageous for stable stromal
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regeneration, as fast ECM production in the cornea is associated with stromal haze
and scar tissue formation (Wilson et al., 2012a).

Cell-based approaches can increase the rate of tissue regeneration but require
careful selection of therapeutic cells to obtain the wanted results. MSCs have been
shown to suppress corneal scar tissue formation and have the ability to differentiate
into functional keratocytes, supporting their use in corneal regeneration (Dos Santos
et al., 2019; Mittal et al., 2016). Accordingly, our approach was not to recreate the
mechanical strength of the cornea, but rather to use hASCs inside hydrogel scaffolds
to support cellular remodelling after implantation to the cornea through direct
differentiation towards corneal keratocytes, paracrine stimulation of epithelial and
stromal renewal and modulation of the immune response against allogeneic LESCs.
Although this was the underlying hypothesis behind the scaffold development, it still
lacks validation in the in vivo context. Further investigations could be conducted, for
example, in vitro to study the activation of immune cells in the presence of hASCs or
stain for newly synthesized or remodelled ECM in the ex vivo model.

Hydrogel scaffolds are typically used for 3D encapsulation and culture of cells.
However, engineering the corneal tissue architecture requires combining a 3D matrix
for stromal cells and 2D surface for epithelial cells. Only a few methods for obtaining
such corneal tissue-like organization with one material have been previously
reported, with collagen (Kureshi et al., 2015; Lee et al., 2018), fibrin-agarose
(González-Andrades et al., 2017) and a combination of cast silk films and fibrous
silk (Bray et al., 2013). In Study II, we were able to recreate this tissue-like cell
organization by culturing hPSC-LESCs on the surface of hASC-encapsulated HA-
DOPA hydrogels, aided by covalent binding of Col IV to the hydrogel surface. The
two cell types were also bioprinted into correct tissue-mimicking structures (Study
III), which hasn’t been previously demonstrated.

A general drawback of hydrogels as 3D cell culture scaffolds is their lack of
directionality in guiding cell growth. In the native corneal stroma, cells grow in
orthogonal layers between the collagen lamellae. This type of cellular alignment
could not be achieved by simple encapsulation of hASCs inside HA hydrogels. To
increase the layered organization of hASCs, guiding structures, such as fibres could
be introduced to the hydrogels (Kong et al., 2020; Wilson et al., 2012b). However,
incorporating such orthogonally arranged fibres can compromise the transparency
of the hydrogel, and be labour-intensive to manufacture. Alternatively, such
orthogonal cell alignment of hASCs resembling the native stromal organization was
achieved with laser-assisted 3D bioprinting simply by changing the printing direction
between layers (Study III).
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6.1.1 HA-based scaffolds for corneal regeneration

Many of the studied hydrogels and culture substrates for corneal applications to date
have been based on collagen, because it is the principal component of the corneal
stroma (Ahearne et al., 2020; Chen et al., 2018). Although HA has been identified to
play a role in the limbal niche regulation it has not been widely used for corneal tissue
engineering due to its poor mechanical properties and low cell adhesion (Fiorica et
al., 2011; Gesteira et al., 2017). The HA hydrogels utilized in Studies I and II were
based on the bio-orthogonal hydrazone reaction, which occurs rapidly in mild
reaction conditions, without the need for any toxic crosslinking agents and produces
only water as a by-product. The hydrazone bond is dynamic by nature, allowing it to
reorganize in the presence of proteins. Expectedly, the ADH-derived hydrazone
crosslinked HA hydrogels were more susceptible to degradation than the resonance-
stabilized CDH-derived hydrazones (Oommen et al., 2013). The stability of the
hydrazone-bonded hydrogels was increased by additional crosslinking. In Study I,
the additional Col I component had the capacity to form imine bonds with the
aldehyde groups, whereas in Study II, the dopamine moieties could self-polymerize
for stabilizing effect.

Despite being a component of the natural ECM, HA does not contain binding
sites for integrin receptors, which are required for focal adhesion-mediated signalling
for cell survival (Wang et al., 2010). This causes encapsulated cells to remain rounded
and inhibits cell growth on their surface. The attachment and elongation of hASCs
in 3D scaffolds is essential for their survival and differentiation (Wang et al., 2010).
The addition of gelatin or RGD peptides into HA-based hydrogel introduces integrin
binding sites and increases cell attachment inside these scaffolds (Chen et al., 2017;
Espandar et al., 2012; Zarembinski et al., 2014). In Study I, the addition of Col I to
the hydrogels produced a similar effect and increased cell elongation in these gels.
Encapsulated cells can also secrete their own ECM molecules to create attachment
sites for themselves (Loebel et al., 2019). This can drive cell elongation in hydrogels,
which do not otherwise contain cell binding sites. In Study II, the dopamine
moieties seemed to promote the entrapment of secreted endogenous ECM proteins,
which would explain the more elongated cell morphology in HA-DOPA hydrogels
compared to the HA-HA gels.
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6.2 Estimating clinical translation of corneal scaffolds

Currently, the treatment of LSCD and its related corneal scarring involves two
separate surgeries, first a LESC transplantation (e.g. CLET, SLET or CLAU) later
followed by anterior lamellar or penetrating keratoplasty (Behaegel et al., 2019). The
aim of this dissertation was to develop methods for simultaneous treatment of both
the epithelium and the stromal layers, which would not only reduce the number of
surgeries for the patient, but also the need for corneal donor tissue. Ideally, the
methods developed in this dissertation could be utilized for providing allogeneic on-
demand or off-the-shelf regenerative therapies for patients suffering from LSCD
despite a lack of their own LESCs or available donor tissue. With the aim of
developing these kinds of regenerative therapies, the clinical suitability of both the
therapeutic cells and biomaterial scaffolds should be carefully considered.

An important property of these types of material and cell -based therapies, often
overlooked, is their suitability for transplantation in terms of implantation strategies.
The translation of research from in vitro to in vivo can be challenging, and the wasted
efforts are costly and time-consuming. As an intermediate step, the ex vivo cornea
model provides a low-cost and ethical model to evaluate the clinical applicability of
cell delivery scaffolds. The porcine corneas, which were obtained as meat processing
by-products from a local abattoir, recapitulate the essential physiological
characteristics of the human cornea (Notara et al., 2011). However, the excised
corneas cannot be used to model the immune responses or inflammation of the
LSCD, necessitating the use of whole organism animal models to eventually study
the safety and efficacy of cell and biomaterial constructs.

One of the aims of this dissertation was to study the applicability of the developed
corneal scaffolds in the ex vivo porcine corneal model. This was an important driver
for considering suitable transplantation methods for each scaffold. In Study I, for
example, the excessive swelling of the scaffolds in vitro required them to be used as
injectable cell delivery vehicles. Interestingly, the ex vivo evaluation of these hydrogels
showed successful hASC outgrowth to the stroma and overgrowth of porcine
epithelium over the wound site, indicating that their clinical potential for cell delivery
was considerable despite their lack of in vitro stability. The hASC outgrowth observed
ex vivo in Study I was also interesting when comparing to previously studied
injectable HyStem™ hydrogels, which did not allow cellular migration from
implanted hydrogels in vivo even after 10 weeks (Espandar et al., 2012).

The ex vivo model was also an appropriate tool to implement the sutureless
implantation strategy of the tissue-adhesive hydrogels in Study II. Tissue-adhesive
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materials are attractive for corneal implantation, because the use of sutures can
induce neovascularization and astigmatism (Griffith et al., 2016). Although tissue-
adhesive materials based on dopamine have been developed previously (Lee et al.,
2010; Shin et al., 2015), this was among the first applications of preformed hydrogels
with tissue-adhesive function and encapsulated cells. As an additional advantage, the
HA-DOPA hydrogel scaffolds did not exhibit the characteristic brown coloration of
polymerized dopamine, which would not be suitable for corneal applications (Dinh
et al., 2018; Shin et al., 2015).

The ex vivo implantation of the bioprinted stromal structures in Study III was
also performed without sutures, simply by fitting the trephined structures into
corneal wounds with the same dimensions. Because of the underlying Matriderm®
sheets used as printing substrates, the bioprinted stromal constructs were placed into
the stroma “upside down”. For transplantation of the layered stroma-and-epithelium
structure, other removable substrates should be considered. The hASCs in the
structures adhered to the stromal wound bed, which was enough in the stationary ex
vivo condition. However, this implantation strategy would not be adequate in a real-
life situation, where suturing would likely be needed for fixation of the structure.
Alternatively, bioinks utilizing the tissue-adhesive dopamine units could be explored
as the next step for manufacturing bioprinted corneal structures.

6.2.1 Clinically relevant raw materials

With the aim of producing corneal scaffolds suitable for clinical applications, the use
of poorly defined and animal-derived components was avoided. Starting from the
cell production, the differentiation process of the hPSC-LESCs has been optimized
to be as defined as possible without feeder cells or xenogeneic components
(Hongisto et al., 2017). In the LESC production protocol, the only animal-derived
component is heparin in the CnT-30 differentiation medium. Although human
serum was used in the culture of hASCs, the conditions could be further modified
to a more defined serum-free culture (Patrikoski et al., 2013). Only human-based
collagens, human plasma and thrombin, and human recombinant laminins were used
in the production of the biomaterial scaffolds and the bioinks. Hyaluronic acid,
despite being of bacterial origin, is a known and accepted component of many
medical products from dermal fillers to eye drops. Although animal-derived
materials can also be approved for clinical use, their origin must be well documented
and quality controlled (Lagali, 2020). More importantly, the use of any biologically
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isolated material, animal or human, is subject to batch-to-batch variation, which can
cause unwanted variability in the already complex tissue-engineered constructs.

6.2.2 Clinical applications of human stem cells

Another aspect of the clinical significance is functionality of the therapeutic cells. As
a non-corneal alternative to regenerative stromal cells, hASCs offer an abundant
source of clinically relevant multipotent stem cells. Although they can be easily
isolated and expanded for autologous use, their immunomodulatory properties have
great benefits in allogeneic therapy, for example in treating graft-vs-host disease
(Lindroos et al., 2011). In this dissertation, the rationale of using hASCs without any
in vitro differentiation prior to their encapsulation, was to rely on their in vivo
differentiation capability while benefitting from their immunomodulatory
properties. This could also be advantageous in transplanting allogeneic hPSC-
derived LESCs to patients suffering from LSCD, to hinder possible immune
responses. Study II also aimed to provide experimental evidence of hASC
differentiation of the towards corneal keratocytes in the ex vivo model, but their
differentiation efficacy remained poor in the study conditions. However, this might
have been caused by the short differentiation time, or it might simply be a property
of the particular cell line, as the hASCs used in this dissertation were obtained from
a single donor. Human ASCs can have significant variability in their differentiation
tendency towards certain lineages depending on the donor, which is why
differentiation studies should be conducted for more cell lines for more conclusive
results (Patrikoski et al., 2013).

The transplantation of autologous LESCs is the current golden standard in
treatment of LSCD. For patients suffering from bilateral LSCD, autologous LESCs
are not available, and allogeneic primary LESCs or limbal transplants can be an
option. Compared to the scarcely available primary LESCs, the hPSC-derived LESCs
offer theoretically unlimited amounts of therapeutic cells. Using proteomic profiling,
our group has previously shown that the hPSC-LESCs are very similar to primary
human LESCs (Mikhailova et al., 2015). With further improvement of the cell
production to xenogeneic component and feeder cell -free methods, these cells are
consistent in quality and easily ungraded to clinical grade manufacturing (Hongisto
et al., 2017).

The hPSC-LESCs used in this dissertation were produced from hESCs.
However, LESCs differentiated from iPSCs would more likely to reach clinical
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translation in the future, as they face fewer ethical issues than ESCs, and iPSC-
donors can be screened for suitable tissue immune phenotypes for matching cell
lines to patients (Taylor et al., 2012; Taylor et al., 2005). The need for
immunophenotype matching is one of the key questions in allogeneic cell therapies.
Although the cornea is typically an immune privileged site due to its avascular nature,
severe inflammation and neovascularization characteristic to LSCD can cause
adverse reactions to foreign cells. Tapered dosing of immunosuppressive
medication, similarly as with non-related donor limbal transplantations, might be
required to preserve transplanted cells until full regeneration and normal barrier
function of the cornea is re-established (Holland et al., 2012). Hopefully, the first
clinical trial using hiPSC-derived corneal epithelial cells for bilateral LSCD will
provide more insights on the issues of allogeneic stem cells, immunophenotype
matching and immunosuppression (Osaka University, 2019).

6.3 3D bioprinting as manufacturing method

Most of the potential of 3D printing technologies lies in the production of complex
shapes and rapid manufacturing of individual designs. Using patient-specific digital
data, for example from computed tomography (CT) scans, personalized tissues can
be produced with 3D bioprinting (Isaacson et al., 2018; Lee et al., 2019). However,
printing 3D shapes of organs, such as the heart, with low-viscosity hydrogel materials
requires additional support to stabilize the printed strands, such as printing into a
gelatine slurry in the FRESH (freeform reversible embedding of suspended
hydrogels) method (Lee et al., 2019).

When it comes to the cornea, the layered structure of the native tissue is relatively
simple. In Study III, this was achieved by printing alternating cellular and acellular
layers of bioink, and bioinks with two different cell types. Also, the printing process
allowed to recapitulate the orthogonal lamellar alignment of the corneal stroma by
changing the printing direction between the layers, which has been difficult to
produce using conventional technologies. However, the bioprinted cornea-
mimicking structures were produced on a flat surface, missing the curved shape of
the actual native cornea. Previously, the bioprinting of curved corneal constructs has
been shown with the aid of a hollowed out plastic support (Isaacson et al., 2018).
Although curvature was overlooked in the development of the corneal scaffolds in
this dissertation, it has been shown to play an important role in keratocyte
differentiation (Gouveia et al., 2017b) while correct curvature is important for the
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visual acuity of a patient (Brunette et al., 2017), making it important to address this
issue in further development of these constructs.

The maturation of 3D bioprinted tissues is a key aspect of manufacturing
functional tissues. Maturation includes cellular remodelling of the printed construct,
which often remains unstudied in the literature (Malda et al., 2013; Mandrycky et al.,
2016). In Study III, the maturation of the bioprinted cornea-mimicking structures
was observed clearly as compaction of the printed stromal structures and the
polarization of the printed epithelium 1–2 weeks after printing. However, upon
maturation and cellular remodelling, the constructs also showed some shrinkage
unless a supportive sheet was used as a printing substrate.

In the recent years, the field of 3D bioprinting has grown rapidly and commercial
players are emerging also in the field of corneal bioprinting. These are mostly
research-based spin-offs, such as iFix Medical (Australia), originated from University
of Sydney and University of Wollongong, which has developed a handheld
“bioprinting” device for directly extruding a transparent bioink into corneal wounds
(iFix Medical Pty Ltd., 2019; Sutton et al., 2018). Another university spin-off 3D
Biotissues (UK, Newcastle University) aims to manufacture 3D bioprinted curved
corneal replacements based on patient corneal dimensions (3D Biotissues Limited,
2019; Isaacson et al., 2018). Whereas the iFix pen is intended for purely biomaterial-
based wound closure, 3D Biotissue’s approach includes also stromal cells within the
bioprinted constructs to produce alternatives to corneal transplants.

With extrusion-based methods dominating the field of commercial 3D
bioprinting, the laser-assisted bioprinting has been hindered from large scale
adoption by the high-cost equipment, which are usually custom built and laborious
to operate (Mandrycky et al., 2016). However, with the evolution of bioprinting field,
also new commercial bioprinters utilizing LaBP are becoming available (Listek,
2019). LaBP offers many advantages over other bioprinting techniques, such as high
resolution, excellent cell viability, and the possibility to use also high viscosity
bioinks. It is likely that the different bioprinting technologies will find their niche
areas according to the intended application and specific requirements of the target
tissues.

6.4 Future of corneal tissue engineering

With the emergence of new stem cell-based therapies on the market, off-the-shelf
cell therapies for curing corneal diseases are no longer just science fiction. Because
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of their well-documented immunomodulatory properties, allogeneic ASCs are
already widely used in clinical trials for various disorders, although their specific
mode of function is still poorly understood. However, for the allogeneic cell
therapies using hPSC-derived LESCs to reach the clinics, a great deal more
experience and knowledge is required of their safety and immunogenic properties.
To reach the full potential of allogeneic stem cell therapies in the future, international
iPSC banks with different HLA-phenotypes should be established. From these cell
banks, suitable cell lines could then be selected for building patient-matched corneal
replacements. Alternatively, we could see the successful adoption of the genetically
modified iPSCs to generate hypoimmunogenic, or “universal”, stem cells, that do
not express the HLA molecules on their surface (Deuse et al., 2019).

Creation of full thickness corneal structures, including the third cell layer of the
cornea, the endothelium should be developed in the future. Corneal endothelium is
also an important part of a functioning cornea, and endothelial cell failure is the most
common reason for corneal transplantation in the developed countries (Mathews et
al., 2018). Attempts at recreating full thickness corneal structures from immortalized
cell lines or isolated primary cells have been reported, but they have yet to show
clinical translatability (Griffith et al., 1999; Proulx et al., 2010; Vrana et al., 2008).
With the advancements in using hPSCs for corneal regeneration, also corneal
endothelial cells could be differentiated from hPSCs (Hayashi et al., 2012) and
combined with stromal and epithelial layers.

The evolution of 3D bioprinting methods will allow the manufacturing of
increasing complexity of tissue-engineered corneal structures. In the future, the
recreation of tissue microstructures, such as the limbal palisades and crypts, may give
rise to unforeseen advantages of biomimicry, as the complex cellular interplay in the
limbal niche is still relatively poorly understood. The creation of niche-like structures
in corneal constructs might also be necessary to maintain the true limbal stem cell
population and long-term regenerative capacity of the cornea (Yazdanpanah et al.,
2019). Most likely, the advancement of 3D bioprinting techniques and equipment
will also make the incorporation of multiple cell types easier. This would allow the
addition of also other cell types found in the cornea, such as supporting niche cells,
endothelial cells and nerves to make a fully functional 3D bioprinted cornea. While
increasing complexity to accurately mimic corneal tissue might be the ultimate goal
to push the boundaries of science, the optimal level of complexity should also be
considered from the point of view of the patient. At its worst, high cellular
complexity might increase the regulatory burden of such a construct and contribute
to the price tag of these treatments, without additional therapeutic benefits. To
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determine the optimal requirements of tissue-engineered corneal tissue equivalents,
we need thorough understanding of the underlying biology of the cornea and its
structural and functional components, meriting more basic research in the field.
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7 CONCLUSIONS

The aim of this dissertation was to produce scaffolds for stem cell delivery to the
cornea, providing regenerative therapies to a damaged epithelium as well as the
scarred stroma underneath. Human PSC-LESCs were used as the regenerative stem
cells of the corneal epithelium and hASCs as the stromal component. Based on the
results of these studies, the following conclusions can be drawn:

1. Hydrazone-crosslinked hyaluronic acid hydrogels provided suitable matrices
for hASC delivery to the corneal stroma.

The addition of collagen or dopamine units promoted cellular
elongation within the hydrogels.

Hydrogels with poor in vitro stability could be used as injectable cell
delivery vehicles to corneal stromal defects and allowed hASC
outgrowth and corneal epithelial wound healing in an ex vivo corneal
model.

2. Covalent surface conjugation of collagen IV was necessary for establishing
an epithelium layer on top of hyaluronic acid hydrogels.

pH-induced quinone formation of dopamine moieties and thiol-
modified collagen IV were required for successful covalent surface
modification of hydrogels.

Cysteine-terminated laminin-mimetic peptide did not support the
attachment and growth of hPSC-LESCs.

3. Preformed hydrogel scaffolds with encapsulated hASCs within the hydrogel
and hPSC-LESCs on top were successfully implanted into corneal defects in
an ex vivo corneal model

The tissue-adhesive capacity of the preformed hydrogels allowed the
implants to stay in tight contact with the surrounding tissue.
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4. Laser-assisted 3D bioprinting was successfully used to produce layered
cornea-mimicking structures comprising of the two cell types.

Orthogonally aligned cell organization was achieved in the 3D
bioprinted corneal stromal-mimicking constructs.

3D bioprinted hPSC-LESCs matured into a stratified epithelium with
basal expression of limbal progenitor markers p63α and p40 and
apical expression of mature epithelium marker CK3.

Bioprinted constructs were sufficiently robust to withstand shipment
and implantation into an ex vivo corneal model.
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A B S T R A C T

Corneal blindness is a worldwide problem, plagued by insufficient amount of high-quality donor tissue. Cell
therapy using human adipose stem cells (hASCs) has risen as an alternative to regenerate damaged corneal
stromal tissue, the main structural and refractive layer of the cornea. Herein we propose a method to deliver
hASCs into corneal defects in hyaluronan (HA)-based hydrogels, which form rapidly in situ by hydrazone
crosslinking. We fabricated two different HA-based hydrazone-crosslinked hydrogels (HALD1-HACDH and
HALD2-HAADH), and characterized their swelling, degradation, mechanical, rheological and optical properties
and their ability to support hASC survival. To promote hASC attachment and survival, we incorporated collagen I
(col I) to the more stable HALD1-HACDH hydrogel, since the HALD2-HAADH hydrogel suffered swift de-
gradation in culture conditions. We then used an organ culture model with excised porcine corneas to study the
delivery of hASCs in these three hydrogels for stromal defect repair. Although all hydrogels showed good hASC
survival directly after encapsulation, only the collagen-containing HALD1-HACDH-col I hydrogel showed cells
with elongated morphology, and significantly higher cell metabolic activity than the HALD1-HACDH gel. The
addition of col I also increased the stiffness and reduced the swelling ratio of the resulting hydrogel. Most
importantly, the corneal organ culture model demonstrated these hydrogels as clinically feasible cell delivery
vehicles to corneal defects, allowing efficient hASC integration to the corneal stroma and overgrowth of corneal
epithelial cells.

1. Introduction

Corneal blindness due to trauma, burns and various inherited or
acquired diseases is a worldwide problem, with estimated 1.5 to 2
million new cases annually [1]. Currently these cases are only treatable
by transplantation of a donor cornea; a procedure restricted by immune
reactions and graft failure, as well as a continuous shortage of suitable
donor tissue [2]. The limitations of corneal transplants have driven the
search for alternative treatment options, particularly by means of tissue
engineering and stem cell therapy. Mesenchymal stem cells (MSCs)
have gained great interest in corneal regeneration due to their im-
munomodulatory and antiangiogenic properties [3], as well as for their
capability to inhibit corneal scarring [4]. Human adipose stem cells
(hASCs) are an abundant and accessible source of adult MSCs [5],
which have also been shown to differentiate towards corneal stromal
keratocytes in vivo when delivered to the corneal stroma [6,7].

However, simple stromal injection of hASCs in saline solution results in
only low amount of integrated cells and insufficient new collagen
production [6,8], whereas hydrogel delivery increases the survival of
hASCs in the corneal stroma [7].

