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Abstract 

The retinal pigment epithelium (RPE) is a monolayer of polarized and pigmented 
cells that resides between the neural retina and the choroid. Together with the 
underlying Bruch’s membrane, the RPE has a pivotal role in the proper function, 
homeostasis and survival of the adjacent retinal photoreceptors. Irreversible damage 
and loss of the RPE is a fundamental factor in the development of degenerative 
retinal diseases such as age-related macular degeneration (AMD). In AMD, 
degeneration of the RPE and photoreceptors in the macular area of central vision 
lead to a gradual loss of visual acuity and eventually blindness. Currently, there is no 
treatment for the dry form of AMD. However, replacement of the dysfunctional and 
damaged RPE with a population of healthy cells is considered as a potential 
therapeutic strategy for AMD and related diseases. Cell transplants of human 
embryonic stem cell derived RPE (hESC-RPE) cells have shown potential for these 
cell therapies in animal models and are currently investigated in clinical setting.  

An approach where cells are delivered to the subretinal space as a sheet on a 
biomaterial substrate, has shown improved cell survival upon transplantation. 
Several biomaterial substrates have been investigated as prospective carriers for 
RPE, but they often fail to fulfill the requirements set for subretinal implantation. 
Importantly, these substrates do not mimic the composition and structure of Bruch’s 
membrane, the natural environment of the RPE, which might affect their capacity 
to differentiate in vitro and subsequent performance in cell transplantation. 
Moreover, the majority of currently used biomaterial substrates contain animal-
derived products. In addition, testing of these substrates is usually carried out with 
immortalized cells lines under culture conditions not suitable for clinical production.  

The work presented in this dissertation aimed at finding and developing 
biomaterial substrates for hESC-RPE cells that bear a resemblance to the native 
microenvironment of the RPE. A special focus was paid to exploring biomaterial 
substrates of human or synthetic origin that would support the formation of mature 
hESC-RPE in serum-free culture conditions. Consequently, three approaches were 
developed to fabricate a biomimetic environment for hESC-RPE in vitro. To begin 
with, the role of several human extracellular matrix (ECM) proteins found in the 
Bruch’s membrane and commercial basement membrane matrices was evaluated in 



adherent hESC-RPE cell differentiation and maturation cultures under serum-free 
conditions. Although there were no significant differences between the studied 
protein coatings in early-stage differentiation, the protein coatings had a major effect 
on the structure, function and basal lamina production of hESC-RPE cells upon 
further maturation of the cultures. 

 Thereafter, a biomimetic microenvironment simulating the layered structure of 
the Bruch’s membrane was fabricated with Langmuir-Schaefer technology from 
human derived collagens for the production of hESC-RPE cells. Only biocompatible 
components were involved in the manufacturing process. A thorough 
characterization of the substrate demonstrated that the fabricated collagen films had 
a layered structure with oriented fibers resembling the architecture of the two 
uppermost layers of Bruch’s membrane. Furthermore, the fabricated collagen films 
were superior in supporting hESC-RPE cell maturation and functionality compared 
to collagen IV dip-coated controls in serum-free culture conditions. 

Finally, biodegradable biomaterial substrates were fabricated from synthetic 
polymer with an electrospinning method. The substrates were surface modified and 
coated with an additional collagen layer to increase hESC-RPE cell adhesion and 
maturation. The fabricated substrates consisted of unaligned fibers and were 
permeable for small molecular weight substance. Thus, these substrates bore a 
resemblance to the fibrous structure of Bruch’s membrane. Moreover, these 
biodegradable surface modified biomaterial substrates supported the formation of 
functional hESC-RPE in serum-free culture medium, therefore demonstrating the 
potential of biomaterial substrates for subretinal transplantation. 

In conclusion, this dissertation has increased understanding of hESC-RPE cell 
interaction and performance on biomaterial substrates. Moreover, the results of this 
dissertation offer a range of methods to provide a biomimetic environment for the 
in vitro production of hESC-RPE cells without the use of animal-derived substrates 
and serum. These results can be exploited in future applications and biomaterial 
design for the retinal tissue engineering field.  