Collagen I (col I) and hyaluronan (HA) are natural extracellular
matrix (ECM) components, present in varying abundance in different
tissues. Col I is the main component of ECM in the corneal stroma,
where it exists as highly regular fibrils for combined mechanical
strength and high transparency [9]. HA is a high molecular weight
polysaccharide, which has a high capacity to retain water and is de-
graded in vivo by hyaluronidase enzymes [10,11]. Rather than use HA
in its native form, it can be modified through the carboxyl acid and
hydroxyl groups in the D-glucuronic acid and N-acetyl-D-glucosamine
sugar residues. HA-based hydrogels have also been previously sug-
gested for corneal stromal repair, but to date they have required ex-
ternal crosslinkers and need to be preformed prior to implantation [7].
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Hydrogel components, which gel upon mixing without external cross-
linking agents, have the added advantage that they can be injected
directly to the defect site where they are able to fill even irregularly
shaped defects.

Hydrazone crosslinking has been widely used to prepare hydrogels
for tissue engineering applications. Hydrazone crosslinking is a reaction
between aldehyde- and hydrazide-groups and belongs to the group of
pseudo click reactions (pseudo refers to moderate orthogonality). These
reactions have many favorable properties, i.a. high reactivity, simple
reaction conditions, no toxic reagents or side products, and high yields
[12]. HA can be modified with complementary reactive aldehyde and
hydrazide groups to enable this crosslinking. Aldehyde groups can be
generated from vicinal diol groups of HA using periodate oxidation
[13], or by incorporating an amino-glycerol side chain via an amidation
reaction and selective oxidation of the pendent group of HA [14]. The
latter method provides a less invasive way to modify the polymer.
Hydrazide groups can be produced via reaction with either adipic acid
dihydrazide [15,16] or carbodihydrazide [17]. The polyanionic beha-
vior of HA at physiological pH hinders the adhesion of proteins and
cells, which can be overcome by addition of other ECM binding sites,
such as collagen [18]. Collagen can be incorporated to the previously
described hydrogels, for example through imine formation, although it
should be noted, that neutralized collagen can also form a gel on its
own at 37 °C.

The aim of the study was to create transparent HA-based hydrogels
for the delivery of hASCs for regeneration of the corneal stroma. In this
study, we fabricated two HA-based hydrazone crosslinked hydrogels,
and characterized their swelling, degradation, mechanical, rheological
and optical properties and their ability to support hASC survival. We
then further incorporated human col I into the more stable hydrogel,
with the aim to promote hASC attachment and survival. In order to
demonstrate proof-of-concept, we used an organ culture model with
excised porcine corneas to evaluate the clinical relevance of the HA-
based hydrogels for hASC delivery to stromal defects.

2. Materials and methods

2.1. Materials and general methods

Hyaluronic acid sodium salt (Mw = 1.5 × 105 g/mol) was pur-
chased from Lifecore (Chaska, MN, USA). Adipic acid dihydrazide
(ADH), hyaluronidase from bovine testes (Type IeS, 400–1000 units/
mg solid), hydroxylamine hydrochloride, acetic acid, sucrose, 1-hy-
droxybentzotriazole (HOBt), carbodihydrazide (CDH), 3-amino-1,2-
propanediol, t-butyl carbazate (TBC), picrylsulfonic acid solution (5%
(w/v) in H2O, TNBS), sodium cyanoborohydride, sodium periodate,
sodium acetate, ethylene glycol, 1-Ethyl-3-[3-(dimethylamino)propyl]
carbodiimide (EDC), dimethyl sulphoxide (DMSO), and deuterium
oxide (99.9 atom% D, contains 0.05 wt% 3-(trimethylsilyl)-propionic-
2,2,3,3-d4 acid, sodium salt) and collagen type I from human placenta
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium
chloride was purchased from J.T. Baker (Holland). All solvents used
were of analytical quality. Milli-Q water was used in synthesis and
determinations. Dialysis membranes (Spectra/Por®cut-off 3500,
12–14,000 and 25,000 g/mol) were purchased from Spectrum
Laboratories, Inc. (Rancho Dominguez, CA, USA).

NMR-spectra were measured with Varian Mercury 300 MHz NMR
Spectrometer (Palo Alto, USA). Samples (5 mg) were dissolved in deu-
terium oxide (600 μL) containing internal standard (0.05 wt% 3-(tri-
methylsilyl)-propionic-2,2,3,3-d4 acid, sodium salt). FTIR-spectra from
hyaluronan components and formed hydrogels were measured on a
Perkin Elmer Spectrum One ATR-FTIR Spectrometer (Waltham, MA,
USA) in the spectral range of 400 to 4000 cm−1.

2.2. Synthesis of aldehyde-modified hyaluronans

Aldehyde groups were introduced to HA according to previously
reported method [14]. Reaction scheme is shown in Fig. S1 (a). Briefly,
HA (400 mg) was dissolved in deionized water (60 mL). 3-amino-1,2-
propanediol (182 mg), and HOBt (153 mg) pre-dissolved in 1:1 (v/v)
mixture of acetonitrile-water (2 mL) were added, and pH of the solution
was adjusted to 6 (1 M HCl). EDC (58 mg) was added to the mixture
under nitrogen and stirred overnight. Derivatized polymer was dialyzed
with MW cutoff 3500 membrane against dilute HCl (pH 3) containing
0.1 M NaCl for 48 h and against dilute HCl (pH 3) for 24 h. Purified
polymer was lyophilized to obtain a white cotton-like product (2,3-di-
hydroxypropyl amide derivative of HA). This product (200 mg) was
dissolved in deionized water (25 mL). Sodium periodate (107 mg) pre-
dissolved in deionized water (0.5 mL) was added to the solution in the
dark at room temperature (RT) and stirred for 5 min. Ethylene glycol
(0.06 mL) was added to inactivate unreacted periodate and solution
was stirred for 2 h. Derivatized polymer was dialyzed with MW cutoff
3500 membrane against deionized water for 24 h. Purified polymer was
lyophilized to obtain a white cotton-like product, HALD1. 1H NMR
(D2O, 300 MHz) 2,3-dihydroxypropyl amide derivative of HA: δ 4.53
(br s, 1H), 3.83–3.34 (m, 10H), 2.00 (s, 3H). HALD1 (Fig. S3 (a), D2O,
300 MHz): δ 9.57 (s, 1H), 4.53 (br s, 1H), 3.65 (sharp s, 1H), 3.83–3.34
(m, 10H), 2.01 (s, 3H). FTIR (Fig. 1 (a), cm−1): 1732 (ν(C]O) of eC(O)
H), 1643 (ν(C]O) of sec. amide), 1617 (d(NeH) of eNHC(O)e), 1558
(d(NeH) of sec. amide).

Alternatively, a periodate oxidation was used to generate aldehyde
groups from vicinal diol groups of HA according to previously reported
method [13] with small modifications. Reaction scheme is shown in
Fig. S1 (b). Briefly, sodium hyaluronate (0.500 g) was dissolved in
deionized water (100 mL). Sodium periodate (0.30 g) was dissolved in
deionized water (2.7 mL), added dropwise and stirred for 4 h in the
dark at RT under nitrogen. Ethylene glycol (4 equivalents) was added to
inactivate any unreacted periodate and the solution was then stirred for
1 h. Derivatized polymer was dialyzed with MW cutoff 25,000 mem-
brane against deionized water for three days. Purified polymers were
lyophilized to obtain white cotton-like product, HALD2. 1H NMR (Fig.
S3 (b), D2O, 300 MHz): HALD2: δ 4.47 (m, 1H, H1 of glucose unit),
3.84–3.34 (m, 5H, H2–5 of glucose unit), 2.02 (s, 3H, eNHC(O)CH3).
FTIR (Fig. 1 (b), cm−1): HALD2: 1721 (ν(C]O) of eC(O)H), 1633
(ν(C]O) of eNHC(O)e and eC(O)OH), 1618 (d(NeH) of eNHC(O)e).

Degree of substitution (DS%) of HALD components were determined
with TNBS method similarly to [19,20]. Briefly, HALD (20 mg) was
dissolved in acetate buffer (2 mL, 0.1 M, pH 5.2) and added to TBC
solution in acetate buffer (1 mL, 0.0348 g, 10-fold excess per molar
amount of sodium periodate used). The mixture was allowed to react
for 1 h at RT. Sodium cyanoborohydride (1 mL, 0.0166 g, equimolar
amount to TBC) in acetate buffer was added and allowed to react for
24 h at room temperature under nitrogen. The polymer was dialyzed
with MW cutoff 25,000 membrane against 0.1 M NaCl for 24 h and for a
further 24 h in deionized water. Purified polymer was lyophilized to
obtain a white cotton-like product. The 1H NMR spectrum was mea-
sured and the DS% was determined from the integration of 1H NMR
peaks. 1H NMR (D2O, 300 MHz): δ 2.0 (3H, NHCOCH3) and 1.4 (9H, t-
Boc).

2.3. Synthesis of hydrazide-modified hyaluronans

Hydrazide groups were introduced to HA according to previously
reported method [17]. Reaction scheme is shown in Fig. S1 (c). Briefly,
HA (408 mg) was dissolved in deionized water (100 mL). Carbodihy-
drazide (90 mg) and HOBt (153 mg) were added to the solution and pH
was adjusted to 4.7 (0.1 M NaOH). EDC (19.17 mg) was added under
nitrogen and stirred for overnight. Derivatized polymer was dialyzed
with MW cutoff 3500 membrane against dilute HCl (pH 3.5) containing
0.1 M NaCl for 48 h and against deionized water for 24 h. Purified
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polymer was lyophilized to obtain a white cotton-like product, HACDH.
1H NMR (Fig. S4, D2O, 300 MHz): δ 4.54 (br s, 1H), 3.84–3.34 (m,
10H), 2.02 (s, 3H). FTIR (Fig. 1 (a), cm−1): 1722 and 1648 (νC]O) of
sec. amide), 1611 (d(NeH) of prim. amine), 1557 (d(NeH) of prim.
amide), 1415 (d(NeH) of sec. amide), 1028 (ν(CeN) of amine).

DS% of HACDH was determined with TNBS assay as described in
[17].

Alternatively, HA was modified with hydrazide groups via reaction
with adipic acid dihydrazide. The fabrication of the polymer product,
HAADH, has been previously reported in [16]. 1H NMR and FTIR
spectra are reported in the same article.

2.4. Formation of hydrazone crosslinked hyaluronan-based hydrogels

Hydrogels were fabricated according to Table 1 and Fig. S2. HALD1-
HACDH hydrogel (H1) was prepared by dissolving the freeze-dried
HALD1 and HACDH components in PBS (pH 7.4) and mixing them in
equal volumes. The gelation was shown to occur at RT and at 37 °C; in
this case the components were allowed to gel at 37 °C for at least
30 min. HALD2-HAADH hydrogel (H2) was prepared similarly, with the
freeze dried HALD2 and HAADH components dissolved in 10% sucrose.

For different characterizations, cut syringes were used as molds to ease
pushing the sample out. For cell culture, circular polydimethyl siloxane
(PDMS) molds with 10 mm inner diameter were used. Solutions were
sterilized prior to gelation using Whatman FP 30/0.2 CA-s 0.2 μm
(Whatman plc, Little Chalfont, UK) filters.

Additionally, human col I was introduced as a third gel component
in H1-based hydrogel (H1C). Briefly, col. I solution (5 mg/mL in acetic
acid, pH ≈ 3) was sonicated and then neutralized using 1 M NaOH.
After neutralization, col I was mixed with HALD1 component followed
by mixing with HACDH component.

The gelation time of hydrogels was determined using a tube tilt test
[21], where the gel point can be determined simply by tilting a tube

Fig. 1. Chemical structure analysis of polymer components and HA-based hydrogels. (a) FTIR spectra of HALD1 and HACDH components and hydrazone crosslinked HALD1-HACDH
(−col I) hydrogels (H1 and H1C). (b) FTIR spectra of HALD2 and HAADH components and hydrazone crosslinked HALD2-HAADH (H2) hydrogel. The appearance of a hydrazone C]N
stretching signal at 1609, 1608 and 1606 cm−1 for H1, H1C and H2 hydrogels (respectively) and the disappearance of an aldehyde signal at 1732 cm−1 for H1 and H1C hydrogels, and at
1721 cm−1 for H2 hydrogel confirmed the presence of hydrazone crosslinking.

Table 1
Compositions of hydrazone crosslinked HA-based hydrogels.

Code Gel components A-B-C DS% A/
B

Conc. mg/mL A/
B/C

Volume ratio
A:B:C

H1 HALD1-HACDH 15/17 30/30 1:1
H1C HALD1-HACDH-col I 15/17 30/30/5 2:2:1
H2 HALD2-HAADH 9/50 20/10 1:1
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with gel solution and observing the time point where the system stops
flowing.

2.5. Swelling kinetics

The swelling kinetics of the hydrogels were studied in cell culture
medium (DMEM/F-12, Thermo Fisher Scientific, Waltham, MA, USA).
Three parallel freshly made hydrogel samples (100 μL) were weighed
and placed into medium at 37 °C. At different time points, the hydrogels
were weighed and the swelling ratio (SR) was calculated from the fol-
lowing equation:

=
−

×SR W W
W

100%swollen initial

initial

where Wswollen is the mass of swollen hydrogel and Winitial is the mass of
freshly made wet hydrogel.

2.6. Enzymatic degradation

The enzymatic degradation of the hydrogels was studied by in-
cubating three parallel freshly made hydrogel samples (100 μL) in
hyaluronidase (HAse)-solution (20–50 U/mL in PBS) at 37 °C until they
were completely degraded. At specific time points, the samples were
weighed and the residual mass (%) was calculated. Control samples,
without hyaluronidase, were used to show that the degradation was not
only due to hydrolysis.

2.7. Rheological measurements

The rheological measurements were performed using a rotational
Haake RheoStress RS150 rheometer equipped with Rheowizard 4.3
software (ThermoHaake, Germany) with cone-plate geometry (20 mm
diameter) and a gap of 0.8 mm. Three parallel hydrogel samples
(500 μL, height 1 mm x diameter 20 mm) were prepared 24 h before
measurements into molds and covered with Parafilm. All rheological
experiments were performed at 37 °C in the oscillatory mode.
Amplitude sweep (γ = 0.01–10, ω = 1 Hz) and frequency sweep
(ω = 0.1–10 Hz, γ= 0.1) were used. Storage (G′), loss (G″) and com-
plex moduli (G*) as well as the loss tangent (tan δ= G″/G′) indicating
the overall viscoelasticity of material were determined [16].

2.8. Mechanical measurements

The compression measurements were conducted using a BOSE
Electroforce Biodynamic 5100 machine equipped with a 225 N load
sensor and Wintest 4.1 software (Bose Corporation, Eden Prairie, MN,
USA). Five parallel hydrogel samples (875 μL, height 7 mm x diameter
12 mm) were prepared 24 h before measurements into molds and
covered with Parafilm. To keep the sample from slipping, the platen
surfaces were covered with Parafilm. Samples were compressed using
unconfined compression at a rate of 10 mm/min to at least 65% strain
in air at RT.

The stiffness of the materials was estimated based on the data ob-
tained from a stress-strain curve. The determination was done similarly
to [16]. Briefly, if the measured data is represented by a polynomial
(6th order), the stiffness (Γ) may be defined as a derivative of stress (σ)
with respect to strain (ε) according to the equation:

∑≡ =
=

−d
d

kcσ
ε

Γ(ε) ε
k

n

k
k

1

1

where the coefficients of the polynomial ck are the so-called elastic
constants. Here, c1 is the second-order elastic constant, which is
sometimes also called the elastic constant, Young's modulus or elastic
stiffness constant [22–24]. Second-order elastic constants were esti-
mated based on the means of stiffness polynomials of the five parallel

samples at 0–0.15 strain with minimum standard deviations. It should
be noted that the stiffness describes the same quantity as the second-
order elastic constant, the latter being the stiffness at zero strain Γ(0)
= c1.

2.9. Optical measurements – refractive index and transparency

Refractive indices of the hydrogels were determined using surface
plasmon resonance equipment Navi 210A (BioNavis, Tampere,
Finland). The device's goniometer and light source were used to scan
the critical angle of total internal reflection between glass and hydrogel.
A glass slide (BK7 glass) with a known refractive index was used for
device calibration and measurements. After calibration, the flow cell of
the device was filled with a hydrogel sample. A curve showing the re-
flection coefficient as a function of the angle of incidence was obtained
from the measurement. The refractive indices of the hydrogels were
determined from the curves utilizing Snell's law with the critical angle
condition:

=n n αsin( )gel glass

where ngel and nglass are the refractive indices of hydrogel and glass
slide (nglass = 1.514, [25]), and α is the angle of incidence determined
from the curve.

The optical transparency of hydrogels was evaluated using a spec-
trophotometer (UV–VIS–NIR Spectrophotometer UV-3600Plus,
Shimadzu, Kyoto, Japan) operating at the visible wavelength range
(400–700 nm). Hydrogel samples (900 μL, thickness 10 mm) were
prepared directly into the 1.5 mL semi-micro cuvettes. The hydrogel
films (diameter 10 mm× thickness 1 mm) were also photographed to
show their optical clarity and transparency.

2.10. Cell experiments in hyaluronan-based hydrogels

2.10.1. Cell encapsulation in hydrogels and in vitro cell culture
This study was conducted under approval of the Ethics Committee

of the Pirkanmaa Hospital District (Tampere, Finland, approval number
R15161). The hASCs were isolated from adipose tissue samples from a
female donor undergoing elective plastic surgery at Tampere University
Hospital (Tampere, Finland) with patient's written consent. hASCs were
isolated mechanically and enzymatically from subcutaneous adipose
tissue as described previously [26,27] and characterized for their sur-
face marker expression by flow cytometry (FACSAria; BD Biosciences,
Erembodegem, Belgium) as described in [27]. The cell characterization
profile is shown in Table S1.

The hASCs were cultured in a medium containing Dulbecco's mod-
ified Eagle's medium/Ham's nutrient mixture F-12 (DMEM/F-12 1:1,
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 5%
human serum (type AB male, HIV tested from BioWest, Nuaillé,
France), 1% L-glutamine (GlutaMAX™, Thermo Fisher Scientific) and
1% antibiotics (100 U/mL penicillin, 100 μg/mL streptomycin, Lonza,
Basel, Switzerland). The cells were maintained in T175 cell culture
flasks at 37 °C in 5% CO2, and passaged at approximately 80% con-
fluence using TrypLE™ Select (Thermo Fisher Scientific).

Cells were encapsulated in hydrogels at passages 4–6. Prior to en-
capsulation, hASCs were detached from cell culture flasks and collected
by centrifugation. Cells were resuspended in cell culture medium,
counted and the appropriate number of cells required for each hydrogel
were centrifuged to a pellet. Supernatant was removed and cell pellets
were mixed by thorough pipetting into the aldehyde-modified HA
component at a concentration of 4 × 106 cells/mL, with final hydrogel
volume of 100 μL. The hydrogels were then formed in PDMS molds as
described in Section 2.3. The cell-laden hydrogels were transferred onto
tissue culture plates for further in vitro culture, with fresh hASC medium
changed three times a week.
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2.10.2. Cell viability measurements
The viability of hydrogel-encapsulated hASCs was assessed at time

points 1 day, 3 days, 7 days and 10 days after encapsulation. Resazurin-
based measurement of metabolic activity was performed using
PrestoBlue® Cell Viability Reagent and qualitative analysis of viable
cells using LIVE/DEAD® viability/cytotoxicity kit for mammalian cells
(both from Thermo Fisher Scientific).

For PrestoBlue® analysis, three samples of each hydrogel containing
hASCs and one sample without cells were washed once with DPBS
(Lonza) and PrestoBlue® reagent diluted 1:10 (v/v) in hASC medium
was added to the samples. After a 4-h incubation at 37 °C, 100 μL ali-
quots of PrestoBlue® medium were collected in triplicate from each
sample on a 96-well plate and their fluorescence was measured using
Viktor 1420 Multilabel Counter (Wallac, Turku, Finland) at excitation
and emission wavelengths of 544 nm and 590 nm, respectively.

For qualitative analysis of cell viability, hydrogel samples were in-
cubated with Live/Dead staining solution containing 2 μM Calcein AM
and 1 μM Ethidium homodimer diluted in DPBS in 37 °C for 45 min.
The samples were washed with DPBS to reduce background fluores-
cence, and subsequently imaged using an Olympus IX51 fluorescence
microscope equipped with a DP71 camera (Olympus Corporation,
Tokyo, Japan).

2.10.3. Cornea organ culture
Whole porcine eyes were obtained from a local abattoir and kept on

ice in AMES buffer (Sigma–Aldrich) containing 10 mM HEPES and 2%
antibiotics for up to 4 h. Excess tissue was removed and the eyes were
disinfected as described in [28]. The corneas were excised, moved to
tissue culture plates, and cultured partially submerged in serum-free co-
culture medium (CnT-Prime-CC, CellnTech, Bern, Switzerland) with 1%
antibiotics, 0.25 μg/mL amphotericin B (Thermo Fisher Scientific) and
5 μg/mL Plasmocin (InvivoGen, Toulouse, France) at 37 °C in 5% CO2

for up to two weeks. The culture medium was changed three times a
week, with dropwise addition of new medium to wet the central cornea.

For implantation of hydrogels to porcine corneas, they were
mounted on a Barron artificial anterior chamber (Katena products Inc.,
Denville, NJ, USA) where the operation was performed. First, the cor-
neal epithelium was scraped off using the flat edge of a scalpel (Feather
Safety Razor co,. ltd, Osaka, Japan). Then, a 5-mm trephine (Robbins
Instruments, Chatham, NJ, USA) was used to make a partial depth in-
cision in the center of the cornea, from which the stroma was removed
with a crescent knife (Bausch&Lomb Inc., Rochester, NY, USA). In the
formed stromal cavities, hydrogels with hASCs (n = 5) and without any
cells (n = 2) were cast as described in Sections 2.3. and 2.10.1. with
final hydrogel volume of 50 μL. After gelation, the corneas were re-
moved from the artificial anterior chamber, placed back into culture
plates and covered with silicone contact lenses (EyeQ One-Day Pre-
mium, Cooper Vision, Hamble, UK). The culture medium was changed
to hASC medium, with the corneas partially submerged. The porcine
corneas were cultured for 7 days with the hydrogels and subsequently
fixed for 4 h in RT with either 4% PFA or acid-formalin/EtOH –fixative
(10% formaldehyde in 70% ethanol and 5% glacial acetic acid, all v/v),
as the acid-formalin/EtOH should preserve HA better than the standard
formalin fixation [29]. The samples were dehydrated in an automated
tissue processor (Tissue-Tek VIP, Sakura Finetek Europe) and embedded
in paraffin.

To evaluate hASC incorporation into the corneal stroma, im-
munohistochemical staining for the pan-human marker TRA-1-85 was
performed. 5-μm-thick sections of samples were mounted onto
SuperFrost glass slides, conventionally deparaffinated and hydrated.
Antigen retrieval was performed by placing slides in hot 0.01 M citrate
buffer (pH 6.0) for 10 min. After cooling to RT, samples were washed
with PBS, endogenic tissue peroxidases were inactivated with 3% H2O2

for 5 min, and unspecific binding sites were blocked by incubation with
2.5% normal horse serum (Vector ImmPress reagent, Vector
Laboratories) at 37 °C for 45 min. Samples were subsequently incubated

with anti-TRA-1-85 mouse IgG antibody (courtesy of Peter Andrews,
University of Sheffield) in a 1:50 (v/v) dilution in 0.5% BSA at 37 °C for
60 min, and washed with PBS. Secondary labeling with the reporter
enzyme was done by incubating samples with Vector ImmPress HRP
Reagent (Vector Laboratories, Inc., Burlingame, CA, USA) for 30 min at
RT. After subsequent washes in PBS, peroxidation was performed for
5 min at RT with Dako liquid DAB+ chromogen system (Dako North
America, Inc., Carpinteria, CA, USA). Finally, samples were counter-
stained with Harris hematoxylin (Millipore, Billerica, MA, USA) and
mounted with Pertex (Histolab, Askim, Sweden). Samples were imaged
with a Nikon Eclipse TE2000-S microscope equipped with a DS-Fi1
camera (Nikon Instruments, Amsterdam, Netherlands).

2.11. Statistical data analysis

Statistical data analyses were performed with MATLAB (Statistics
and Machine Learning Toolbox™). All the quantitative data are pre-
sented as mean and standard deviation. A non-parametric Kruskal-
Wallis test and a Wilcoxon rank sum test were used to determine
whether there were statistically significant differences within the me-
chanical and rheological data set, and to analyze specific sample pairs,
respectively. Due to a relatively low n, a non-parametric testing was
chosen. Bonferroni correction was used when more than two groups
were compared. A p-value< 0.05 was considered significant.

3. Results and discussion

3.1. Synthesis of complementary reactive hyaluronan components

Hyaluronans were modified with aldehyde groups either through
periodate oxidation or through selective oxidation of diol-modified HA.
The modifications were confirmed with 1H NMR and FTIR analysis. In
the 1H NMR spectrum (Fig. S3 (a)) of HALD1, a barely observable al-
dehyde peak (9.57 ppm) was detected, whereas with HALD2 it was not
visible (Fig. S3 (b)). The reason why the aldehyde peak is not usually
observed, is due to a reversible hemiacetal formation [30]. The pre-
sence of aldehyde-groups was confirmed based on the FTIR-spectrum
(Fig. 1), where the typical aldehyde shoulder (HALD1: 1732 cm−1,
HALD2: 1721 cm−1) was detected. The benefit of using selective oxi-
dation of diol-modified HA instead of periodate oxidation is that it
keeps the ring-structure of HA intact and therefore HA is more easily
recognized by the cells. Hyaluronans were also modified with hy-
drazide-groups using either CDH or ADH as a source of the hydrazide
unit. The 1H NMR spectrum (Fig. S4) of HACDH hardly differed from
that of non-modified HA (spectrum not shown), whereas in the FTIR-
spectrum (Fig. 1 (a)) signals from the hydrazide unit were detected,
including strong amide C]O stretching (1722 cm−1) and amide NeH
deformation (1611 and 1557 cm−1) signals. The benefit of using CDH
instead of ADH is discussed more deeply in the next section. The DS% of
HALD1 and HACDH components were kept relatively low not to lose
the favorable properties of original polymer (Table 1).

3.2. Formation of hydrazone crosslinked hydrogels

HA-based hydrazone crosslinked hydrogels were formed from
complementary reactive HA components according to Table 1 and Fig.
S2. Different aldehyde- and hydrazide-modified components were used
for the two hydrogel types, H1 and H2. H1 hydrogel was composed of
the HALD1 component formed by selective oxidation of diol-modified
HA, and the HACDH component formed by reacting the carboxylic
groups in HA with an excess of CDH in the presence of EDC and HOBt.
H2 hydrogel, on the other hand, was composed of the periodate oxi-
dized HALD2 component and the HAADH component formed by re-
acting the carboxylic groups in HA with an excess of ADH in the pre-
sence of EDC and HOBt. H1 hydrogel was considered more stable due to
a resonance stabilization effect of CDH [17]. CDH has a neighboring
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heteroatom (N3) providing resonance stabilization to the developing N2

positive charge. This type of linker (C1]N1eN2He(C]O)N3H) allows
the delocalization of N2 positive charge due to its urea-type structure.
There is no stabilization effect with ADH [17]. H1 hydrogel was pre-
ferred due to the more stable structure and the less invasive modifica-
tion of HALD1 component, thus the effect of col I addition was only
tested with the H1 hydrogel. The gelation of H1 hydrogels was suc-
cessful only when PBS or cell culture medium solutions were used,
whereas H2 hydrogel gelated only in deionized water or in 10% su-
crose. Sucrose was used to make the osmotic pressure more suitable for
the cells in cell culture experiments, therefore it was used in other ex-
periments as well.

The hydrogels gelated in 3–5 min, therefore it was possible to mix
the components, for example by pipetting the gel solution few times
back and forth in the tip. Alternatively, a double syringe system could
be used, making the hydrogel injectable. The gelation time is appro-
priate for clinical applications of the hydrogels as a cell delivery ve-
hicle, as the gels can flow to fill the wound site, but gelate rapidly
enough for a fast and simple implantation.

The chemical structure of the hydrogels was determined with FTIR.
The FTIR spectra (Fig. 1) of hydrogels showed the appearance of a
hydrazone C]N stretching signal at 1609, 1608 and 1606 cm−1 for
H1, H1C and H2 hydrogels and the disappearance of an aldehyde signal
at 1732 cm−1 for H1 and H1C hydrogels, and at 1721 cm−1 for H2
hydrogel.

3.3. Swelling kinetics

The swelling tests were conducted in cell culture medium (DMEM/
F-12) to determine hydrogel swelling behavior in the cell culture en-
vironment. The swelling ratios (SR, %) of the hydrogels are shown in
Fig. 2 (a). The results revealed a difference in the stability of hydrogels.
Both H1 and H1C hydrogels were stable even after 48 h, whereas H2
hydrogel degraded in hours, and after 24 h there was no gel left to
weigh. Both H1 and H1C hydrogels swell considerably. After 48 h, the
SR of H1 hydrogel was over 200%, whereas that of H1C hydrogel was
approximately 150%. Although the SRs are quite high considering the
final application, it is notable that the addition of col I lowered the SR
approximately 20% at each data point. One possible explanation for
this is that the imine formation between amino groups of collagen and
the aldehyde groups of HA makes the structure of H1C hydrogel more
crosslinked. Higher degree of crosslinking reduces the swelling ratio.
There is also a marked difference in the swelling behavior of the
components themselves; HA is susceptible to swelling whereas collagen
is not. As expected, replacing some of the HA with collagen led to a

lower swelling ratio.
Usually the swelling ratio is determined by studying the water up-

take of dry hydrogels. In this case, it was more informative to study the
swelling of freshly made wet hydrogels, because this form of gel was
used in the cell culture experiments. It is also known that the drying
methods, for example freeze-drying, affect the hydrogel structure [31]
and therefore can distort the swelling results. We have also noticed this
in our studies (data not shown).

3.4. Enzymatic degradation

Enzymatic degradation of the hydrogels was studied using HAse
enzyme (20–50 U/mL in PBS). The degradation curves are shown in
Fig. 2 (b). The results showed that the degradation behavior of H1 and
H2 hydrogels was very different. H1 and H1C hydrogels remained re-
latively stable for 28 h, after which they were completely degraded by
the enzyme by the 48-h time point. H1C hydrogel was slightly more
stable than H1, but not significantly. The H1 and H1C control hydrogels
did not exhibit significant degradation during the 48 h, indicating that
the observed degradation is truly enzymatic rather than caused by
simple hydrolysis. On the other hand, H2 hydrogel degraded in a matter
of hours. After 24 h, there was no gel left to weigh. Even the control
hydrogel started to degrade at the same time, which refers to its ten-
dency to simple hydrolysis caused by the solution environment. Similar
behavior was observed in the swelling tests. Different stability behavior
between the H1, H1C and H2 hydrogels can be explained by the re-
sonance stabilization effect of CDH described earlier (Section 3.2.).

Based on the results, HAse which degrades HA in biological systems,
can recognize the modified HA components and therefore indicates that
these hydrogels should be degradable also in vivo. HA degradation
products are mainly metabolized in the lymph nodes and liver, or lo-
cally in alymphatic, densely structured tissues, such as the cornea [10].
As cultured tissue finally replaces the hydrogel scaffold material, the
degradation rate of these hydrogels should be tested more thoroughly in
actual conditions in order to see if it matches the regeneration rate of
the receiving native tissue, as the true HAse enzyme concentration in
the cornea may vary from the amount of enzyme used here. It should be
noted that the remodeling process of the injured stroma can take
months or even years to complete [32].

3.5. Rheological properties

The viscoelastic properties of the hydrogels were determined using
rheological tests. The amplitude dependence of modulus for hydrogels
is presented in Fig. 3 (a). The linear viscoelastic region (LVR) was

Fig. 2. Swelling kinetics and enzymatic degradability of HA-based hydrogels. (a) Swelling ratio (SR, %) as a function of time (hours) curves of HALD1-HACDH (H1), HALD1-HACDH-col I
(H1C) and HAL2-HAADH (H2) hydrogels in cell culture medium (DMEM/F-12). (b) Enzymatic degradation profiles of H1, H1C and H2 hydrogels in HAse enzyme (20–50 U/mL in PBS).
Both experiments showed the instability of H2 hydrogel, whereas H1 and H1C were shown to be more stable. The mean (n = 3) and standard deviation bars are shown.
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determined for all the hydrogels. The hydrogels showed linear behavior
of G′ up to about 10% strain. Outside this region, G′ dropped indicating
a structure breakdown.

The frequency sweep measurements were performed based on the
LVR. The frequency dependence of modulus is presented in Fig. 3 (b). A
true gel structure was discovered, meaning that G′ was parallel to G″.
Moreover, G′ was higher than G″ and independent of frequency, which
is typical for ideal gels [33]. The H1 and H1C hydrogels showed more
linear behavior of G′ and G″ than the H2 hydrogel. Especially, G″ of the
H2 hydrogel was more non-linear, indicating possible non-homogeneity
of the structure. This can cause changes in the structure during the
measurement. For the H2 hydrogel, the G″ increased at higher strains.
This means that there is less time for greater movement of the polymer
chains and polymer chains fail to rearrange at a given time scale. This
will lead to stiffening and more solid-like behavior [34].

The complex modulus (G*) values of the hydrogels are presented in
Table 2. The G* of the H1 and H1C hydrogels were higher than with the
H2 hydrogel, although there were no statistically significant differences

between the gels. Higher G* indicates stiffer structure and higher re-
sistance to deformation. It is also known that if the loss tangent is lower
than 0.1, the hydrogels are considered as strong gels [35]. This was true
for all the tested hydrogels (H1:tan δ= 0.084, H1C: tan δ= 0.096 and
H2: tan δ= 0.014).

Rheological properties of the cornea have been studied previously
by, for example, Ionescu et al. [36], Petsche et al. [37] and Hatami–-
Marbini [38]. Due to the differences in the testing conditions, experi-
mental procedures and samples, the results are not directly comparable
with each other or with our results.

3.6. Mechanical properties

For tissues and hydrogels, the stress-strain curve is non-linear in the
elastic portion even at small strains. For this reason, a polynomial fit,
instead of a linear fit, was used for the data. Moreover, the stiffness as a
function of strain was represented to illustrate the material behavior in
a wider strain range. The representative compressive stress as a func-
tion of the deformation strain curves are shown in Fig. 3 (c). The results
showed that the hydrogels were initially resistant to deformation, but
became progressively stiffer as load increased. Finally, the hydrogels
fractured at 55% to 70% strain range. Due to a higher fracture strain,
the H1 hydrogel was considered to be more elastic compared to the H1C
and H2 hydrogels, whereas the col I-containing H1C hydrogel was the
least elastic.

The curves of average stiffness as a function of increasing strain are
shown in Fig. 3 (d). The stiffness was shown to be strain dependent. At
low strains (0% to 20%) the stiffness was quite constant, but increased
after that more or less depending on the sample. This phenomenon is

Fig. 3. Rheological and mechanical properties of HA-based hydrogels. (a) Amplitude dependence and (b) frequency dependence of modulus of HALD1-HACDH (H1), HALD1-HACDH-col I
(H1C) and HALD2-HAADH (H2) hydrogels (measured with Haake RheoStress RS150 rheometer). The mean (n = 3) and standard deviation are shown. (c) Stress as a function of strain
(representative curves, measured with BOSE Electroforce Biodynamic 5100 machine equipped with a 225 N load sensor), and (d) stiffness as a function of strain (average curves,
calculated similarly to [16]) curves of H1, H1C and H2 hydrogels.

Table 2
The complex modulus, second-order elastic constant, and refractive index values of
HALD1-HACDH (H1), HALD1-HACDH-col I (H1C) and HALD2-HAADH (H2) hydrogels. *
p < 0.05 H1C with respect to H2. There were no statistically significant differences
found between the complex modulus of hydrogels.

Gel Complex modulus, G*
kPa

Second-order elastic
constant kPa

Refractive index

H1 0.81 ± 0.23 6.7 ± 1.0 1.337
H1C 1.42 ± 0.16 11.6 ± 1.7* 1.334
H2 0.57 ± 0.06 5.4 ± 1.1 1.332
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called strain hardening and it indicates a non-linear deformation
characteristic of hydrogels under compression [39].

The second-order elastic constants (stiffness at zero strain) of the
hydrogels are shown in Table 2. The H1C hydrogel with highest second-
order elastic constant showed significant difference (p < 0.05) with
respect to the H2 hydrogel. Otherwise, there were no statistically sig-
nificant differences between the hydrogels.

In the cornea, the predominant component for its mechanical
strength is the stroma [40]. Although, the mechanical properties of the
studied hydrogels were not close to the native tissue (0.1 to 57 MPa
[41]), the hydrogel films were still fairly easy to handle during the cell
culturing. This was also one of the main requirements for the material,
more than just replicate the mechanical properties, which might be
redundant for cell delivery applications.

3.7. Optical properties

The refractive index data of hydrogels was presented as the reflec-
tion coefficient, and it was plotted as a function of angle of incidence
curves, which are shown in Fig. S5. The angle value was derived by
drawing tangent lines on the vertical and horizontal parts of the curve
and determining the angle at their intersection point. The calculated
refractive indices are shown in Table 2. The refractive indices of all
hydrogels were close to that of water (n= 1.333). The H1 hydrogel had
the highest refractive index of the three, bringing it closest to that of the
native corneal stroma (n = 1.376 [42]). The rays pass from the cornea
into the aqueous humor having a lower refractive index (n = 1.336), so
most of the reflection occurs at the cornea-air interface.

Although cornea represents the strongest part of the refracting
power of the eye, the exact replication of its refractive capacity may not
be necessary for clinically viable corneal biomaterials. As refractive
errors can be easily adjusted with spectacles, the transparency of the
material is more important than its correct refractive properties. This is
especially true for degradable materials, which should promote the
healing of healthy stromal tissue to ultimately regain the refraction
power of the cornea.

The visible light transmission spectra of hydrogels are shown in
Fig. 4 (a). The light transmittances for H1, H1C and H2 hydrogels were
85 ± 1, 82 ± 1 and 90 ± 1%, respectively in the 400–700 nm wa-
velength range. The transparency of the hydrogels was close to the
native cornea (> 87%) [43]. The results showed that H2 hydrogel was
slightly more transparent than H1-based hydrogels. Also, the addition
of col I slightly lowered the transparency. The visible inspection of the
samples (inside the cuvettes) also supported these findings. While H2

hydrogel looked visibly clear, the crosslinking was clearly seen inside
the H1-based hydrogels. This can be explained with the higher polymer
concentration and higher crosslinking density of H1-based hydrogels.
The sample thickness used in the transparency measurements was sig-
nificantly higher than the one intended for the final application.
Therefore, thinner hydrogel films were photographed in order to show
their optical clarity and transparency. As the photographic images
presented in Fig. 4 (b) (and (c)) show, all hydrogels were visibly
transparent, even with the addition of col. I.

We measured the optical properties from the hydrogel delivery ve-
hicle alone. However, we note that encapsulating cells in the hydrogels
causes light scattering, thus affecting their optical properties.
Furthermore, both the refractive index and the transparency may
change after implantation due to swelling and degradation, as well as
the proliferation and differentiation of encapsulated cells.

3.8. In vitro cell culture

Human ASCs were encapsulated into the three HA-based hydrogels
and their viability was assessed qualitatively using Live/Dead staining
and the relative metabolic activity in different hydrogels was analyzed
with PrestoBlue®. Both the Live/Dead staining (Fig. 5 (a)) and the
PrestoBlue® results (Fig. 5 (b)) show that all HA-based hydrogels were
capable of sustaining short-term cell survival. However, the more un-
stable H2 hydrogel samples degraded during the first three days of
culture, making their handling for imaging and PrestoBlue® analysis
difficult. For this reason, no images could be obtained after the first
time point.

Live/Dead staining showed that the number of live cells seemed to
decrease from the first time point onwards, although the number of
dead cells did not increase. The major cause for this cell loss seems to be
cell movement away from the hydrogels, which was observed during
culture (Fig. 5 (c)). Additionally, hydrogel swelling, which pulls the
cells further away from each other, and possible wash-out of unattached
cells may contribute to apparent cell loss from the hydrogels. The col I-
containing H1C hydrogel seemed to support hASC attachment better
than the purely HA-based H1 hydrogel, based on the presence of more
cells with elongated morphology in the Live/Dead images. Previous
research has also shown, that the addition of ECM components, such as
col I and laminin to hyaluronan hydrogels is required to support cellular
attachment and elongated morphology for cardiomyocytes [44], vocal
fold fibroblasts [13] and neural cells [18].

Cell metabolic activity seemed to decrease in all hydrogels after the
first time point (Fig. 5 (b)). The trend was similar in all hydrogels, but

Fig. 4. Transparency of HA-based hydrogels. (a) Light transmission spectra of HALD1-HACDH (H1), HALD1-HACDH-col I (H1C) and HAL2-HAADH (H2) hydrogels. (b) Photographic
images of H1, H1C and H2 hydrogels (diameter 10 mm× thickness 1 mm) showing their transparency. (c) Photographic image of H1-based hydrogel (diameter 12 mm× thickness
7 mm) prepared for the compression testing.
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the onset of the steep decline in metabolic activity varied; for the H2
hydrogel, the drop occurred between day 1 and day 3, whereas for H1
and H1C it occurred between day 3 and day 7. The decline in cell
metabolic activity correlated with the observed decrease of cells in the
Live/Dead images, also indicating that cells escaped from the hydro-
gels. However, the remaining cells maintained their metabolic activity
at a steady level for the rest of the culture period. Importantly, the H1C
hydrogel-encapsulated hASCs had significantly higher metabolic ac-
tivity than those in the H1 hydrogel in the two last time points, which
indicates that addition of col I has a significant effect on promoting
active cell metabolism and survival.

The Live/Dead and PrestoBlue® results indicate that hASCs survive
encapsulation into all of the HA-hydrogels, but the addition of col I is
required for cell attachment to the hydrogel matrix. The efficient loss of
cells from the hydrogels consisting of purely HA-components, suggests
they could be suitable cell delivery vehicles, with either a rapid (H2) or
more delayed delivery (H1) of hASCs to stromal defects. However, for
long-term tissue integration of the hydrogel matrix, cell attachment
may be required for efficient cell proliferation and ECM synthesis [45].

3.9. Implantation to corneal organ culture model

The corneal organ culture model is an excellent method to study

cellular interactions at the organ level and to evaluate the clinical
feasibility of biomaterials for corneal applications [46,47]. The corneal
organ culture model has been previously used mainly to study re-epi-
thelialization, since the organ-cultured corneas retain their capability
for epithelial regeneration for as long as two months in culture [28].
Although the results obtained from the corneal organ culture model
always require validation in an in vivo animal model, its use in fast and
low-cost preliminary screening of corneal biomaterials can significantly
reduce unnecessary animal testing.

We used excised porcine corneas to model the delivery of hASCs in
the HA-based hydrogels into stromal defects. As a proof-of-concept, we
inflicted large stromal wounds, into which the hydrogels were im-
planted with and without hASCs. The immunohistological evaluation of
the porcine corneas with hydrogel-delivered hASCs revealed cell mi-
gration into the corneal stroma, after just one week of culture (Fig. 6).
Successful integration of hASCs into the stroma was observed for all of
the hydrogels, although H1C hydrogel samples seemed to show slightly
less migrated hASCs in the stroma than H1 and H2. Possibly, collagen's
effect on improving hASC attachment may have delayed their migration
to the stroma from the H1C hydrogel. The integration of hASCs to the
corneal stroma in the organ culture model demonstrates the clinical
feasibility of the hydrogels for stromal delivery of hASCs.

Despite the predominant loss of the hydrogels themselves during

Fig. 5. Cell viability and metabolic activity in HA-based hydrogels. (a) Live-dead staining of hASCs encapsulated in HALD1-HACDH (H1), HALD1-HACDH-col I (H1C) and HALD2-
HAADH (H2) hydrogels at different time points. Live cells are shown in green and dead cells in red, with arrows pointing at elongated cells. (b) Metabolic activity of hydrogel-
encapsulated hASCs during in vitro culture as measured by PrestoBlue® analysis. The bars show the relative fluorescence values of cell-laden hydrogel samples with mean and standard
deviation. The H2 hydrogel could not be handled for imaging any more at day 3, and the PrestoBlue® analysis could not be performed after that time point. *significant difference at
p < 0.05 (c) Representative image of the observed cell growth out of the hydrogels and under the PDMS mold at day 9. Scale bars in the images are 200 μm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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histological processing, re-epithelialization of the corneal surface was
evident from the tissue sections. This was clearly seen in the vehicle-
only controls of H1 and H2 in Fig. 6 (j) and (m), respectively. Fig. 6 (d)
also implies epithelial outgrowth over the H1C hydrogel sample, al-
though the complete epithelium is not visible in the section. Previous
research has also reported that HA can support corneal epithelial cell
growth [48], which further validates its use in the repair of the un-
derlying stroma. However, some sections showed epithelial growth at
the edges of the wound rather than on top of the hydrogel (shown in
Fig. 6 (k)), indicating that the gels were not always in good contact with
the underlying tissue.

The organ culture model also revealed that the degradation rate of
the hydrogels on the corneal surface is not directly comparable to the
dilute medium environment of the swelling tests or in vitro culture. For
example, the complete re-epithelialization and shape retention of the
corneal surface in Fig. 6 (m) indicates that the H2 hydrogel remained
stable for the entire culture period of seven days, whereas during in vitro
culture, the hydrogel could no longer be observed after three days.

4. Conclusions

In this study, we fabricated two types of hydrazone crosslinked HA-
based hydrogels, with the addition of human collagen I. We char-
acterized the physical and mechanical properties of these hydrogels and
evaluated their potential as cell delivery vehicles to the corneal stroma.
Based on the results, HALD1-HACDH hydrogels showed better stability
and manageability compared to the HALD2-HAADH hydrogel, which
degraded in vitro in three days. These hydrogels had also good optical
properties, the refractive indices were close to the native cornea and
they were visually transparent. Although all hydrogels showed good
hASC survival directly after encapsulation, only the col I-containing
HALD1-HACDH-col I hydrogel showed cells with elongated mor-
phology, and significantly higher cell metabolic activity than the
HALD1-HACDH gel. Corneal organ culture model suggests that these
hydrogels could be used as injectable cell delivery vehicles to corneal
stromal defects, allowing efficient cell integration to the stroma and
overgrowth of epithelial cells. Biodegradability of the HA components
and favorable properties of hydrazone crosslinking, such as short ge-
lation time, lack of harmful reagents or side-products and mild reaction
conditions, together with the results make these hydrogels a potential

Fig. 6. Immunohistochemical detection of hydrogel-delivered hASCs after seven days in porcine corneal organ culture model using human cell marker TRA-1-85. Images on the left panel
(a–i) describe hydrogels HALD1-HACDH (H1), HALD1-HACDH-col I (H1C) and HALD2-HAADH (H2) with encapsulated hASCs, and the images on the right (j–m) depict delivery of each
gel vehicle only. All other sections depict the central wound area, except that of H1 w/hASCs, which was sectioned near the wound edge. Successful hASC integration into the corneal
stroma was seen for all hydrogels (examples marked with arrows), and epithelium growth on top of the transplanted gels was observed with all gels, even without hASCs (denoted by * in
images e, j and m). However, epithelial overgrowth could not be verified for all samples, as the gels were lost during histological processing. Scale bars in the images are 200 μm.
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material for hASC delivery to treat corneal stromal defects.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.msec.2017.12.013.
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Fig. S1. Reaction schemes of (a) selective oxidation of diol-modified HA (HALD1), (b) periodate 
oxidation of HA (HALD2) and (c) hydrazide-modification of HA (HACDH). The reaction scheme of 
HAADH modification is shown in (Karvinen, Koivisto et al. 2017). 
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Fig. S2. The chemical structures of hydrazone crosslinked (c) HALD1-HACDH (H1) and (d) HALD2-
HAADH (H2) hydrogels.  
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Fig. S3. 1H-NMR spectra of hydrogel components (a) HALD1 and (b) HALD2.  
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Fig. S4. 1H-NMR spectra of hydrogel component HACDH.  

 

 

 

Fig. S5. Reflection coefficient as a function of angle of incidence curves of HALD1-HACDH (H1), 
HALD1-HACDH-colI (H1C) and HALD2-HAADH (H2) hydrogels. 
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Table S1. Cell surface marker profile of hASCs determined by flow cytometry. 

Marker 
Amount of positive cells 

(%) 
CD73 95.8 
CD90 99.2 

CD105 98.7 
CD14 0.7 
CD19 0.9 
CD45 2.0 

HLA-DR 1.1 
CD34 47.5 
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A B S T R A C T

Regeneration of a severely damaged cornea necessitates the delivery of both epithelium-renewing limbal epi-
thelial stem cells (LESCs) and stroma-repairing cells, such as human adipose-derived stem cells (hASCs).
Currently, limited strategies exist for the delivery of these therapeutic cells with tissue-like cellular organization.
With the added risks related to suturing of corneal implants, there is a pressing need to develop new tissue
adhesive biomaterials for corneal regeneration. To address these issues, we grafted dopamine moieties into
hydrazone-crosslinked hyaluronic acid (HA-DOPA) hydrogels to impart tissue adhesive properties and facilitate
covalent surface modification of the gels with basement membrane proteins or peptides. We achieved tissue-like
cellular compartmentalization in the implants by encapsulating hASCs inside the hydrogels, with subsequent
conjugation of thiolated collagen IV or laminin peptides and LESC seeding on the hydrogel surface. The en-
capsulated hASCs in HA-DOPA gels exhibited good proliferation and cell elongation, while the LESCs expressed
typical limbal epithelial progenitor markers. Importantly, the compartmentalized HA-DOPA implants displayed
excellent tissue adhesion upon implantation in a porcine corneal organ culture model. These results encourage
sutureless implantation of functional stem cells as the next generation of corneal regeneration.

1. Introduction

Millions of people worldwide suffer from corneal blindness [1,2].
Severe corneal blindness resulting from thermal or chemical burns, is
characterized by the loss of limbal epithelial stem cells (LESCs), the
tissue-resident stem cells of the cornea, which leads to chronic in-
flammation, overgrowth of blood vessels and conjunctival cells, as well
as stromal scarring [3,4]. Currently, these is no treatment available for
these patients, as they require the implantation of new functional stem
cells for long-term regeneration of the cornea [3,5]. For restoring vi-
sion, controlled regeneration of both corneal epithelium and stroma is
necessary. Although autologous and allogenic primary LESCs from
healthy donor eyes have been widely studied for epithelial regenera-
tion, the supply of isolated stem cells is scarce [6]. With the advance-
ments in stem cell technologies, high quantities of clinically relevant
LESCs can be obtained through differentiation from human embryonic
stem cells (hESC-LESCs) or induced pluripotent stem cells (iPSCs) for

corneal epithelial regeneration [7–10]. For stromal regeneration, one of
the most promising cell sources are human adipose stem cells (hASCs),
due to their capacity to mitigate inflammation and differentiate into
corneal stromal cells post implantation [11–15]. However, delivery of
two therapeutic stem cell populations compartmentalized in a tissue-
specific arrangement is a daunting task, which we have previously
sought to solve by using laser-assisted bioprinting [16]. So far, only few
applications have emerged combining different cells to regenerate both
the scarred stromal tissue as well as the surface epithelium [17,18], but
their implantation requires suturing, which can increase inflammation
and neovascularization of the cornea [2].

Hyaluronic acid (HA) is a naturally occurring polysaccharide, which
can be chemically modified for many tissue engineering applications,
while being enzymatically cleared in vivo. We have previously shown
the formation of stable HA hydrogels by hydrazone crosslinking be-
tween aldehyde and carbodihydrazide derivatives of HA [19,20]. This
two-component system allows fast gelation and encapsulation of living
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cells for efficient cell delivery [19–22]. In the cornea, native HA has
been shown to induce epithelial cell migration and wound healing, and
it has recently been identified as an important regulator of the LESC
niche of the cornea, making it an ideal culture substrate for these cells
[23,24]. Despite this, no HA based implantable materials for LESC
transplantation have been previously reported, as corneal cell attach-
ment to HA based films has been poor [25]. Injectable HA-based ma-
terials have previously been used for cell delivery to the corneal stroma
[20,26], but these in situ forming hydrogels cannot be used to deliver an
intact epithelial layer. Hence, new implant design is essential for effi-
cient transplantation of distinctly compartmentalized cells to the
cornea, as well as other epithelialized tissues, which require the com-
bination of 3D and 2D cell arrangement.

Sutureless implantation of the hydrogel constructs takes advantage
of the tissue adhesive capability of dopamine, a catecholamine derived
from marine mussels (Mytillus edulis) that functions as a glue in wet
conditions [27,28]. Several in situ forming tissue adhesive hydrogels
based on this catechol chemistry have already been introduced for drug
and cell delivery applications [28–30]. However, these hydrogels are
formed either through self-polymerization of dopamine residues or
metal-coordination polymerization, which both result in the formation
of a strong brown coloration unsuitable for corneal applications
[28–31]. Thus far, the only previously reported tissue adhesive material
with a premade dopamine-containing hydrogel, includes a freeze-dried
dopamine-alginate membrane for general surgery applications [32]. In
corneal regeneration, dopamine residues can potentially have addi-
tional benefits for tissue innervation, as dopamine is a known neuro-
transmitter of corneal nerves [33].

Thus, our ambition was to develop a tissue adhesive scaffold for
corneal regeneration with cellular compartmentalization of LESCs on
the surface and hASCs in the hydrogel bulk, promoting regeneration of
both the epithelial and stromal layers upon implantation at the defect
site. We have successfully developed this compartmentalized scaffold
and demonstrated the proof-of-concept of sutureless implantation in a
porcine corneal organ culture model, which displayed efficient tissue
integration while retaining the functional characteristics of these stem
cells.

2. Materials and methods

Hyaluronic acid (MW 130 kDa) was purchased from LifeCore
Biomedical (Chaska, USA). Dopamine hydrochloride, 1-ethyl-3-(3-di-
methylaminopropyl)-carbodiimide hydrochloride (EDC), 1-hydro-
xybenzotriazole hydrate (HOBt), Carbodihydrazide (CDH), 3-amino-
1,2-propanediol and sodium periodate, hyaluronidase (from bovine
testes), collagen type IV from human placenta, and 5,5-Dithiobis(2-ni-
trobenzoic acid) (Ellman's reagent) were purchased from Sigma-
Aldrich. Traut's reagent (2-iminothiolane), Zeba™ spin desalting column
(7K MWCO), 0.5M ethylenediaminetetraacetic acid (EDTA, UltraPure),
Dulbecco's modified Eagle's medium/Ham's nutrient mixture F-12
(DMEM/F-12 1:1), Advanced DMEM, l-glutamine (GlutaMAX™), am-
photericin B, TrypLE™ Select, LIVE/DEAD® viability/cytotoxicity kit,
PrestoBlue® reagent, CyQUANT cell proliferation assay and Molecular
Probes' secondary antibodies were purchased from Thermo Fisher
Scientific. TaqMan primers for keratocan (KERA, Hs00559942_m1),
lumican (LUM, Hs00929860_m1), aldehyde dehydrogenase 3A1
(ALDH3A1, Hs00964880_m1) and housekeeping gene GAPDH
(Hs99999905_m1), cDNA reverse transcription kit and RNAse free
DNase I for qRT-PCR were purchased from Thermo Fisher Scientific. For
RNA isolation from hydrogel samples and controls, TRIreagent from
Molecular Research Center Inc. (Cincinnati, OH) and RNeasy Mini Kit
from Qiagen (Qiagen Sollentuna, Sweden) were used. Synthetic la-
minin-derived peptides CDPGYIGSR were obtained from Bachem
(Bubendorf, Switzerland) and Calbiochem (UK). Antibiotics (100
UmL−1 penicillin, 100 μgmL−1 streptomycin) and Dulbecco's phos-
phate buffered saline (DPBS) were purchased from Lonza (Basel,

Switzerland). Cell culture media CnT-30 and CnT-Prime-CC were pur-
chased from CELLnTECH (Bern, Switzerland), and human serum (type
AB male, HIV tested) from BioWest (Nuaillé, France). Spectra Por-3
dialysis membrane (MWCO 3500 gmol−1) used for purification was
purchased from Spectrum Lab, USA. All solvents were of analytical
quality. Spectrophotometric analyses were carried out on Shimadzu
UV-3600 plus UV-VIS-NIR spectrophotometer or PerkinElmer Lambda
35 UV/VIS spectrophotometer.

2.1. Synthesis and preparation of hydrogels

2.1.1. Synthesis of dopamine modified hyaluronic acid (HA-DA)
1mmol of HA (400mg, 1 equivalent) was dissolved in 60mL

deionized water, to which 1mmol HOBt (153mg, 1 equivalent) and
1mmol dopamine (190mg, 1 equivalent) was then added. The pH of
the reaction solution was adjusted to 5.5 with 1M HCl and 1M NaOH.
Then 0.25mmol EDC (48mg, 0.25 equivalent) was added in 2 batches
at 30min interval. pH of the solution was maintained at 5.5 for 6 h, and
then allowed to stir overnight. The reaction mixture was loaded into a
dialysis bag and dialyzed against dilute HCl (pH=3.5) containing
100mM NaCl (4×2 L, 24 h) followed by dialysis in dilute HCl (pH 3.5,
2× 2 L, 24 h) and then dialyzed against deionized water (2× 2 L,
24 h). The solution was lyophilized to obtain HA-DA. Degree of dopa-
mine conjugation was 14.4% (with respect to the disaccharide units of
HA) as estimated by NMR spectroscopy (1H NMR, 300MHz). The de-
gree of modification was estimated by calculating the ratio of the N-
acetyl peak of HA at 2.0 ppm and the aliphatic protons from dopamine
at 2.42 or 2.72 ppm. This estimation was in agreement with the aro-
matic protons of dopamine between 6.7 and 7.3 ppm (Fig. S1 in Sup-
plementary Information).

2.1.2. Synthesis of HA-CDH conjugate
The conjugation of carbodihydrazide (CDH) on hyaluronic acid was

carried out by carbodiimide coupling chemistry following our pre-
viously reported protocol [19]. The degree of hydrazide modifications
was found to be 10% (with respect to the disaccharide repeat units), as
determined by trinitrobenzene sulfonic acid (TNBS) assay [34].

2.1.3. Synthesis of HA-DA-CDH conjugate
The conjugation of carbodihydrazide (CDH) on dopamine-modified

hyaluronic acid (HA-DA) was carried out following the same procedure
as reported for the synthesis of HA-CDH conjugates. Briefly, 0.5mmol
of HA-DA (200mg, 1 equivalent) was dissolved in 120mL of deionized
water. Thereafter, 0.375mmol CDH (34mg, 0.75 equivalent) and
0.5 mmol HOBt (76.5mg, 1 equivalent) was added to the aqueous HA-
DA solution. The pH of the reaction mixture was adjusted to 4.7.
Finally, 0.1 mmol EDC·HCl (20mg, 0.2 equivalent) was added and al-
lowed to stir overnight. The reaction mixture was dialyzed and lyo-
philized, as described above. The degree of hydrazide modifications
was found to be 10% (with respect to the disaccharide repeat units) as
determined using TNBS assay [34].

2.1.4. Synthesis of HA-Aldehyde (HA-Ald)
The HA-Ald was synthesized following our previously developed

procedure, as described in Ref. [35]. The percentage of aldehyde
modification in HA was found to be 10% (with respect to the dis-
accharide units) as determined by 1H NMR spectroscopy. The mod-
ification degree was estimated by treating HA-Ald with tert-butyl car-
bazate followed by NaCNBH3 reduction (Fig. S2 in Supplementary
Infromation) [35].

2.2. Preparation of hydrogels

The hydrogels were prepared using conventional hydrazone cross-
linking chemistry. The individual components were sterilized with UV
for 30min and dissolved to concentration 16mgmL−1 (w/v), HA-Ald
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and HA-DA-CDH in sterile DPBS and HA-CDH in sterile 10 wt% sucrose
solution. The hydrogels were prepared by mixing the hydrazide com-
ponent (either HA-CDH or HA-DA-CDH) with HA-Ald in equal volumes.
In cell-containing hydrogels, hASCs were suspended in the hydrazide
component prior to mixing, at a concentration of 2×106 cells mL−1.

2.3. Rheological studies

Rheological characterization of the hydrogels was performed to
understand the structure-property relationship caused by hydrogel
crosslinking chemistry using TA instruments’ DHR-II rheometer. Both
amplitude and frequency sweep tests were performed to analyze the
mechanical properties of the hydrogels. During an amplitude sweep, the
amplitude of the deformation was varied while the frequency was kept
constant at 1 Hz, to determine the linear viscoelastic region (LVR).
Subsequent frequency sweep tests were performed between 0.1 and
10 Hz using a constant strain within the LVR, which was 1% in HA-HA
and HA-DOPA gels. For the analysis, the storage and loss modulus were
plotted against the frequency (Hz).

The distance between two crosslinks or entanglement points, i.e. the
average mesh size (ξ), and average molecular weight between cross-
links (Mc) were calculated based on rubber elastic theory that can be
applied on hydrogels with elastic character. Average mesh size, ξ, was
determined using Equation (1)

= ⎛
⎝

′ ⎞
⎠

−

ξ G N
RT

( )
1
3
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where Gʹ is storage modulus of the hydrogel, N is the Avogadro con-
stant (6.023× 1023mol−1), R is the molar gas constant (8.314 J
K−1mol−1) and T is the temperature (298 K). Average molecular weight
between crosslinks, Mc, was calculated using Equation (2)
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where c is the polymer concentration (1.6% w/v), ρ is the density of
water at 298 K (997 kgm−3), R is the molar gas constant (8.314 J
K−1mol−1), T is the temperature (298 K) and Gʹp is the peak value of Gʹ.

DHR-II TA instruments’ rheometer was also used to quantify the
differences in adhesion properties between HA-HA gels and HA-DOPA
gels using a tack adhesion test. We first glued a piece of porcine cornea
on the top head of the 12mm parallel plate and placed a fully cured gel
of 2mm thickness at the bottom parallel plate. Subsequently, the probe
(cornea tissue) was placed in contact with the gel, with a holding period
of 120 s where a constant force of 100mN was applied. Thereafter, an
axial force of 5 N was applied to separate the probe and the gel at a
constant separation rate. The experiment was performed in triplicates
and the same probe was used to eliminate the effect of surface rough-
ness and a constant holding period was maintained to establish uniform
molecular contacts between the probe and the gel.

2.4. Swelling and degradation analysis

To determine the swelling and degradation behavior of the hydro-
gels, 100 μL hydrogel samples were prepared into cut 1 mL syringes.
The initial weight of the samples was recorded and the samples were
then submerged in DPBS, hASC culture medium (DMEM/F-12 + 5%
human serum) or 20–50 U mL−1 hyaluronidase solution. The residual
mass of the samples in hyaluronidase were recorded at time points 2 h,
4 h, 6 h, 24 h, 48 h (2 days), 72 h (3 days), and 96 h (4 days) until the
samples had degraded. The degradation study was performed for three
parallel samples. The hydrogel samples in DPBS and medium were
weighed after 6 h, and on following days for a total of three weeks. The
swelling measurement was conducted on four parallel samples. The
swelling ratio (SR) for the samples was calculated from the recorded
weight (W) based on Equation (3)

=
−

×SR W W
W

100%swollen initial

initial (3)

2.5. Transparency analysis

The transparency of the hydrogels was analyzed based on trans-
mittance properties as well as visual evaluation. The transmittance was
measured by preparing the hydrogels in 550 μL micro-cuvettes (light
path 10mm) and measuring their transmittance using a UV/VIS spec-
trophotometer at wavelengths ranging from 380 to 900 nm, using an
empty cuvette (air) as blank. Transmittance was measured from three
independent samples. Visual transparency was evaluated from 150 μL
hydrogel samples prepared in 10mm diameter molds. The hydrogel
samples were removed from their molds, placed on pieces of text, and
photographed from above in natural lighting.

2.6. Conjugation of basement membrane proteins

Covalent surface modification of the hydrogels was performed using
synthetic laminin-derived peptide CDPGYIGSR and collagen type IV
(col IV). Prior to conjugation, the laminin-derived peptide was dis-
solved in 5% acetic acid at 1mgmL−1, and col IV in 0.25% acetic acid
at 2mgmL−1. The final concentrations on hydrogel surfaces were
2 μg cm−2 for the laminin peptide, and 5 μg cm−2 for col IV. The acidic
peptide and protein solutions were brought to pH 8 using 1M NaOH
right before conjugation. Based on the molar concentration of amine
groups in col IV (148 μM as determined by TNBS assay), 10-fold molar
concentration (1.48mM) of Traut's reagent was used to convert amines
in col IV to thiol groups according to manufacturer's instructions. The
thiolated col IV (col IV-SH) was purified using a desalting column with
7K MWCO. The concentration of thiols in the final products was
quantified using Ellman's reagent. Thiolated col IV and unmodified col
IV were added to the HA-DOPA and HA-HA hydrogels at a concentra-
tion of 5 μg cm−2, in PBS pH 8.5 containing 1mM EDTA, and allowed
to react at 37 °C for 2 h. Hydrogels without col IV were used as controls.
The hydrogels were washed 5×5min with DPBS prior to seeding
hESC-LESCs on their surface.

2.7. Quantification of thiol groups

The reaction kinetics of the conjugation reaction and the quantifi-
cation of thiol groups in thiolated col IV were measured using Ellman's
reagent. Reaction kinetics were measured using the laminin-derived
peptide CDPGYIGSR, which contains only one thiol group in the N-
terminal cysteine residue per molecule. The reaction kinetics mea-
surement was performed for the same peptide obtained from two dif-
ferent manufacturers, Bachem and Calbiochem. For quantitation of
reaction kinetics, Ellman's reagent was added to the conjugation solu-
tion in equal molarity to the amount of peptide. The peptide solution (at
a concentration of 2 μg cm−2) was pipetted to the gels on a 96-well
plate (100 μL per well) and allowed to react for 1 h at RT. The rest of
the reaction solution was left as a control to account for the dimeriza-
tion of the Cys-terminated peptides. Every 10 min, the absorbance of
the sample from the hydrogels and from control solution at 412 nm was
recorded using the UV/VIS spectrophotometer in 1 mL cuvettes (950 μL
of PBS pH 8.5 + 50 μL sample). To calculate the progress of the re-
action, the absorbance of the control solution was subtracted from the
absorbance of the sample. Reaction kinetics measurement was per-
formed once for each manufacturer's peptide.

The amount of thiol groups of the col IV-SH was quantified using the
molar absorptivity of Ellman's reagent. 4 mgmL−1 solution of Ellman's
reagent was prepared in reaction buffer (0.1M PBS, pH 8.0, containing
1mM EDTA). Two tubes were prepared with 1.25mL of reaction buffer
and 25 μL of the Ellman's reagent, and added with 125 μL of either the
col IV-SH sample or pure reaction buffer, which served as the blank.
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After 15min, the absorbance of the sample was measured at 412 nm
against the blank using the UV/VIS spectrophotometer. The con-
centration of thiol groups was calculated based on the molar extinction
coefficient of Ellman's reagent (14 150M−1cm−1) and Equation (4)

=c A
bE (4)

where A is the absorbance of the sample at 412 nm, b is the length of the
light path (1 cm), and E is the molar extinction coefficient.

2.8. Cell culture and in vitro analysis

All cell studies were conducted with approval from the Ethics
Committee of the Pirkanmaa Hospital District (Tampere, Finland)
under the approval number R15161 for use of adipose stem cells in
research and approval number R05116 to derive, culture, and differ-
entiate hESC lines for research. The hASCs were isolated from adipose
tissue samples from a female donor during elective plastic surgery at
Tampere University Hospital (Tampere, Finland) under patient's
written consent, as described previously [36,37]. The flow cytometric
cell characterization profile of the hASCs used in this study is described
elsewhere [20]. The hASCs were cultured in a medium containing
DMEM/F-12 supplemented with 5% human serum, 1% GlutaMAX™ and
1% antibiotics. The cells were maintained in T175 cell culture flasks at
37 °C in 5% CO2, and passaged using TrypLE™ Select. Cells were
maintained up to passage 4 prior to encapsulation in hydrogels. For
encapsulation, hASCs were detached from cell culture flasks, collected
by centrifugation and counted. The required number of cells for each
hydrogel was collected in Eppendorf tubes, and the cells were pelleted.
Supernatant was removed and cell pellets were mixed by thorough
pipetting into the hydrazide component (HA-CDH or HA-DA-CHD) at a
concentration of 2× 106 cells mL−1. The hydrogels were then formed
by mixing the cell-containing hydrazide component with an equal vo-
lume of HA-Ald in either 24-well cell culture inserts (Merck Millipore),
total volume of 100 μL, or custom-made polydimethylsiloxane (PDMS)
molds with 10mm diameter wells, total volume of 200 μL. The hydro-
gels were allowed to gel for 2 h in a humid atmosphere at RT before
adding medium. The cell-laden hydrogels were then cultured either in
hASC medium (for 3D cell survival determination) or CnT-Prime-CC
(for co-culture of hASCs and hESC-LESCs) at 37 °C in 5% CO2. To create
the compartmentalized stem cell implants, the hASCs were cultured
alone for 24 h before conjugation of col IV-SH and seeding of hESC-
LESCs.

The hESC-LESCs were differentiated from human embryonic stem
cell line Regea08/017 cultured in feeder-free conditions, according to
our previously published protocols [38,39]. The hESC-LESCs were
thawed from cryostorage to the basement membrane protein-con-
jugated hydrogels in a concentration of 0.9–1.5×106 cells cm−2, with
further culture of the cell-laden hydrogel in CnT-30 medium containing
0.5% antibiotics. For surface attachment study, hESC-LESCs were cul-
tured on the hydrogels for seven days. The hydrogel scaffolds con-
taining both hASCs and hESC-LESCs were cultured in CnT-30 medium
for two to five days before transplantation in the porcine organ culture
model or fixation for histological evaluation.

The viability of hESC-LESCs on the surface-modified hydrogels was
evaluated based on cell morphology, with light microscope images
taken with Zeiss Axio Vert A1 (Carl Zeiss AG, Jena, Germany), and
compared quantitatively using PrestoBlue® reagent. For PrestoBlue®
analysis of cell metabolism, three parallel samples were analyzed for
each condition. The samples were washed once with DPBS, and the
PrestoBlue® reagent, diluted 1:10 (v/v) in CnT-30 medium, was added
to the samples. The samples were incubated for 30min at 37 °C, after
which 2× 100 μL samples of the medium were collected on a 96-well
plate. The fluorescence values for the medium samples were measured
using Viktor 1420 Multilabel Counter (Wallac, Turku, Finland) at
544 nm excitation and 590 emission wavelengths.

For hASCs encapsulated into the hydrogels, viability was evaluated
qualitatively using LIVE/DEAD® viability/cytotoxicity kit, and quanti-
tatively with CyQUANT cell proliferation kit and PrestoBlue® after 1, 3,
7 and 10 days. For Live/Dead staining, the hydrogels were removed
from their molds, washed with DPBS and incubated with Live/Dead
staining solution containing 2 μM Calcein AM and 1 μM Ethidium
homodimer diluted in DPBS in 37 °C for 30–45min. The samples were
washed once, and imaged using Olympus IX51 fluorescence microscope
equipped with a DP71 camera (Olympus Corporation, Tokyo, Japan).
For CyQUANT analysis of hydrogel DNA content, three gels with hASCs
and one blank gel were collected in each time point to 2mL Eppendorf
tubes and frozen in −80 °C. After thawing, 100 μL of the CyQUANT
lysis buffer was added to the samples, which were then mechanically
homogenized using an Ultra-Turrax disperser (IKA Labortechnik,
Staufen, Germany). Samples were centrifuged at 8000 g for 30 s to re-
move any remaining hydrogel, with the final sample diluted 1:10 in
CyQUANT lysis buffer. The diluted samples were then pipetted to 96-
well plates with CyQUANT Dye, and the fluorescence was read at 480/
520 nm with Victor 1420 Multilabel Counter microplate reader. For cell
number quantitation, the measured fluorescence values were compared
to a reference standard curve created from 2D cultured hASCs.
PrestoBlue® analysis from encapsulated hASCs was conducted as de-
scribed previously in Ref. [20]. Statistical testing of the cell viability
results was performed by two-way ANOVA between HA-DOPA and HA-
HA gels using GraphPad Prism v5.02.

2.9. Porcine corneal organ culture

Porcine eyes were obtained from a local abattoir. The eyes were
kept in cold DPBS containing 2% antibiotics for up to 4 h before dis-
section and transfer to the organ culture. The eyes were processed as
previously described, and cultured partially submerged in CnT-Prime-
CC medium with 1% antibiotics and 0.1% amphotericin B [20]. Prior to
implantation of the cell-laden hydrogels, an epithelium defect was in-
duced by applying a circular Whatman paper impregnated with 1M
NaOH on the cornea surface for 40 s, followed by rinsing with DPBS and
epithelial scraping. For hydrogel implantation, the organ-cultured
corneas were immobilized on a Barron artificial anterior chamber
(Katena products Inc., Denville, NJ, USA), where a partial depth inci-
sion was made to the stroma using a 5-mm trephine, from which the
stromal button was excised. The hydrogel implant containing hASCs
and hESC-LESCs was cut to size using a 5-mm trephine, and the implant
was transferred to the stromal wound using a flat spatula. After hy-
drogel implantation, the corneas were transferred to 6-well plates,
covered with soft contact lenses and cultured for additional seven days
in CnT-30 medium at 37 °C, 5% CO2.

To determine the differentiation potential of implanted hASCs in the
corneal organ culture, 50 μL HA-HA and HA-DOPA gels with en-
capsulated hASCs (300 000 cells/gel) were made directly into the
stromal wounds, with four replicates of each gel. The corneas were
cultured for 10 days in keratocyte differentiation medium (KDM) con-
taining Advanced DMEM supplemented with 10 ngmL−1 basic fibro-
blast growth factor (bFGF), 0.1 mM ascorbic acid-2-phosphate and 1 μM
retinoic acid, as described previously in Refs. [11,40]. The gels with
cells were collected from the corneal wounds after the culture period
into TRIreagent, and the samples were homogenized using Bioruptor
sonicator (Diagenode SA, Belgium) (30 s ON, 30 s OFF, 2 cycles). RNA
from the samples was isolated by adding chloroform to the TRIreagent
solution, vortexing and centrifugation (12 000 g for 10min). The upper
chloroform phase was collected to a new tube and isopropanol was
added, followed by vortex and centrifugation (12 000 g, 10min). The
supernatant was removed, and the RNA pellet was eluted into 70%
ethanol, vortexed and centrifuged (12 000 g, 10min). The supernatant
was removed and remaining pellet was air-dried and eluted into 30 μl
RNAse free water. The amount of RNA was quantitated using NanoDrop
spectrophotometer (Thermo Fisher Scientific). Enough RNA to perform
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qRT-PCR was obtained from three replicates for both gels, and the RNA
was treated with DNAse I and transcribed to cDNA using High capacity
cDNA reverse transcription kit (Applied Biosystems, Thermo Fisher
Scientific). As a control, 2D differentiation of hASCs was performed on
standard tissue culture plastic 6-well plates, culturing them in KDM for
10 days. Control samples of undifferentiated hASCs and 2D differ-
entiation were collected for quantitative real-time polymerase chain
reaction (qRT-PCR) with Qiagen RNeasy Mini Kit according to manu-
facturer's instructions, and transcribed to cDNA together with RNA
from the gel samples. qRT-PCR analysis for three corneal keratocyte
markers, keratocan (KERA), lumican (LUM) and aldehyde dehy-
drogenase 3A1 (ALDH3A1) was run with Applied Biosystems real time
PCR instrument. The relative fold change of gene expression was ana-
lyzed using the 2−ΔΔCt method.

2.10. Histological analysis and immunofluorescence

For histological analysis, the porcine organ culture corneas were
fixed using 4% paraformaldehyde (PFA) for 3 h at RT, submerged in
Tissue-Tek OCT (Sakura Finetek Europe) at 4 °C overnight, and snap-
frozen in liquid nitrogen. 8mm thick sections were cut from the sam-
ples and air dried for 1 h at RT. Cell-laden hydrogel samples were si-
milarly processed, with 30min fixation in 4% PFA. Sections from the
porcine corneas were then immunohistochemically stained against
human cell surface marker TRA-1-85 to detect implanted human cells.
2.5% normal horse serum (Vector ImmPress reagent, Vector
Laboratories Inc.) was used to block unspecific binding. Samples were
then labeled overnight at 4 °C with primary mouse IgG antibody TRA-1-
85 (courtesy of Peter Andrews, University of Sheffield) diluted 1:100
(v/v) in 0.5% bovine serum albumin (BSA). Intrinsic peroxide activity
was blocked by incubating the samples with 3% H2O2 for 10 min at RT,
followed by labelling with Vector ImmPress horse anti-mouse IgG
(containing horseradish peroxidase) for 30 min at RT. The antibody
labelling was visualized by peroxidation reaction using
DAB + chromogen system (Dako North America, Inc., Carpinteria, CA,
USA), which was performed for 30 s at RT. The tissue was counter-
stained using Mayer's hematoxylin, followed by dehydration, and
mounting using Coverquick mounting medium (VWR, Helsinki,
Finland). Samples were imaged using Hamamatsu NanoZoomer S60
(Hamamatsu Photonics Norden, Kista, Sweden) whole slide scanner,
and images were obtained using NDP.view2 viewing software.

Immunofluorescence staining, for hESC-LESCs on top of hydrogels
and the transverse cryosections of the cell-laden hydrogels, was carried
out using primary antibodies against p63α, p40, cytokeratin 12 (CK12),
and col IV. Details of the antibodies are listed in Table 1. The hydrogel
samples on well plates were fixed with 4% PFA for 30min at RT, fol-
lowed by washing with DPBS. The samples were then permeabilized
using 0.1% Triton X-100 for 15min, followed by blocking with 3% BSA
and incubation with primary antibodies diluted in 1% BSA overnight at
4 °C. After washing with DPBS, the samples were incubated with
fluorescently labeled secondary antibodies (Table 1) diluted in 1% BSA,
for 1 h at RT. The samples were then washed and mounted under cov-
erslips using mounting medium containing 4′,6-Diamidino-2-Pheny-
lindole (DAPI) (Vectashield® from Vector Laboratories or ProLong™

Gold from Thermo Fisher Scientific) and imaged using Olympus IX51
fluorescence microscope. Fluorescent images were converted to color
images and adjusted for contrast and brightness using Photoshop.

3. Results and discussion

3.1. Synthesis and characterization of dopamine-functionalized HA
hydrogel

We have previously developed hydrazone-based robust hydrogels
using HA-aldehyde (HA-Ald) and HA-carbodihydrazide (HA-CDH) with
exceptional enzymatic stability and swelling characteristics [19]. We
used this two-component biorthogonal system for fabricating the
compartmentalized cellular scaffold for corneal applications. In order to
introduce the tissue adhesive properties to facilitate sutureless im-
plantation of the scaffold, we conjugated L-dopamine moiety in the
polymer. The degree of dopamine functionalization was 14%, as de-
termined by 1H NMR (Fig. S1 in Supplementary Information). The al-
dehyde and CDH groups were grafted on HA following our previously
optimized carbodiimide protocol [19] and the percentage of aldehyde
and CDH functionalization was around 10% (with respect to the dis-
accharide repeat units), which was quantified by 1H NMR (Fig. S2 in
Supporting Information) and UV/VIS spectroscopy. We utilized HA gels
with similar aldehyde and CDH modification without dopamine units as
the control group. The dopamine-functionalized HA-gels were desig-
nated as HA-DOPA, while the control gel was designated as HA-HA.
Their structures are presented in Fig. 1.

3.2. HA-HA and HA-DOPA gels display highly elastic character

We performed rheological evaluation to estimate the viscoelastic
properties of HA-HA and HA-DOPA gels by measuring the gel de-
formation following the frequency sweep method. The gels were sub-
jected to strain sweep to determine the linear viscoelastic region (LVR)
of the hydrogel, followed by a frequency sweep test at 0.1–10 Hz using
a constant strain within the LVR (Fig. 2a). The gels showed storage
moduli (G′) of 898.81 ± 16.46 Pa and 619.57 ± 13.02 Pa and loss
moduli (G′′) of 3.046 ± 0.07 Pa and 1.88 ± 0.624 Pa respectively for
HA-HA and HA-DOPA gels. The storage modulus G′ was consistently
higher than the loss modulus G′′ throughout the screened frequency
range suggesting that both the hydrogels were stable and possessed
viscoelastic properties. The tan δ, which represents the ratio of storage
and loss moduli, was found to be significantly less than 1 (0.0034 and
0.0030 for HA-HA and HA-DOPA gels respectively) suggesting a highly
elastic character for these gels. By using the modulus data, we estimated
the average mesh size ξ (representing the distance between the en-
tanglement points or probable pore size) and the average molecular
weight between the crosslinksMc by using the rubber elastic theory that
can be applied to highly elastic hydrogels [41]. These calculations re-
vealed that average mesh size ξ was 16.6 nm and 18.8 nm while the Mc

was 41.46 kgmol−1 and 56.96 kgmol−1 for HA-HA and HA-DOPA gels
respectively. Thus, HA-HA gel was stiffer and more compact than the
HA-DOPA gel, with smaller ξ and Mc.

Next, we investigated the effect of encapsulated stem cells on the

Table 1
Antibodies used for immunofluorescence staining.

Antibody Host Supplier catalog no. dilution [v/v]

p63α rabbit Cell Signaling Technology 4892 1:200
p40 mouse Biocare Medical 3066 1:100
CK12 goat Santa Cruz Biotechnology sc-17099 1:200
collagen IV goat Millipore AB769 1:200
anti-rabbit Alexa-488 donkey Molecular Probes A21206 1:800
anti-goat Alexa-568 donkey Molecular Probes A11057 1:800
anti-mouse Alexa-647 donkey Molecular Probes A31571 1:800
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viscoelastic properties of the scaffold (Fig. 2b). We cultured hASCs in
HA-HA and HA-DOPA gels (2×106 cells mL−1) for 24 h as described in
section 2.8. After that, the cell-laden hydrogels were extracted from
their molds and we performed the rheological measurements as de-
scribed in section 2.3. We found that the encapsulation of cells within
the hydrogel resulted in the reduction of storage modulus (G′) for both
HA-HA and HA-DOPA gels. This could be attributed to two factors, the

presence of different serum proteins and biomolecules in the cell cul-
ture medium and the cell surface proteins. The gels showed storage
moduli G′ of 309.15 ± 5.63 Pa and 483.70 ± 7.35 Pa and loss moduli
G″ of 6.94 ± 1.71 Pa and 11.00 ± 1.69 Pa respectively for HA-HA and
HA-DOPA gels at the frequency of 1 Hz. Interestingly, when we com-
pare the two gels formulated in PBS to the gels formulated with cells in
cell culture medium we observed that the change in G′ was smaller in

Fig. 1. Chemical structures of hydrazone-crosslinked HA-DOPA (a) and HA-HA (b) hydrogels.

Fig. 2. Material characterization of HA-DOPA and HA-HA gels. a) Rheological measurement of G′ and G′′ in the frequency sweep mode. b) Frequency sweep of G′ and
G′′ of hydrogels with encapsulated hASCs. c) Hydrogel swelling ratios in PBS. d) Hydrogel swelling ratios in cell culture medium. e) Enzymatic degradation of the
hydrogels in the presence of hyaluronidase. f) Adhesion force measurement of the hydrogels to corneal surface.
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HA-DOPA gels when compared to HA-HA gels. The G′ decreased with
the incorporation of cells in HA-HA gels from 898.81 ± 16.46 Pa to
309.15 ± 5.63 Pa, and in HA-DOPA from 619.57 ± 13.02 Pa to
483.70 ± 7.35 Pa. This observation indicates that the dopamine units
form some kind of interpenetrating network or exert adhesive forces
that prevent the swelling and disruption of molecular crosslinks. This is
further evidenced by the average mesh size ξ values for both gels. In the
presence of cells, HA-DOPA and HA-HA had average mesh size
20.41 nm and 23.7 nm respectively, while without cells the values were
18.8 nm and 16.6 nm, respectively. This means that the HA-DOPA gel
had a larger pore size in PBS, whereas in the presence of cells, the
average mesh size was reduced, presumably due to adhesive forces
exerted by the dopamine moiety. The tan δ was found to be less than 1
(0.0224 and 0.0227 for HA-HA and HA-DOPA gels respectively) sug-
gesting elastic characteristics for these gels, but the degree of elasticity
was much lower in the presence of cells compared to the gels without
encapsulated cells (tan δ 0.0034 and 0.0030 for HA-HA and HA-DOPA
gels respectively). Thus, in the presence of cells, HA-DOPA gels were
stiffer and more compact with smaller ξ and Mc than HA-HA gels. The
material characteristics are summarized in Table 2.

For the cornea, the material property most often described is the
shear modulus. The shear modulus of the native cornea varies with
depth, with the anterior stroma having a higher modulus (7.71 kPa)
than the deeper parts of the cornea (1.31–1.99 kPa) [42]. Although our
application focuses on replacing the anterior stromal part of the cornea
with the hydrogel scaffold, we consider the mismatch of the initial
mechanical properties of the material to the cornea to be incon-
sequential for the final regenerative target. For stable corneal re-
generation and integration, the stromal cells should secrete their own
extracellular matrix (ECM) and remodel their environment. This has
been previously shown during a 4-year follow-up of cell-free stromal
implants composed of densely crosslinked collagen hydrogels, where
surrounding stromal cells were seen to slowly replace the implant with
stromal tissue [43]. Our approach aims at faster remodeling and in-
tegration of the scaffold to the corneal tissue through encapsulation of
hASCs.

3.3. HA-DOPA gel shows good swelling stability in physiological conditions

To evaluate the swelling property of the HA-HA and HA-DOPA gels,
we measured their weight increase in phosphate buffered saline (PBS,
pH 7.4) and cell culture medium at 37 °C (Fig. 2c and d). Both gels
showed similar swelling behavior, but the swelling kinetics differed in
PBS compared to cell culture medium. In PBS, the hydrogels reached an
equilibrium swelling state after 1 week, whereas in medium, the hy-
drogels continued to swell in a linear manner throughout the mea-
surement period. In PBS, both gels displayed an initial 20% burst in
swelling upon hydration, after which the swelling slowed down and
subsequently leveled at approximately 34% for HA-HA and 50% for
HA-DOPA during three weeks. The higher swelling ratio of HA-DOPA
gel may be associated with the larger average mesh size, which allows
more water permeability inside the hydrogel network. Interestingly, in
medium, the swelling ratio for HA-HA surpassed that of HA-DOPA after
the 1-week time point, ultimately reaching 110% for HA-HA and 85%
for HA-DOPA in three weeks. We believe the sustained swelling prop-
erties of the two hydrogels in cell culture medium are attributed to the

dynamic nature of the hydrazone bond, which may undergo exchange
with proteins present in the medium. Lower swelling in medium ob-
served for HA-DOPA may indicate that the hydrazone bond dynamics
are complemented by additional interpenetrating crosslinks introduced
by dopamine self-polymerization or adhesive forces exerted by dopa-
mine, which was supported by a slight increase in intensity of the slight
brown hue of HA-DOPA gels during prolonged exposure to cell culture
medium, as discussed in detail in Section 3.5.

Hydrazone crosslinking using CDH-derived hydrazones has been
shown to be considerably more stable than hydrazone crosslinks from
other hydrazides, due to the resonance stabilization effect across the
hydrazone bond [19]. The engraftment of dopamine residues to HA
increased the PBS swelling capacity of the gels, indicating that the in-
corporation of dopamine slightly hindered the crosslinking efficacy of
the gels. Conversely, the HA-DOPA gels were more stable in medium,
which arguably resembles the in vivo environment more closely than
PBS, indicating their overall suitability for tissue engineering applica-
tions. However, in the cornea, the tissue environment is not as dilute as
the conditions of the swelling study. In vivo, the hydration of corneal
tissue is maintained by the pumping mechanism of the endothelium,
and the surface of the cornea is wetted by tear fluid secreted by the
lacrimal and Meibomian glands and the goblet cells of the conjunctiva,
with its varying composition of lipids, proteins and small molecules
[44]. The actual swelling of the implants in the intended application
should hence be studied in a more tissue-specific environment.

We studied the in vitro degradation kinetics of the hydrogels in the
presence of hyaluronidase (HAse), a ubiquitous enzyme known for the
in vivo degradation of HA. At a concentration of 20–50 UmL−1 of HAse,
both HA-HA and HA-DOPA gels displayed complete digestion in 96 h
(Fig. 2e). Although, the concentration of HAse used in this experiment
is not directly comparable to that in the eye, the enzymatic degradation
of the scaffold implies that the chemical modifications on the HA-HA
and HA-DOPA gels did not disrupt the native bioactivity and the bio-
degradability of the polymer. For final applications, the rate of de-
gradation in vivo should be studied further to match the regeneration of
the replaced corneal tissue, which can take from months to even years
to complete [45].

3.4. HA-DOPA adheres strongly to the corneal surface

Adhesion of biomaterial scaffold to the defect site is of paramount
importance for successful tissue regeneration. Scaffolds bearing alde-
hyde functional groups are known to display tissue adhesive properties
[46]. However, as the aldehyde functional groups are utilized for hy-
drazone crosslinking, the free aldehyde residues are not sufficient en-
ough to provide the adhesiveness required for scaffold integration. We
anticipated that incorporation of dopamine groups would further aug-
ment the adhesive properties of the scaffold. We conjugated 14.4%
dopamine units on the HA backbone, as the overall HA modification
(hydrazide and dopamine moiety) must not exceed 25% [47] in order to
preserve the biodegradability and activity of the biopolymer.

We performed a rheometric tack adhesion test to quantify the ad-
hesion properties of HA-HA gels and HA-DOPA gels with the corneal
surface. Although both HA-HA and HA-DOPA gels displayed some ad-
hesion properties, HA-DOPA clearly showed greater adhesion to the
cornea with cohesive failure between the probe and the gel. This can be

Table 2
Material properties of HA-DOPA and HA-HA gels.

Hydrogel n ′G [Pa] ″G [Pa] ′ ″tan δ[G /G ] ξ [nm] −M  [kg mol ]C 1

HA-HA 3 898.81 ± 16.46 3.046 ± 0.07 0.0034 16.6 41.46
HA-DOPA 3 619.57 ± 13.02 1.88 ± 0.624 0.0030 18.8 56.96
HA-HA with cells 3 309.15 ± 5.63 6.94 ± 1.71 0.0224 23.7 123.27
HA-DOPA with cells 3 483.70 ± 7.35 11.00 ± 1.69 0.0227 20.41 79.38
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seen from Fig. 2f, as more negative force was required to separate the
probe and the gel surface.

3.5. Hydrogels display excellent transparency for corneal applications

Transparency is a key property of any biomaterial used for corneal
applications. The native cornea exhibits light transmission of 90–95%
in wavelengths ranging from 600 to 1000 nm [48]. To analyze the
transparency of the hydrogels, we measured the transmittance of light
over the visible light spectrum (380–900 nm), shown in Fig. 3a. Both
hydrogels showed over 90% light transmittance over the whole visible
spectrum. Interestingly, transmittance values for HA-DOPA
(98 ± 2.39%) measured even higher than for HA-HA (95 ± 4.64%).
This indicates that the slight brown hue caused by the DOPA residues,
seen in Fig. 3b, did not seem to hinder the transmittance of light
through the HA-DOPA gel, whereas the lower transmittance of HA-HA
might be caused by minute inhomogeneity of the gel occurring through
mixing of the sucrose-dissolved HA-CDH component and HA-Ald dis-
solved in PBS.

The brown coloration is a distinct trait of dopamine-containing
materials. As dopamine residues self-polymerize, they display an in-
tense brown color [49]. Dopamine-functionalized hydrogels reported so
far generally rely on self-polymerization reaction or metal-coordination
for effective crosslinking [28–31]. However, in our hydrogel implants,
the dopamine residues are not responsible for the crosslinking, leaving
them free to participate in the surface modification and tissue-adhesion
of the preformed hydrogel implant. This results in a transparent hy-
drogel, which is suitable for corneal applications. Further in vivo studies
are warranted to assess the impact of dopamine functionalization and
transparency on the regenerated corneal tissue.

3.6. Immobilization of cell adhesive factors enables cellular
compartmentalization in tissue adhesive hydrogels

One major limitation of HA-based hydrogels for 3D cell culture is
the poor cell adhesion due to the lack of binding sites for integrins, the
major mediators of cell adhesion to the ECM. However, the en-
capsulated cells can probe their microenvironment and secrete ECM
making it conducive for cell growth and differentiation [50,51]. To
achieve cellular compartmentalization of the two stem cell populations,
we conjugated cell adhesive peptides and proteins on the surface, ex-
ploiting the Michael acceptor characteristics of the dopamine residue.
Our first choice of cell adhesive molecule was a cysteine-terminated
laminin-derived synthetic peptide (CDPGYIGSR) which could be cova-
lently grafted to the surface of the hASC-encapsulated hydrogel. This
laminin-derived peptide contains the cell adhesion motif YIGSR, which
has been previously shown to have significant potential for improving
primary corneal epithelial cell adhesion to biomaterial surfaces [52].
Furthermore, recombinant laminin is an integral component of the
culture substrate for the differentiation and culture of hESC-LESCs [38].
Ellman's quantitation of free thiols (Fig. 4) revealed that the conjuga-
tion reaction initially progressed rapidly, and reached a plateau after
10–20min. Comparison of the same peptide from different manu-
facturers produced similar reaction kinetics, while the Bachem peptide
conjugation reaction progressed further until approximately 70% of the
peptide were bound to the surface, and was thus selected for the cell
attachment study. Although we could achieve excellent conjugation of
the laminin peptide on to the preformed hydrogels by Michael addition
reaction, we could obtain only sparsely distributed hESC-LESCs on
these peptide-modified surfaces (Fig. 5h). Subsequently, another com-
ponent of hESC-LESC culture substrate, human collagen type IV (col IV)
was chosen as the preferential basement membrane protein. Col IV was
thiolated using 2-iminothiolane (Traut's reagent) to col IV-SH with the
necessary reactive groups for Michael addition. The conversion of pri-
mary amines in col IV to thiol groups, as determined by Ellman quan-
titation assay, was found to be 57 ± 4.2% in this study.

The hESC-LESCs cultured on col IV-SH conjugated HA-DOPA sur-
faces displayed efficient cell adhesion and better long-term cell viability
than on similarly treated HA-HA (Fig. 5). Interestingly, we observed
some degree of hESC-LESCs attachment even when unmodified col IV
was coated on the HA-DOPA gels (Fig. 5e-g) indicating the adhesive
tendency of dopamine-functionalized surfaces. Also the HA-HA control
gel also displayed some binding of col IV-SH (Fig. 5i-k). This may be
attributed to the dynamic nature of the hydrazone bond, allowing the
thiol-containing peptides or proteins to undergo thiazolidine cross-
linking with aldehyde groups available on the scaffolds [53]. The mi-
croscopic evaluation of cell morphology was supported by the Pre-
stoBlue® cell viability measurement (Fig. 5q-r), which shows that
initially the hESC-LESCs attach on both gel types, but there is a gradual

Fig. 3. Transmittance and transparency HA-DOPA and HA-HA gels. a) Transmittance of light at different wavelengths through the hydrogels. b) Transparency of the
hydrogels illustrated by photography of HA-DOPA (upper) and HA-HA (lower) gels on text.

Fig. 4. Reaction kinetics measurement of surface conjugation of Cys-terminated
laminin-derived peptide. The reaction progress was calculated based on the
presence of free thiol groups in the reaction solution at different time points.
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loss of cells from the HA-HA gels, resulting in a significantly higher cell
viability on HA-DOPA at day 7. The immunofluorescence staining for
col IV in hydrogel cross-sections, shown in Fig. 6a, verified the presence
of high amounts of col IV on the col IV-SH-conjugated HA-DOPA, but
only very little on HA-HA at 2 days after conjugation.

The cells grown on the HA-DOPA gels for 7 days showed appro-
priate protein expression for progenitor-type hESC-LESCs, as shown in
Fig. 6b. The continued expression of the limbal stem cell marker
ΔNp63α, which was confirmed by the co-labelling of p63α and p40 in

cell nuclei, together with the low expression levels of epithelial ma-
turation marker cytokeratin 12 (CK12) indicated that the hESC-LESCs
retained their progenitor-like phenotype after 1 week of culture on
these substrates. The hESC-LESCs still present on col IV-SH-conjugated
HA-HA gels after 7 days also retained similar marker expression, al-
though the portion of ΔNp63α-positive cells was smaller than on HA-
DOPA. This suggests that covalent conjugation of the protein is indis-
pensable on the hydrogel surface for the continued growth and main-
tenance of hESC-LESCs.

Fig. 5. Morphology and viability of hESC-LESCs on surface-modified hydrogels. a-c) hESC-LESCs seeded on thiolated col IV (col IV-SH)-immobilized HA-DOPA after 1
day, 3 days and 7 days of culture, respectively. The same time points are also shown for HA-DOPA with non-thiolated col IV (e–g) and col IV-SH on HA-HA (i–k) and
non-thiolated col IV on HA-HA (m–o). Images d) and l) represent hESC-LESC morphology observed on unmodified HA-DOPA and HA-HA surfaces, respectively.
Images h) and p) are representative images of hESC-LESCs 2 days after plating on laminin-derived peptide –immobilized HA-DOPA and HA-HA, respectively. Graphs
q) and r) show the PrestoBlue® viability measurements of hESC-LESCs on col IV –modified hydrogel surfaces at day 1 and day 7, respectively. Scale bars in images are
200 μm ** denotes statistical significance at p < 0.01.
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Fig. 6. Covalent surface conjugation of col IV-SH enables the existence of two distinctly organized human stem cell types in the hydrogels. a) Fluorescent staining of
col IV at the surface of HA-DOPA and HA-HA gels 2 days after conjugation, the dotted line represents the surface of the hydrogel. b) hESC-LESCs cultured on col IV-
SH-conjugated HA-DOPA and HA-HA for 7 days express the limbal stem cell markers p63α and p40, with low expression of epithelial differentiation marker CK12. c)
Live/Dead staining of hASCs inside hydrogels at different time points, live cells are shown in green, and dead cells in red. d) CyQUANT results representing the
number of hASCs in the gels during culture. e) PrestoBlue® quantitation metabolic activity of hASCs inside gels during culture. f) Relative gene expression of hASCs
10 days after implantation to ex vivo corneal model and 2D control condition showed increased expression of lumican, an extracellular matrix component of the
cornea. Values reflect fold changes in mRNA expression over undifferentiated hASCs. Scale bars in images a) and b) are 200 μm, in c) 500 μm *** denotes statistical
significance at p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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The encapsulated hASCs remained viable within the HA-DOPA and
HA-HA gels for 2 weeks of culture, as presented in Fig. 6c. The Live/
Dead staining shows only few dead cells, whereas the amount of live
cells remains high throughout the culture period, with slightly more
cells in the HA-DOPA gels than the HA-HA. Furthermore, within the
HA-DOPA gels hASCs occurred mostly as single cells or small groups of
cells with some apparent elongation, whereas in HA-HA more rounded
cell clustering was observed. This observation is interesting as HA gels
lack integrin binding sites and the cells cultured in these gels tradi-
tionally show rounded morphology. We hypothesize that the adhesive
nature of the DOPA residues in HA-DOPA gels may promote entrapment
of the endogenous ECM produced by the cells, thus promoting cell
elongation within these gels. In accordance with our results, me-
senchymal stem cells within hydrogels have been shown to produce
very rapidly a cell-type specific ECM around themselves, through which
they interact with the surrounding hydrogel [51].

The CyQUANT results, shown in Fig. 6d, for assessing the number of
cells within the HA-DOPA and HA-HA gels also indicate higher hASC
viability and proliferation within the HA-DOPA gels than in HA-HA in
all time points, with significantly higher number of cells on day 10.
However, the PrestoBlue® results (Fig. 6e) of cells’ metabolic activity
within the gels show less pronounced difference between the groups.
Overall, the HA-DOPA gels were superior to HA-HA gels in terms of cell
growth of both hESC-LESCs and hASCs.

3.7. HA-DOPA gels support sutureless implantation in porcine corneal organ
culture

As a proof-of-concept in using the tissue adhesive hydrogel implants
for delivering epithelial and stromal regenerating cells to the cornea,
we performed an anterior lamellar keratoplasty procedure (i.e. removal
of part of the outer stroma) in an ex vivo cornea organ culture model
with excised porcine corneas. We transplanted the approximately 2mm
thick hydrogel implants into the created stromal wounds, without uti-
lizing additional means of securing the implants in place. Due to the
fitted trephination of both the wound and the implant, as well as the
static nature of the subsequent organ culture, all implants remained in
place for the duration of the culture. However, during manipulation of
the corneas for fixation and histology, some HA-HA implants were ex-
truded from the wounds (example shown in Fig. S3 in Supplementary
Information). All HA-DOPA implants remained well attached, and in
tight contact with the surrounding stromal tissue. After 7 days of cul-
ture, immunohistochemical staining against the human cell surface
marker TRA-1-85 showed the presence of human cells both on the
surface of the hydrogels as well as inside them (Fig. 7). However, we
did not observe significant outgrowth of hASCs to the corneal stroma or
migration of the hESC-LESCs out from the implant during this 1-week
culture period. This outcome could be improved with further optimi-
zation of the implantation techniques to achieve better alignment of the
implant surface with the surface of the cornea. However, we anticipate
that the remodeling of the implant by the encapsulated and surrounding
cells during stromal regeneration would ultimately take care of small
mismatches in surface alignment between the implant and the corneal
surface.

To investigate the differentiation potential of implanted hASCs in
the corneal organ culture model, we adapted a method used previously
for implantation of hASCs to corneal stromal wounds with HA-hydro-
gels, as described in Ref. [20], with known in vitro differentiation
methods of hASCs to corneal keratocytes [11,40]. By culturing the
porcine corneas with hASCs delivered in HA-DOPA or HA-HA in kera-
tocyte differentiation medium for 10 days, we analyzed the expression
of three marker genes of corneal keratocyte differentiation by qRT-PCR
compared to undifferentiated hASCs. However, only one of the studied
genes, lumican, was detected in satisfactory amounts after this culture
period in ex vivo cultured hASCs as well as the 2D differentiation con-
trol (Fig. 6f). The expression of lumican in the ex vivo differentiated

hASCs was similarly increased in HA-DOPA and HA-HA, while the ex-
pression in both gels was slightly lower than that in the 2D condition.
Lumican is a small leucine rich proteoglycan aiding in ECM organiza-
tion, abundantly expressed by corneal keratocytes. However, as lu-
mican is not solely expressed by corneal cells, the differentiation of
hASCs towards corneal keratocytes was not conclusively verified in this
study. Despite the inconclusive keratocyte differentiation, the results
suggest the 3D ex vivo differentiation capacity of these cells to be si-
milar to the 2D control condition. This further strengthens the rationale
behind this work, as the scope of our research focuses on the delivery of
these undifferentiated cells to the corneal stroma, where their ther-
apeutic capacity in vivo has been clinically demonstrated [14,15].

Based on these results, the corneal organ culture method provides
the practical utility of the HA-DOPA gels as a sutureless stem cell de-
livery method for corneal regeneration and encourages to proceed to-
wards in vivo studies for further evaluation of the therapeutic func-
tionality of these stem cell-containing tissue adhesive implants.

4. Conclusions

In this study, we fabricated an implantable tissue adhesive hydrogel
scaffold for the delivery of spatially compartmentalized therapeutic
stem cells for simultaneous regeneration of the corneal stroma and
epithelium, with encapsulated hASCs in the hydrogel bulk and hESC-
LESCs on the surface. Dopamine moieties grafted to the hyaluronic acid
hydrogel imparted the tissue adhesive function, facilitated the con-
jugation of cell-adhesive proteins to the hydrogel surface and supported
hASC culture. Furthermore, incorporation of dopamine moieties aug-
mented the cell viability, improved the mechanical properties and re-
duced hydrogel swelling in presence of cell culture medium. Using this
sophisticated delivery system, we established the proof-of-concept of
implanting two regenerative stem cell types in the cornea using a
porcine corneal organ culture model, demonstrating its potential as an
implantable tissue-engineered construct for corneal applications. We
believe that our study represents the first sutureless delivery of any cells
to the surface of the eye, as well as the first sutureless delivery system of
two differentially localized cell populations to any tissue.
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Figure S1. 1H NMR spectrum of HA-DOPA-CDH in D2O.  
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Figure S2. a) 1H NMR spectrum of HA-Ald in D2O and b) HA- t-butyl carbazate derivative 

formed by the reaction of HA-Ald with t-butyl carbazate followed by NaCNBH3 reduction in 

D2O. The excess t-butyl carbazate appears at 1.48 ppm. The percentage of aldehyde 

functionalization was calculated by estimating the ratio of the t-butyl signal at 1.4 ppm and 

the N-acetyl signal at 2.0 ppm.  

 

Figure S3. Ex vivo porcine cornea organ culture with extruded HA-HA implant after 7 days 
of culture showing no signs of tissue adhesion. 
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a b s t r a c t

There is a high demand for developing methods to produce more native-like 3D corneal structures. In the
present study, we produced 3D cornea-mimicking tissues using human stem cells and laser-assisted
bioprinting (LaBP). Human embryonic stem cell derived limbal epithelial stem cells (hESC-LESC) were
used as a cell source for printing epithelium-mimicking structures, whereas human adipose tissue
derived stem cells (hASCs) were used for constructing layered stroma-mimicking structures.

The development and optimization of functional bioinks was a crucial step towards successful bio-
printing of 3D corneal structures. Recombinant human laminin and human sourced collagen I served as
the bases for the functional bioinks. We used two previously established LaBP setups based on laser
induced forward transfer, with different laser wavelengths and appropriate absorption layers. We bio-
printed three types of corneal structures: stratified corneal epithelium using hESC-LESCs, lamellar
corneal stroma using alternating acellular layers of bioink and layers with hASCs, and finally structures
with both a stromal and epithelial part. The printed constructs were evaluated for their microstructure,
cell viability and proliferation, and key protein expression (Ki67, p63a, p40, CK3, CK15, collagen type I,
VWF). The 3D printed stromal constructs were also implanted into porcine corneal organ cultures.

Both cell types maintained good viability after printing. Laser-printed hESC-LESCs showed epithelial
cell morphology, expression of Ki67 proliferation marker and co-expression of corneal progenitor
markers p63a and p40. Importantly, the printed hESC-LESCs formed a stratified epithelium with apical
expression of CK3 and basal expression of the progenitor markers. The structure of the 3D bioprinted
stroma demonstrated that the hASCs had organized horizontally as in the native corneal stroma and
showed positive labeling for collagen I. After 7 days in porcine organ cultures, the 3D bioprinted stromal
structures attached to the host tissue with signs of hASCs migration from the printed structure. This is
the first study to demonstrate the feasibility of 3D LaBP for corneal applications using human stem cells
and successful fabrication of layered 3D bioprinted tissues mimicking the structure of the native corneal
tissue.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The cornea is the transparent anterior part of the eye, which is
essential for vision. Corneal blindness due to trauma or diseases
affects millions of people worldwide. In the most severe cases, the

limbus, a niche for epithelium-renewing limbal epithelial stem
cells (LESCs), is destroyed, resulting in limbal stem cell deficiency
(LSCD) with overgrowth of the conjunctiva and blood vessels, se-
vere pain and photophobia [1]. In these patients, the traditional
corneal transplants from deceased donors have poor long-term
success due to lack of epithelial renewal [2,3]. Delivery of in vitro
expanded autologous LESCs to the corneal surface has been intro-
duced as is a possible treatment for patients suffering from uni-
lateral or partially bilateral LSCD [4,5]. Even more advanced
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techniques are required to produce allogeneic LESCs or LESC-like
equivalents for bilateral LSCD. Furthermore, the underlying
corneal stroma is often damaged especially in cases of traumatic
corneal blindness, and requires a replacement to restore visual
function. Thus, there is an increased demand for developing
methods to produce more native-like 3D corneal structures using
human stem cells and functional biomaterials. Tissue engineering
has sought to answer this ever-increasing demand by creating
chemically defined cell and biomaterial based products to treat and
cure corneal blindness.

Biomaterials for corneal stromal reconstruction are required to
integrate with the host tissue, be functionally transparent and
mechanically stable. For biologically functional corneal tissue
equivalents, these materials require a cell density and 3D organi-
zation similar to that of the native cornea. Functional corneal
stromal tissue has previously been fabricated by seeding human
cells into decellularized porcine [6] or human cornea stromal tissue
[7] or stimulating human cells to secrete their own extracellular
matrix and produce corneal tissue equivalents [8]. However, use of
decellularized tissue still lacks established methods for complete
removal of antigenic moieties while maintaining proper tissue
integrity [9], whereas the tissue equivalents secreted by human
cells are slow to manufacture and limited to only thin or stacked
constructs [10].

Corneal tissue in general is an optimal target for tissue engi-
neering and 3D bioprinting technology due to its relatively low
thickness [11] and lack of vascularization, which has limited the use
of 3D printing technology in many other applications, such as bone,
heart or skin tissue [12,13]. 3D bioprinting is a promising technique
for fast production of thick corneal constructs, but previous work in
the field has been conducted with immortalized corneal epithelial
cells without any epithelial organization [14]. The applied nozzle-
free laser-assisted bioprinting (LaBP) method allows high resolu-
tion printing of bioinks with high viscosity and high cell density
without affecting the viability of the cells, while being capable of
high printing resolution (<10 pL droplets) [15e17]. To reach high
resolution with nozzle-based printing techniques, such as extru-
sion or ink jet printing, small nozzles (<100 mm diameter) are
needed, which prevent the use of high cell density due to high
shear stress to the cells. Furthermore, with LaBP, we can achieve
precise spatial organization of cells and use different cell types in
the same engineered structure. In any 3D bioprinting application, a
suitable bioink is needed to produce shape-retaining multilayered
corneal structures. For production of clinically relevant corneal
structures, it is crucial to develop new functional bioinks based on
xeno-free components, as well as suitable regenerative cell types.

Human pluripotent stem cells (hPSCs) can provide almost lim-
itless amounts of LESC-like cells, with gene and protein expression
similar to native LESCs [18,19]. With our recently established
feeder-cell free hPSC culture and differentiation protocol [20], we
have further brought our LESC differentiation towards a clinically
relevant method for regeneration of the ocular surface. For recon-
struction of the corneal stroma, human adipose tissue derived stem
cells (hASCs) have gathered wide attention due to their high
availability from healthy adult donors, as well as their capability to
differentiate towards corneal keratocytes, which has been
demonstrated in both in vitro [21e23] and in vivo [24,25] studies.
Furthermore, autologous hASCs have already reached clinical pilots
for treating corneal stromal disorders [26]. In addition, hASCs have
excellent immunomodulatory properties, reducing inflammation at
the site of implantation [27] as well as anti-scarring properties
[28,29]. With these two different stem cell types, we can produce a
tissue engineered corneal structure, which could simultaneously
replace the damaged corneal stroma and regenerate the corneal
epithelium.

In the present study, we produced 3D corneal mimicking tissues
using human stem cells, functional bioinks and LaBP. Human em-
bryonic stem cell (hESC) derived LESCs were the cell source for
printing corneal epithelium-mimicking structures, whereas hASCs
were the cellular component in lamellar corneal stromal tissues.
We chose human sourced collagen I and recombinant human
laminin as bases for the bioinks to develop clinically suitable
techniques for corneal tissue engineering. Here, we demonstrate
the feasibility of 3D LaBP for corneal applications and show suc-
cessful fabrication of layered 3D bioprinted tissues from both
investigated cell types that resemble the structure of the native
corneal tissues.

2. Experimental methods

2.1. Bioinks

For hESC-LESCs, bioink containing human recombinant laminin-
521 (LN521; Biolamina, Sweden) was chosen, as laminin is a major
component in LESC basement membrane in the native cornea [30].
The hESC-LESC bioink consisted of 33% of 0.1mg/ml LN521, 50% of
defined and serum-free CnT-30 medium (CELLnTEC Advanced Cell
Systems AG, Bern, Switzerland) supplemented with RevitaCell™
(100x) (Gibco, Life technologies) at a 1X final concentration, and
17% of 1 w/v% Hyaluronic acid sodium salt (HA) from Streptococcus
equi saline (Mw¼ 1.5e1.8� 106 Da) (Sigma Aldrich, Deisenhofen,
Germany) in Tris-buffered saline (TBS).

Human collagen I (Col I) was used as a base of the bioink for
hASCs as it is the primary component of the human corneal stroma
[31]. OptiCol™ Human Collagen Type I (3mg/ml) (Cell Guidance
Systems Ltd, Cambridge, UK) was neutralized to a pH of 7.4 with
0.25 N sodium hydroxide (NaOH) in the presence of 10X Dulbecco's
Phosphate Buffered Saline (DPBS, Carl Roth, Karlsruhe, Germany).
The bioink for hASCs included 44.4% of neutralized human Col I,
22.2% of ethylenediaminetetraacetic acid (EDTA) human female AB
blood plasma, 22.2% of 40 IU/ml Thrombin from human plasma
(Sigma Aldrich, Deisenhofen, Germany) in 0.1M TBS and 11.1% of
10x DBPS. The human plasma was extracted with EDTA tubes, from
blood collected from venipunctures and centrifuged at 4500 U/min
for 30min. Thereafter, human plasma was collected and sterile
filtrated.

For 3D structures, acellular layers without hASCs were printed
between hASCs in order to establish corneal stromal mimicking
structures. There, a bioink with 40% of neutralized human Col I, 20%
of human plasma, 20% of thrombin, 10% of 1 w/v% HA and 10% of
10x DBPS was used. The specific concentrations for the used re-
agents are listed above.

2.2. In vitro degradation

Degradation kinetics of the collagen-based hASC bioink in both
cell culture medium and varying concentrations of collagenase
were determined by weighing the gelled acellular bioink at
different time points. For this purpose, the acellular bioink was
prepared, as described in Section 2.1, by mixing bioink components
to a total volume of 200 ml into 48-wells and allowed to gel for
2e3 h. The gels were then transferred to larger wells for degrada-
tion studies in either EBM-2 medium (Lonza, Basel, Switzerland) or
in 0.1M Tris-HCl buffer, pH 7.4, supplemented with 5mMCaCl2 and
0.005 (w/v) NaN3, containing 0 U/ml, 5 U/ml, 50 U/ml, or 250 U/ml
of collagenase (collagenase type I, CLS I, from Clostridium histo-
lyticum; Biochrom, Berlin, Germany) and stored in an incubator at
37 �C. The initial weight of the gels was recorded and they were
subsequently weighed at different time points up to 8 days (in
medium) or 6 h (in collagenase), respectively. Degradation studies
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were performed on four parallel samples at each condition.

2.3. Human embryonic stem cell derived limbal epithelial stem cells

Previously established hESC line Regea08/017 (XX) [32] was
used for LESC differentiation as previously described [20]. In brief,
undifferentiated hESCs were maintained on well-plates coated
with 1.09 mg/cm2 LN521 in Essential 8™ Flex Medium (E8, Thermo
Fisher Scientific) supplemented with 50 U/ml Penicillin-
Streptomycin (Gibco, Thermo Fisher Scientific). For LESC differen-
tiation, hESCs were enzymatically detached and transferred to
Corning® Costar® Ultra-Low attachment plates in XF-ko-SR me-
dium (KnockOut™ DMEM supplemented with 15% KnockOut™ SR
XenoFree CTS™ (XF-ko-SR), 2mM GlutaMAX™, 0.1mM 2-
Mercaptoethanol, 1% MEM Non-Essential Amino Acids, and 50 U/
ml Penicillin-Streptomycin (all from Gibco, Thermo Fisher Scienti-
fic)) supplemented with 5 mM blebbistatin (Sigma-Aldrich) over-
night to induce embryoid body formation. The following day, the
embryoid bodies were guided towards surface ectoderm with one
day in XF-ko-SRmedium supplemented with 10 mM SB-505124 and
50 ng/ml human basic fibroblast growth factor (PeproTech Inc.,
Rocky Hill, NJ) followed by two days in XF-ko-SR medium supple-
mented with 25 ng/ml bone morphogenetic protein 4 (PeproTech
Inc.). Subsequently, the embryoid bodies were seeded onto 0.75 mg/
cm2 LN521 and 5 mg/cm2 collagen IV coated well-plates in CnT-30
medium and cultured for 22e24 days. Finally, differentiated
hESC-LESCs were cryopreserved in PSC Cryopreservation Medium
(Thermo Fisher Scientific).

For printing, the cryopreserved hESC-LESCs were thawed onto
0.75 mg/cm2 LN521 and 5 mg/cm2 human collagen IV coated well
plates in CnT-30 medium supplemented with RevitaCell™ (100X)
(Gibco, Life technologies) at a 1X final concentration and cultured
overnight. The following day, the medium was replaced with CnT-
30, and hESC-LESCs were cultured for six to seven days before
enzymatically detaching cells with TrypLE™ for printing. After
4min incubation in TrypLE™, the enzyme was removed, and
Defined Trypsin Inhibitor (DTI) (Thermo Fischer Scientific) was
added to inactivate any remaining enzyme. Human ESC-LESCs were
gently detached with a cell scraper in DTI and centrifuged. Subse-
quently, the supernatant was removed and cells counted in CnT-30
medium. Appropriate amount of cells was aliquoted in Eppendorf
tubes, and centrifuged. The supernatant was removed, and hESC-
LESCs were resuspended in LN521 containing bioink and used for
LaBP with cell density of 30� 106 cells/ml.

2.4. Human adipose derived stem cells

Human ASCs were isolated mechanically and enzymatically
from subcutaneous adipose tissue samples of a female donor un-
dergoing elective plastic surgery at Tampere University Hospital
(Tampere, Finland) according to previously published protocols
[33,34]. The isolated hASCs were characterized for their surface
marker expression by flow cytometry (FACSAria; BD Biosciences,
Erembodegem, Belgium) as previously described [34]
(Supplementary Table S1).

The hASCs were cultured in EBM-2 Medium (Lonza, Basel,
Switzerland) devoid of fetal bovine serum and supplemented with
2% human serum (type AB male, HIV tested from BioWest, Nuaill�e,
France Human). This medium was selected to maintain hASC in
their undifferentiated state during in vitro culture. Human ASCs
were passaged upon confluency using TrypLE™ and used for LaBP
at passages 3e5. For printing, hASCs were enzymatically detached
with TrypLE™, centrifuged and resuspended in culture medium for
counting. Thereafter, hASCs were centrifuged in Eppendorf tubes,
supernatant was removed and the cells were resuspended in

human Col I based bioink with a cell density of 30� 106 cells/ml for
LaBP.

2.5. Laser-assisted bioprinting of human stem cells

Here, we used laser-assisted bioprinting (LaBP) based on laser
induced forward transfer (LIFT). A detailed description of the LaBP
setup has been previously published [15]. In brief, the setup con-
sists of a pulsed laser source and two horizontal co-planar glass
slides (26� 26mm2). The upper one, referred to as donor slide, is
coated with a thin laser-absorbing layer (two different laser
absorbing materials were used in this study) and, subsequently,
with a thicker layer of the bioink to be printed. This bioink is usually
a sol (the non-gelled precursor of a hydrogel) with embedded cells.
The donor slide is mounted upside-down in the printing setup
(Supplementary Fig. S1) and laser pulses are focused through the
donor slide into the absorption layer, which is evaporated in the
laser focus. An expanding vapor bubble is generated at the immo-
bile donor slide surface that propels the subjacent biomaterial to-
wards the second glass slide, referred to as collector slide, or an
arbitrary object to print onto. Due to the collapsing of the vapor
bubble after a few microseconds and inertia, the bioink forms a jet
that lasts for a few hundred microseconds. This jet impinges on the
collector slide and deposits as a small droplet in the picoliter vol-
ume range (a few ten to a few hundred microns in diameter) on the
collector slide. By moving the laser focus, the donor and collector
slides relative to each other, bioink droplets are positioned in
specific patterns. Thus, 3D structures from the bioink can be pro-
duced by repeating this procedure layer-by-layer [35]. The depo-
sition of the bioink is controlled via computerized scanning setup
[15]. In this study, we used two laser-based printing systems with
different laser wavelengths and appropriate absorption layer ma-
terial. In the first setup, a Nd:YAG-laser (DIVA II; Thales Laser, Orsay,
France) with 1064 nm wavelength, 10 ns pulse duration and 20 Hz
repetition rate was combined with a 60 nm thin gold absorption
layer. The second system applied an Er:YAG-laser (DPM-15, Pantec
Engineering AG, Ruggell, Liechtenstein) with 2940 nmwavelength,
3 ms pulse duration, and up to 1 kHz repetition rate (500 Hz was
used within this study); this wavelength fits into an absorption
maximum of water making it optimal for hydrogel absorption
layers. The first printing setup was applied for printing hESC-LESCs,
and hASCs in both 2D and 3D structures, whereas the latter was
used for constructing 3D cornea-mimicking structures with both
cell types. The laser pulse energy was adjusted for both cell types
under investigation. All printing experiments were carried out at
room temperature (RT) under humid environment.

For hESC-LESC printing, an additional transparent polyethylene
terephthalate (PET) film with 0.4 mm pores (Sarstedt, Nümbrecht,
Germany) coated with 0.75 mg/cm2 LN521 and 5 mg/cm2 human
Collagen IV (Col IV) was placed on the collector glass slide. 50 ml of
laminin-containing bioink with hESC-LESCs was spread on the
donor layer, resulting in approximate layer thickness of 74 mm.
7 mm � 7 mm samples were printed with a speed of 5000 mm/s.
Three layers of hESC-LESCs were printed on top of each other, using
laser pulse energy of 18 mJ. The samples were allowed to stabilize
at þ37 �C for 30 min before adding CnT-30 medium supplemented
with 1X RevitaCell™. The following day, the medium was replaced
with fresh CnT-30 mediumwithout RevitaCell™. The printed hESC-
LESCs were cultured for up to 12 days and the culture mediumwas
changed three times a week.

Human ASCs were printed in 2D patterns in order to evaluate
the viability of the cells after LaBP. Collector slides were coatedwith
Corning® Matrigel® Basement Membrane Matrix (Fisher Scientific
GmbH, Schwerte, Germany). The Matrigel® was diluted in 2:1 ratio
in EBM-2 cell culture medium. 75 ml of diluted Matrigel® was
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spread on the collector-slides, and allowed to gel for 10 min
at þ37 �C. 45 ml of the human Col I containing bioink with hASCs
was spread on the donor slide resulting in approximate layer
thickness of 67 mm. First, hASCs were printed in lines (with 500 mm
spacing), or in spots (with 400 mm spacing) with the speed of
2000 mm/s and laser pulse energy of 20 mJ. The printed samples
were allowed to stabilize for 10 min at þ37 �C before submerging
them in cell culture medium.

For creating 3D corneal stromal mimicking structures, alter-
nating layers of hASCs and acellular layers 7mm� 7mm in size
were printed with a speed of 5000 mm/s. Laser pulse energy of 20 mJ
was used for hASC-containing bioink, while acellular layers were
printed with higher laser pulse energy of 25 mJ. 45 ml of the hASC-
containing bioink was applied on the donor slide resulting in
approximate layer thickness of 67 mm, and 65 ml of the acellular
bioink yielded a 96 mm thin layer on the donor slide. Two consec-
utive layers of hASC-containing bioink were laser-printed, followed
by four acellular layers. All cell-containing layers in the 3D bio-
printed stromal structures were printed in the same orientation. In
total, 10 alternating layers of hASCs and acellular bioink were
printed in layer-by-layer manner to create a thick 3D structure, as
illustrated in Fig. 1. In total, the 3D laser-printed stromal mimicking
structures consisted of 60 printed layers. The 3D stromal mimicking
structures were printed on a stabilizing matrix, Matriderm® (Dr.
Suwelack Skin & Health Care, Billerbeck, Germany). Matriderm®

sheets are nontransparent collagen-elastin matrixes with 1mm
thickness. Matriderm® sheets have been previously used as a sta-
bilizing matrix for Col-based bioinks and hASCs in skin applications
[15]. The structures were allowed to stabilize at þ37 �C in humid
environment for 1 h before submerging them in the EBM-2 culture
medium. Thereafter, the printed stromal structures were cultured
for 14 days and fresh medium was changed three times a week.

Finally, we combined the two cell types to establish a proof-of-
concept for 3D bioprinting human corneal mimicking structures
from human stem cells. For this, the second bioprinting system
based on LaBP was used in combination with a laser absorption
layer composed of 18 ml Matrigel® and 2 ml glycerol, blade coated on
a glass donor slide. Matrigel® was chosen, since Matrigel® gels
relatively quickly at þ37 �C, possess a hydrophilic surface and is
biocompatible, while glycerol avoids fast drying of the layer before
the bioink is applied on top. The applied human Col I-based bioink
gelates very slowly and is thus not optimal as laser absorption layer.
The concentration of Matrigel® in the final printed construct was
approximately 0.4 ml/cm2. On top of the absorption layer, 50 ml of
bioink with suspended cells was spread (for printing, the donor

slide was turned upside-down). Laser pulse energies of 150 mJ were
applied, which are not directly comparable to those of the first
bioprinting setup due to the different wavelength, laser pulse
duration, and absorption material. Again, 7� 7mm2 samples were
printed, here with a speed of 7000 mm/s and 100 mm line spacing.
The same cell densities and bioinks described above were used for
both hESC-LESCs and hASCs. The 3D corneal mimicking structures
were allowed to stabilize at þ37 �C for 1 h before submerging them
in culture medium. For these samples, a medium consisting of 1:1
ratio of CnT-30 with 1X RevitaCell™ and EBM-2 with 2% HS was
used. Both PET and Matriderm® sheets were used as stabilizing
substrates. The next day, same medium without RevitaCell™ was
changed, and the structures were cultured for up to 3 days.

2.6. Cell viability

Cell viability and proliferation of both hESC-LESCs and hASCs
after LaBP were assessed with two commercially available assays e
LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells and
PrestoBlue™ cell viability reagent (both from Thermo Fischer Sci-
entific), according to manufacturer's instructions. The hESC-LESC
viability with LIVE/DEAD® kit was determined after 3 and 7 days
of printing, whereas cell viability of hASCs was analyzed the
following day. PrestoBlue™ viability assay was performed at days 1
and 7 for hESC-LESCs, at days 1 and 4 for hASCs printed in 2D
patterns, and at days 1, 4 and 7 for hASCs printed in 3D stromal
mimicking structures. For hESC-LESCs, eight samples with four
technical replicates were analyzed in each time point. For hASCs
printed in 2D patterns, in total 20 samples with four technical
replicates were analyzed in both time points. Finally, four to six 3D
bioprinted stromas with hASCs with four technical replicates were
included in cell proliferation analysis at each time point. Moreover,
cell morphology was inspected daily with phase contrast
microscope.

2.7. Indirect immunofluorescence staining

The cell migration, cell morphology, expression of cell specific
markers and tissue structure after LaBP were investigated with
immunofluorescence (IF) stainings. For hESC-LESCs and hASCs
printed in 2D patterns, the IF staining was done as previously
described [36]. Primary antibodies rabbit anti-Ki67 1:200 (Milli-
pore), rabbit anti-p63a 1:200 (Cell Signaling Tech), mouse anti-p40
1:200 (Biocare Medical), mouse anti-CK3 1:200 (Abcam) and
mouse anti-CK15 (Thermo Fischer Scientific) were investigated for
hESC-LESCs. Primary antibody detectionwas donewith Alexa-Fluor
conjugated 488 donkey anti-mouse IgG, 488 donkey anti-rabbit IgG
and 568 donkey anti-rabbit IgG (all from Molecular Probes, Life
Technologies). All secondary antibodies were diluted 1:400.
Phalloidin-Atto 550 1:100 (Sigma Aldrich) was used for visualizing
the filamentous actin cytoskeleton of the cells and mounting me-
dium containing 40,6-diamidino-2-phenylindole (DAPI; Vecta-
Shield, Vector Laboratories Inc., Burlingame, CA) was used for
staining the nuclei.

The 3D bioprinted structures as well as human corneal samples
were rinsed twice with DPBS, and fixed in 4% PFA for 1 h at RT.
Subsequently, the 3D samples were rinsed with PBS and incubated
in 20% sucrose solution overnight at þ4 �C. The next day, the
samples were embedded in Tissue-Tek OCT (Science Services,
Munich, Germany) and snap frozen at �80 �C. For IF and other
histological stainings, cryosections of 7 mm were prepared and air
dried for 1 h at RT. Thereafter, the cryosections were incubated in
3% BSA-PBS and 0.1% Triton-X-100 for 1.5 h at þ37 �C. Primary
antibody dilutions were prepared in 3% BSA-PBS and incubated
overnight at þ4 �C under humid conditions: rabbit anti-Ki67 1:200

Fig. 1. Schematic diagram of the laser-assisted bioprinting system and printing of the
3D stromal mimicking structures. Stromal mimics comprised 10 alternating layers of
hASCs and acellular bioink, with each individual cell-containing layer consisting of two
layers of hASCs and the acellular layer consisting of four printed layers.
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(Millipore), mouse anti-collagen type I 1:200 (Abcam), rabbit anti-
von Willebrand Factor (VWF) 1:200 (Dako Cytomation) and mouse
anti-p40 1:200 were used. Primary antibody detection was done
with the same secondary antibodies as described above 1:400 in 3%
BSA-DPBS for 1.5 h at þ37 �C. In addition, filamentous actin was
stained with Phalloidin Tetramethylrhodamine B isothiocyanate
1:400 (Sigma Aldrich). Finally, the samples were thoroughly
washed with PBS and mounted with ProLong™ Gold Antifade
Mountant (Thermo Fischer Scientific) with DAPI to stain the nuclei.

The IF samples were imaged with AxioScope A1 fluorescence
microscope (Carl Zeiss) or LSM 700 confocal microscope (Carl Zeiss,
Jena, Germany) and images edited using ZEN 2011 Light Edition
(Carl Zeiss) and Corel® Photo-Paint X8.

2.8. Hematoxylin and eosin staining

Hematoxylin and eosin (HE) staining was carried out for sec-
tions from the 3D bioprinted structures as well as corneal samples.
HE staining was carried out following standard procedures for
cryosections and paraffin embedded sections, and observed under
a Nikon Eclipse TE200S microscope (Nikon Instruments Europe
B.V., Amstelveen, Netherlands).

2.9. Corneal organ cultures

The corneal organ culture using excised porcine corneas was
conducted as previously described [37e39]. Briefly, fresh porcine
eyes were stripped of excess tissue and disinfected with 2% povi-
done iodine (Betadine®, Leiras, Helsinki, Finland), and the corneas
were dissected from the eyes in aseptic conditions. The corneas
were cultured partially submerged in CnT-Prime-CC medium
(CELLnTECH Advanced Cell Systems AG) supplemented with 1%
Penicillin-Streptomycin, 0.25 mg/ml amphotericin B (Thermo Fisher
Scientific) and 5 mg/ml Plasmocin (InvivoGen, Toulouse, France)
at þ37 �C in 5% CO2 for two weeks prior to implantation of the 3D
bioprinted stromal constructs.

Two-day-old 3D printed stromal structures on the Matriderm®

substrate were shipped from Germany to Finland overnight
at þ37 �C in EBM-2 medium containing 20 mM HEPES, and
implanted into the corneal organ cultures 4 days after printing.
Implantationwas performed on a Barron artificial anterior chamber
(Katena products Inc., Denville, NJ, USA), to allow handling of the
cornea during the operation. Corneal epithelium was scraped off
using a scalpel (Feather Safety Razor co., ltd, Osaka, Japan), and a
5 mm trephine (Robbins Instruments, Chatham, NJ, USA) was used
to make a partial thickness cut to the center of the cornea. The
stromal tissue was removed from the trephined area using a cres-
cent knife (Bauch&Lomb Inc., Rochester, NY, USA). The trephinewas
also used to punch out a 5 mm diameter piece from the 3D printed
stromal construct, which was placed into the stromal wound bed
with the bioprinted stromal side facing downwards. Matriderm®

substrate alone and acellular bulk-formed bioink gels were
implanted as negative controls. Although constructs did not with-
stand suturing in place, it was deemed unnecessary due to the static
culture conditions and the fitted trephination of the implant and
the wound site. After implantation, the corneas were moved from
the artificial anterior chamber back into culture plates, covered
with soft contact lenses (EyeQ One-Day Premium, Cooper Vision,
Hamble, UK), and cultured partially submerged in EBM-2 medium
with 2% HS for 7 days, at þ37 �C in 5% CO2.

One week after implantation, the corneal organ cultures were
fixed in 4% PFA for 4 h at RT, dehydrated in Tissue-Tek VIP 5 (Sakura
Finetek Europe) automatic tissue processor overnight, and
embedded in paraffin. The paraffin blocks were sectioned into 6-
mm-thick slices using a microtome, and the sections were mounted

on TOMO® adhesion microscope slides (Matsunami Glass Ind., Ltd.,
Osaka, Japan).

2.10. Immunohistochemical staining

The corneal organ cultures containing 3D bioprinted stromal
constructs and their Matriderm® controls, were analyzed using
immunohistochemical staining against the human cell marker
TRA-1-85 to detect hASCs in the samples. The staining was per-
formed similarly as in Ref. [40], with slight modifications. Briefly,
samples were deparaffinized and hydrated, followed by antigen
retrieval in hot 0.01 M citrate buffer (pH 6.0) for 10 min. Tissue
intrinsic peroxide activity was blocked by incubation in 0.3% H2O2
for 30 min at RT. Ready-to-use 2.5% normal horse serum (Vector
ImmPress reagent, Vector Laboratories Inc.) was used to block un-
specific binding. Samples were then labeled with anti-TRA-1-85
mouse IgG antibody (courtesy of Peter Andrews, University of
Sheffield) in a 1:100 (v/v) dilution in 0.5% BSA overnight at þ4 �C,
and labeled with Vector ImmPress horse anti-mouse IgG (con-
taining horseradish peroxidase) (Vector Laboratories Inc.) for
30 min at RT. Staining was visualized by peroxidation reactionwith
DABþ chromogen system (Dako North America, Inc., Carpinteria,
CA, USA), which was performed for 30 s at RT. The tissue was
counterstained using Harris' hematoxylin, followed by dehydra-
tion, and mounting using Pertex (Histolab, Askim, Sweden). Sam-
ples were imaged using Nikon Eclipse TE200S microscope.

2.11. Statistical analysis

The statistical significance of PrestoBlue™ cell proliferation data
was determined with ManneWhitney U test. The mean values of
cell proliferation data for all printed tissues are presented ±stan-
dard error. p-values� 0.05 were considered statistically significant.
The statistical data analysis was carried out with IBM SPSS Statistics
software.

2.12. Ethical issues

This study was carried out under an approval from the local
ethics committee of the Pirkanmaa hospital district Finland that
allows us to derive and expand hESC lines from surplus embryos
donated by couples undergoing infertility treatments, and to use
these cell lines for research purposes (R05116). In addition, we have
ethical approvals to extract and use hASC for research purposes
(R15161) and to use human donor corneas unsuitable for trans-
plantation for research purposes (R11134). New cell lines were not
derived for this study.

3. Results

3.1. Laser-printed hESC-LESCs remain viable, express key markers
and form mature 3D cornea-like tissue

Initially, laser-printed hESC-LESCs were spherical in
morphology (Supplementary Fig. S2) but recovered their normal
polygonal morphology during culture. The viability of hESC-LESCs
was analyzed with LIVE/DEAD® after 1 and 7 days of printing. In
both investigated time points, the laser-printed hESC-LESCs were
viable in LN521 containing bioink, with only a few dead cells after 7
days of culture (Fig. 2A). In addition, laser-printed hESC-LESCs
showed polygonal epithelial cell morphology at day 7 (Fig. 2B).
Significantly higher cell proliferation (p< 0.05) was detected at day
7 after printing compared to cell proliferation at day 1 (Fig. 2C), as
confirmed with PrestoBlue™ assay. To verify the cell phenotype
and organization, IF staining was carried out at day 7. Phalloidin
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staining of the actin cytoskeleton confirmed the polygonal
epithelial cell morphology of the printed cells seen in phase
contrast microscopy (Fig. 2D). Moreover, the printed hESC-LESCs
expressed the proliferation marker Ki67 (Fig. 2D) and co-
expressed corneal progenitor markers p63a and p40 (Fig. 2E).
Importantly, the printed layers of hESC-LESCs retained epithelium-
like structure with 3e4 cell layers (Fig. 2F) and with p63a and p40
expressed throughout the layered epithelium (Fig. 2G). Finally, 3D
confocal imaging of the day 7 IF samples demonstrated that the
hESC-LESCs retained the 3D epithelial tissue after printing (Fig. 2H
and I). Conversely, stratified epithelial tissue formation was not
observed for non-bioprinted hESC-LESCs seeded in suspension on
PET substrates after 7 days (Supplementary Fig. S3).

The 3D bioprinted hESC-LESCs were further cultured up to 12
days, and subsequently analyzed for maturation with IF. At this
time point, the 3D bioprinted hESC-LESCs demonstrated epithelial
cell morphology (Fig. 3A). Only a few of the printed cells expressed
the proliferation marker Ki67 (Fig. 3A), but expression of corneal
progenitor markers p63a, p40 and CK15 was strong (Fig. 3B and C).
Epithelial cell morphology was also seen in phase contrast micro-
scopy (Fig. 3D). Notably, hESC-LESCs showed maturation towards
corneal epithelial cells, with expression of CK3, a marker for
terminally differentiated corneal epithelium (Fig. 3E). After 12 days,
the printed cells retained a stratified epithelium with four distin-
guishable cell layers (Fig. 3FeJ). The stratified structure of the
printed epithelium also demonstrated signs of further maturation

Fig. 2. 3D laser-assisted bioprinting of hESC-LESCs. Cell viability of hESC-LESCs three and seven days after printing shown with live-dead-staining (A). Live cells are visualized with
green and dead cells with red. Scale bars 1mm. Phase microscope image of printed hESC-LESCs (B). Scale bar 200 mm. Human ESC-LESC proliferation after printing (*p < 0.01) (C).
Immunofluorescence staining of phalloidin (red) and Ki67 (green) illustrating hESC-LESC cell morphology and proliferating cells after seven days of printing (D). Protein expression
of corneal epithelial progenitor markers p63a (green) and p40 (red) in 3D bioprinted hESC-LESCs at day seven (E). Representative vertical confocal image of layered hESC-LESCs (F).
Localization of corneal progenitor markers p63a (green) and p40 (red) in layered hESC-LESCs (G). 3D rotated (H) and top view (I) transparency rendering mode confocal images of
the layered hESC-LESCs. Scale bars 200 mm (D-E) and 50 mm (F-I). The nuclei are visualized with DAPI (blue). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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when analyzed with confocal microscopy, with apical expression of
CK3 (Fig. 3F) and basal expression of p63a and p40 (Fig. 3H). The 3D
confocal imaging confirmed the 3D epithelial tissue-like structure
12 days after printing (Fig. 3I and J).

3.2. hASCs in human Col I based bioink remain viable and
proliferate after LaBP

The biocompatibility of human Col I-containing bioink after

Fig. 3. The maturation of 3D bioprinted hESC-LESCs after 12 days demonstrated with immunofluorescence stainings. A. Cell morphology (phalloidin¼ red) and proliferating cells
(Ki67¼ green). Expression of corneal progenitor markers p63a (green), p40 (red) (B) and CK15 (green) (C). Phase microscope image of hESC-LESCs (D). Expression (E) and apical
localization (F) of CK3 (red), a marker of terminally differentiated corneal epithelium. Representative vertical confocal sections of the layered hESC-LESCs (G) and the basal
localization of the corneal progenitor markers p63a and p40 (H). 3D rotated (I) and top view (J) transparency rendering mode confocal images of the layered hESC-LESCs. Scale bars
200 mm (A-E) and 50 mm (F-J). (DAPI¼ blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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LaBP was first investigated by printing hASC in organized 2D pat-
terns of aligned lines and spots. The human Col I containing bioink
with hASCs demonstrated good printability and biocompatibility.
The cells demonstrated excellent viability 1 day after printing:
hardly any dead cells were detected in LIVE/DEAD® analysis of
hASCs printed in lines (Fig. 4A) and spots (Fig. 4B). Cell viability was
further confirmed with PrestoBlue™ and IF. The hASCs printed in
line pattern showed significantly higher cell proliferation
(p< 0.001) at day 4 compared to day 1. Both printed patterns were
clearly visible on day 1 after printing, with elongated cells
migrating from both patterns (Fig. 4D and E). By day 4, the initial
printed patterns were not visible anymore, as the cells had prolif-
erated and migrated extensively. However, hASCs printed in 2D
lines clearly organized in a uniformly aligned fashion by day 4.
Finally, hASCs printed in both patterns expressed cell proliferation
marker Ki67 at both time points (Fig. 4D and E).

3.3. Laser-printed hASCs form organized corneal stromal mimicking
structures

LaBPwas used for fabricating thicker 3D stromal structures from
hASCs and human Col I-containing bioink. Alternating layers of
hASC-containing bioink and acellular bioink were printed to mimic
the lamellar structure of the human corneal stroma, with each layer
printed with the same orientation (Fig. 1). Initially, the 3D struc-
tures had an approximate thickness of 500 mm in a base area of
7mm� 7mm. The viability of the 3D printed structures was
studied with PrestoBlue™ and LIVE/DEAD® staining. Human ASCs
in 3D structures showed significantly higher cell proliferation
(p< 0.001) after 4 and 7 days of culture compared to day 1 (Fig. 5A).
Moreover, cell proliferation increased significantly (p< 0.05) be-
tween 4 and 7 days of culture. LIVE/DEAD® analysis of the 3D
bioprinted structures demonstrated high cell viability after print-
ing, with the majority of the cells viable throughout the structures
(Fig. 5B and C). Only a few dead cells were detected when viewing
the structures from the top (Fig. 5B), although slightly more dead
cells were seen in the lower part of the structure when examining
the cross-section (Fig. 5C). After 4 days of culture, Ki67 expressing
cells were detected in IF analysis of the frozen sections (Fig. 5D),
confirming the survival and viability of hASCs in 3D bioprinted
structures. Without Matriderm® supportive sheets as a printing
substrate, the printed structures showed extensive shrinkage and
lost their printed form after a few days of culture.

The structure and cellular organization of the 3D bioprinted
grafts were visualized from frozen sections with IF stainings
(Fig. 5EeI) and compared to the structure of the native human
corneal stroma (Fig. 5J and L). In all investigated time points, the
hASCs had organized sparsely throughout the 3D structure. More-
over, some lamellar structures had formed, and hASCs showed
elongated cell morphology. Even though the 3D bioprinted struc-
tures had higher cell density, the cell organization in 3D printed
structures resembled the native human corneal stroma. Further-
more, high-magnification confocal images demonstrated that the
hASCs had organized horizontally (Fig. 5K) as in the native corneal
stroma (Fig. 5L). The thickness of the printed structures decreased
slightly in culture: after 14 days, structures with thickness of
300 mm remained. When analyzing the cell organization in the
printed structures from the top, a clear orientation of the cells was
detected (Fig. 5M and N). The hASCs in the outermost layer were
organized as an aligned cell layer (Fig. 5M), with almost perpen-
dicular orientation to the layer directly underneath (Fig. 5N). 3D
confocal images of the printed corneal stromal mimicking struc-
tures also confirmed the cellular organization into lamellae
(Fig. 5O) with aligned cells (Fig. 5P). In addition, HE staining of the
frozen cross-section of 3D bioprinted grafts after 7 days (Fig. 5Q)

demonstrated the lamellar structure of the matrix and cells similar
to the human corneal stroma (Fig. 5R).

The slight decrease in thickness of the bioprinted stromal con-
structs can be related to the loss of mass from the bioinks observed
in the in vitro degradation data, which indicated that the bioink lost
roughly half of its mass after 8 days in medium (Supplementary
Fig. S4A). In the presence of 250 U/ml collagenase, the bioink
degraded completely in only 4 h, but degradation was slower in
more dilute collagenase concentrations (Supplementary Fig. S4B).

Finally, the matrix organization and composition of the 3D
bioprinted structures were studied from the frozen cross-sections
with IF staining and confocal imaging 7 days after printing. The
3D bioprinted structures showed positive labeling for collagen I and
VWF, indicating that the surrounding matrix of the hASCs is mainly
composed of human Col I and human plasma (Fig. 6A). High
magnification confocal images from the frozen cross-sections
showed horizontal and fibrillary alignment of these matrix pro-
teins in the printed structures (Fig. 6B).

3.4. 3D bioprinted stromal structures show interaction and
attachment to host tissue in corneal organ culture

The functionality of 3D bioprinted corneal stroma mimicking
structures with hASCs was assessed using excised porcine corneas.
Large stromal wounds were inflicted, where 3D bioprinted struc-
tures were implanted 4 days after printing. Matriderm® supportive
sheets without hASCs were used as a control. In addition, the effect
of acellular bioink alone was studied in the corneal organ culture.
After 7 days in porcine corneal organ cultures, the 3D bioprinted
structures showed interaction and attachment to the host tissue
(Fig. 7A). Moreover, TRA-1-85 positive cells were detected in the
host stromal tissue, indicating possible cell migration of hASCs
from the printed structure (Fig. 7B). Strong adhesion of the printed
tissue to the host corneal stroma was also revealed (Fig. 7C). The
Matriderm® sheets alone and acellular bioink without hASCs
showed only minor interactionwith the host stroma (Fig. 7DeG). In
contrast to the Matriderm-containing bioprinted constructs, the
acellular bioink showed evidence of porcine epithelium over-
growth (Fig. 7GeI).

3.5. Laser-printed corneas from human stem cells resemble the
structure of native corneal tissue

Finally, we tested a proof-of-concept to fabricate tissue-
engineered cornea using both investigated human stem cell
types. Multiple layers of hESC-LESCs were printed on top of the
thicker 3D stromal structures containing hASCs. The corneal
structure printed using the Matrigel™ absorption layer showed
moderate transparency when printed on transparent PET substrate
(Fig. 8A). However, printing on non-transparent Matriderm® sup-
portive sheets was required to prevent the structure from shrinking
during culture (Fig. 8B). After 3 days of co-culture, the hESC-LESCs
showed a stratified, corneal progenitor marker p40 positive, layer
on the surface of the laser-printed structures (Fig. 8C). The trans-
parency of the constructs did not change during culture. The
thickness and structure of the printed epithelium in tissue-
engineered corneas resembled the structure of the uppermost
part of the native human cornea used as a control.

4. Discussion

3D bioprinting is a promising method for efficient fabrication of
the layered cornea-mimicking structures. To our best knowledge,
only one previous study has assessed 3D bioprinting for corneal
tissue engineering, by using pressure-assisted bioprinting of
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immortalized human corneal epithelial cells in bioink containing
rat-tail Col I, gelatin and alginate [14]. In contrast, our approach
utilizes clinically relevant bioinks and two different human stem
cell types with potential for corneal regeneration. In this study, we
demonstrate the use of LaBP for producing native-like 3D cornea-
mimicking structures using human stem cells and functional

biomaterials. We developed novel bioinks from recombinant and
human sourced materials for constructing 3D bioprinted corneal
epithelium-mimicking structures from hESC-LESCs and stroma-
mimicking structures from hASCs. Finally, we also tested a proof-
of-concept to fabricate a tissue-engineered cornea using both
stem cell types. To our knowledge, this is the first study to exploit

Fig. 4. Laser-assisted bioprinting of hASCs. Viability of hASCs printed as lines (A) and spots (B) after 1 day of printing. Live cells are shown in green and dead cells with red. Cell
proliferation of hASCs printed in lines after one and four days of printing (C). Cell morphology and migration (phalloidin¼ red) and proliferating cells (Ki67¼ green) of hASCs
printed in lines (D) and spots (E) at one and four days. Scale bars 1mm. The nuclei are visualized with DAPI (blue). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 5. Constructing 3D corneal stroma mimicking structures using hASCs and laser-assisted bioprinting. Cell proliferation of hASCs in 3D bioprinted structure 1, 4 and 7 days after
printing (A) (***p < 0.001 and *p < 0.01). Top-view (B) and cross-section (C) of the live/dead-staining demonstrating the cell viability of hASCs in 3D the following day after printing
(live cells¼ green, dead cells¼ red). Proliferating cells (Ki67¼ green) visualized with immunofluorescence staining from cryosection after four days of printing (D). Scale bars
500 mm (B-D). Human ASC distribution, morphology and orientation in 3D bioprinted structures visualized with phalloidin (red) from cryocross-Sections 2 days (E), 4 days (F), 7
days (G), 9 days (H) and 14 days (I) after printing. The human corneal stroma is shown as a control (J). Scale bars 200 mm (E-J). High-magnification confocal images of the cell
orientation in 3D bioprinted stroma after four days since printing (K) and in human corneal stroma (L). Vertical confocal sections of hASC in 3D bioprinted layered structure: cell
orientation in the 1st layer (M) and 2nd layer (N). 3D rotated confocal image (O) and confocal maximum intensity projection image (P) of the top-layers in the 3D bioprinted stroma
7 days after printing. Scale bars 50 mm (K-P). Hematoxylin and eosin staining of 3D bioprinted stroma at 7 days (Q) and central human corneal stroma (R). Scale bars 200 mm (Q-R).
(DAPI¼ blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

A. Sorkio et al. / Biomaterials 171 (2018) 57e7166



LaBP for corneal tissue engineering applications.
LaBP with LIFT offers advantages over many other 3D bio-

printing technologies, such as printing high-resolution 3D struc-
tures from viscous bioinks [41,42]. With LaBP, we can also achieve
precise spatial organization of cells and use different cell types in
the same engineered construct. Previous studies have shown suc-
cessful bioprinting of both human induced pluripotent stem cells
(hiPSC) and hESCs using extrusion-based bioprinting platforms
[43e45]. These studies have shown that undifferentiated hPSCs can
be bioprinted without adversely affecting their biological functions
such as viability, proliferation, and pluripotency [44,45]. The results
presented in this study are also among the first to describe suc-
cessful 3D bioprinting of hPSC-derived cells, as only one previous
work has presented printing of hPSC-derived hepatocyte-like cells
using a valve-based bioprinting process [44].

In this study, we introduced novel bioinks for 3D bioprinting
that show biocompatibility with human stem cells. For the basis of

these bioinks, we chose natural components of the LESC basement
membrane and corneal extracellular matrix: human recombinant
laminin for printing hESC-LESCs, and human Col I for hASCs.
Neither recombinant laminin nor human collagen have been pre-
viously used as major components of bioinks in 3D bioprinting.
However, recombinant laminin-511 (LN511) and LN521 in the form
of protein coatings have been shown to enhance the in vitro
adhesion, migration, and proliferation of human limbal epithelial
cells [46], and LN521 is used in combination with Col IV for dif-
ferentiation of hESC-LESCs [20]. Col I is the major structural protein
of the corneal stroma, where it exists as highly arranged fibrils [47].
Due to its major structural role in the native human corneal stroma,
collagen has been vigorously investigated for corneal bioengi-
neering [31]. Recently, human Col I and medical grade Col I bio-
engineered matrices have shown some promise in corneal tissue
engineering applications [48,49]. In addition, porcine Col I has been
investigated for use in corneal implants [19,50e52] In general, Col I

Fig. 6. Matrix composition of 3D bioprinted stroma 7 days after printing. Immunofluorescence staining of cryocross-sections against human collagen I (Col I, green) and Von
Willebrandt factor (VWF, red) with low (A) and high (B) magnification confocal images. Human corneal stroma was used as a control. Scale bars 200 mm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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from animal sources, such as rat tail and bovine, have been
extensively used in 3D bioprinting in various applications
(reviewed in Refs. [35,53e55]). However, it has been previously
demonstrated that Col I from different sources show different ul-
trastructure and biomaterial properties and that the human Col I
requires special handling upon biomaterial fabrication compared to
bovine Col I [56]. Thus, results and fabrication parameters gained
with animal-derived Col I in 3D bioprinting applications are not
directly transferrable to use with the more clinically relevant hu-
man Col I. Here, we demonstrated the printability and biocom-
patibility of both LN521 and Col I based bioinks in LaBP.

Usually, bioinks require rapid crosslinking after 3D bioprinting
to develop self-supporting structures that maintain their desired
shape upon fabrication and in further culture [57]. In this study, we
produced stable 3D cornea-mimicking structures without further
crosslinking. For printing of hESC-LESCs, we utilized high viscosity
bioinks achieved through mixing of HA and cell culture medium to
LN521. The structures maintained their shape due to high viscosity

caused by the presence of HA as well as high cell density. Despite
the lack of further crosslinking, the printed hESC-LESCs formed 3D
epithelium-mimicking tissue, which maintained its structure in
culture. Sufficient stability for 3D bioprinted stromal structure from
Col I bioink and hASCs was established with human blood plasma
and thrombin coagulation during printing. Previously, the fibrin-
thrombin coagulation reaction has been utilized for production of
biomaterials for primary LESC culture and transplantation [58], and
stabilization of 3D bioprinted skin [55,59]. In addition, gelatin/
fibrin composite scaffolds stabilized in thrombin solution have
been shown to sustain 14 days of culture, although both gelatin and
fibrin are bioresorbable and degrade enzymatically [60]. Notably,
the printed stromal mimicking structures showed extensive
shrinkage and lost their original form after a few days of culture,
unless printed on a Matriderm® supportive sheet. Even with the
Matriderm® supportive sheets, the thickness of the printed struc-
tures decreased in culture: after 14 days, structures with thickness
of 300 mm remained suggesting that further crosslinking of the Col I

Fig. 7. 3D bioprinted stroma in porcine corneal organ culture model after 7 days (A-C). Blank Matriderm® sheets (D-F) and acellular bioink were used as control (G-I). Immu-
nohistochemical staining of human cell marker TRA-1-85 (brown) demonstrated successful hASC integration into the porcine corneal stroma from the 3D bioprinted stromal
mimicking structures, whereas for Matriderm® and acellular bioink only minor interaction with the stroma were observed. HE staining of the acellular bioink in organ culture
showed evidence of overgrowth of the porcine epithelium. Scale bars 200 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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bioink after LaBP might be needed to gain sufficient stability and
mechanical stiffness. In order for the crosslinking not to obstruct
the LaBP, the crosslinking should be induced after suspending cells.
Photo-crosslinking of the printed corneal construct is one option to
increase the mechanical stiffness of the printed grafts. However, it
should be noted that these crosslinking methods require the
addition of a photo-initiators or chemical crosslinkers that could be
cytotoxic and may reduce cell survival in the 3D printed grafts
[61,62].

The structures fabricated by LaBP showed high resolution after
printing as well as functional cell maturation during culture. Initial
printability and biocompatibility studies of human Col I containing
bioink for printing hASC revealed cell organization in clearly visible
2D patterns with good cell viability. By day 4 in culture, the initial
printed patterns were not visible anymore, and cells showed high
proliferation marker expression, elongated cell morphology with
some degree of alignment. In the bioprinted epithelium-mimicking
structures, hESC-LESCs also maintained high viability and prolif-
eration after printing, and showed typical polygonal epithelial cell
morphology, and high expression of corneal progenitor markers
p63a and p40. Importantly, the printed hESC-LESCs maintained
their bioprinted 3D epithelial tissue structure with 3e4 cell layers
and showed notable maturation towards corneal epithelium with
apical expression of CK3 and basal expression of p63a and p40
within 12 days of culture. However, further studies are required to
fully address the functionality of the hESC-LESC formed epithelium
after 3D bioprinting.

Formation of the corneal stromal mimicking structures was
achieved by bioprinting alternating layers of hASC-containing
bioink and acellular bioink. Human ASCs had organized uniformly
throughout the 3D structures and showed high proliferation and
viability after printing. Although the 3D bioprinted structures had
higher cell density than the native corneal stroma, the achieved cell
organization in 3D printed structures was similar. In future studies,
achieving more native like cell densities of corneal stroma could be
realized through optimization of bioprinting parameters such as
layer organization and thickness. The high-magnification confocal
images revealed that the hASCs had organized in layers with
alternating alignment, as in the native corneal stroma. Further-
more, these structures showed positive labeling for collagen I and
VWF, indicating horizontal and fibrillar alignment of human Col I
and plasma in the printed structures. Interestingly, these fibers
demonstrated some organization and arrangement in the 3D
environment, indicating that 3D bioprinting with LaBP is a prom-
ising fabrication method for corneal stromal mimicking structures.
Previously, lamellar collagen organization has been achieved by
culturing primary corneal stromal cells on aligned templates, but
these methods are time-consuming and resulting structures
limited in thickness [8,10,63]. As we did not crosslink the Col I
matrix during fabrication, the fiber-like Col I seen after printingwas
likely produced or remodeled by the printed hASCs in the 3D
structure. This could indicate functionality of these cells, as one of
the key functions of corneal stromal cells is to produce and modify
collagen fibers to maintain the fine stromal architecture [31].

Fig. 8. 3D cornea from hESC-LESCs and hASCs fabricated using laser-assisted bioprinting. The bioprinted 3D cornea fabricated on PET substrate (A) shows moderate transparency,
however printing on non-transparent Matriderm® substrate (B) was required to avoid shrinkage of the structure during culture. C shows comparison between the 3D bioprinted
corneal tissue and the native human cornea. Immunofluorescence staining of cryocross-sections show multilayered structure of corneal progenitor marker p40 (red) positive hESC-
LESCs on top of 3D scaffold after two days since printing. Hematoxylin and eosin (HE)-staining shows the structure of the bioprinted tissue. Cryosections of human cornea were used
as a control. Scale bars in B 10mm and in C 200 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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However, further studies are needed to fully address the func-
tionality of the hASCs, their collagen production and ECM remod-
eling with respect to the printed layer thickness in the 3D structure.

To assess the functionality of the 3D bioprinted stromal
mimicking structures with hASC, we implanted them into organ-
cultured porcine corneas. 7 days after implantation, the 3D bio-
printed stromal structures showed interaction and attachment to
the host tissue. Moreover, TRA-1-85 positive human cells were
detected in the host stromal tissue, indicating potential cell
migration of hASCs from the printed structure. In contrast, the
Matridem® sheet alone showed only modest interaction with the
stroma. Acellular bioink, on the other hand, showed evidence of
overgrowth of host epithelium indicating good biocompatibility of
the bioink. Importantly, successful implantation to the corneal or-
gan culture model demonstrated good mechanical robustness of
the 3D bioprinted structures, as they could withstand shipping
from Germany to Finland, as well as mechanical handling during
the implantation operation. Although additional means of fixing
the implants in place were not used, the implanted hASCs showed
attachment to the stromal wound bed. However, further develop-
ment is required to achieve better surgically feasible structures,
focusing on finding suitable transfer substrates instead of the
Matriderm® sheets.

In the final stage, we tested a proof-of-concept to fabricate
tissue-engineered cornea using both investigated human stem cell
types. We bioprinted layers of hESC-LESCs on top of the thicker 3D
stromal structures containing hASCs, and the resulting structures
resembled the uppermost part of the native cornea. After 3 days of
culture, the hESC-LESCs retained a corneal progenitor marker p40
positive layered epithelium, with four to six cell layers. However,
the co-culture conditions of these two cell types need to be
developed further [64,65] to enable longer culture periods in vitro,
while maintaining the corneal regenerative properties of both cell
types. For advanced in vitro functionality studies, such as barrier
properties and mechanical studies of the bioprinted corneal
structures, controlled differentiation and maturation towards
corneal stroma and epithelium in different layers of the printed
constructs are required. Importantly, new substrates for the bio-
printed corneal structures are needed for optimizing both trans-
parency and stability of the structures for proper realization of
clinically feasible bioprinted corneal grafts.

5. Conclusions

With this study, we demonstrate for the first time the feasibility
of 3D LaBP for corneal applications using human stem cells, and
show successful fabrication of layered 3D bioprinted tissues
mimicking the structure of native corneal tissues. In addition, we
introduce novel human protein based bioinks for 3D bioprinting
that show biocompatibility with human stem cells. The fabricated
3D corneal structures also demonstrated good mechanical prop-
erties without additional bioink crosslinking after LaBP. The in vitro
and in vivo functionality of the 3D structures requires further
studies but feasibility of the approach shows promise in porcine
corneal organ culture.
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