Tiivistelmä 

Verkkokalvon pigmenttiepiteeli (retinal pigment epithelium, RPE) on tiivis 
yksikerroksinen epiteelisolukerros, joka sijaitsee silmän takaosassa verkkokalvon ja 
suonikalvon välissä. RPE:llä ja sen alapuolella sijaitsevalla tukirakenteella, Bruchin 
kalvolla, on merkittävä tehtävä ylläpitää verkkokalvon toimintoja. Peruuttamattomat 
vauriot RPE:n toiminnassa johtavat asteittaiseen näkökyvyn heikkenemiseen ja 
lopulta sokeutumiseen verkkokalvon rappeumasairauksissa kuten verkkokalvon 
ikärappeumassa. Tällä hetkellä verkkokalvon ikärappeuman kuivaan muotoon ei ole 
olemassa parantavaa hoitokeinoa. Solusiirtoa, jossa vaurioituneet RPE-solut 
korvataan terveillä toiminnallisilla soluilla, pidetään mahdollisena tulevaisuuden 
hoitokeinona verkkokalvon rappeumasairauksiin. Ihmisen alkion kantasoluista 
erilaistetut RPE-solut (hESC-RPE) ovat osoittautuneet lupaavaksi solulähteeksi 
näihin solusiirtoihin eläinkokeissa ja ovat parhaillaan tutkimuksen kohteena 
ensimmäisissä kliinisissä hoitokokeissa.  

RPE-solujen siirtämisen tiiviinä yksisolukerroksena tukirakenteen päällä on 
todettu auttavan solusiirteen selviytymistä ja sopeutumista vaurioituneelle 
verkkokalvon alueella. Useita biomateriaali-kasvualustoja on tutkittu mahdollisina 
tukirakenteina RPE-soluille, mutta nämä aiemmin ehdotetut rakenteet harvoin 
täyttävät tukirakenteelle asetettuja vaatimuksia. Lisäksi, nämä kasvualustat eivät 
muistuta koostumukseltaan RPE-solujen luontaista ympäristöä, Bruchin kalvoa, 
mikä saattaa vaikuttaa solujen tuotantoon laboratoriossa sekä solujen toimintakykyyn 
solusiirroissa. Useat tutkituista kasvualuista sisältävät myös ihmiselle vieraita aineita, 
ja kasvualustojen testaukset tehdään pääosin kaupallisilla kuolemattomiksi tehdyillä 
solulinjoilla kliiniseen käyttöön soveltumattomissa olosuhteissa. 

Tämän väitöskirjatutkimuksen tavoitteena oli kehittää biomateriaalipohjaisia 
kasvualustoja hESC-RPE soluille. Tutkimuksessa keskityttiin kehittämään 
ihmisperäisiä ja synteettisiä kasvualustoja, jotka muistuttavat RPE-solujen luontaista 
ympäristöä silmässä ja tukevat hESC-RPE solujen kasvua seerumittomissa 
viljelyolosuhteissa. Tavoitetta lähestyttiin kolmella eri tavalla. Ensiksi tutkittiin useita 
ihmisen Bruchin kalvon luontaisia proteiinipinnoitteita sekä kaupallisia 
soluviljelypinnoitteita hESC-RPE solujen kasvatusalustana solujen erilaistuksessa 
sekä kypsymisessä. Siitä huolimatta, että hESC-RPE solujen alkuvaiheen 



erilaistuksessa ei löydetty eroja eri proteiinipinnoitteiden välillä, solujen kypsyessä 
proteiinipinnoitteiden huomattiin vaikuttavan merkittävästi solujen rakenteeseen, 
toimintaan sekä soluväliaineproteiinien tuotantoon. 

Seuraavaksi Bruchin kalvon rakennetta ja koostumusta jäljittelevä kasvualusta 
tehtiin ihmisperäisistä kollageeneista Langmuir-Schaefer (LS) tekniikalla. 
Valmistuksessa käytettiin vain bioyhteensopivia ainesosia. LS-kalvojen 
kerroksittainen ja kuitumainen rakenne muistutti Bruchin kalvon RPE:n läheisen 
kerroksen rakennetta. Lisäksi LS-kalvot tukivat paremmin hESC-RPE solujen 
kypsymistä ja toiminnallisuutta seerumittomissa viljelyolosuhteissa pelkkään 
proteiinipinnoitteiseen verrattuna. 

Viimeiseksi tässä väitöskirjatyössä valmistettiin biohajoava siirtomateriaali hESC-
RPE soluille synteettisestä polymeeristä sähkökehruutekniikalla. Valmistettu 
siirtomateriaali pintakäsiteltiin ja päällystettiin kollageeni-proteiinipinnoituksella 
hESC-RPE solujen kiinnittymisen ja kypsymisen edistämiseksi. Nämä biohajoavat 
siirtomateriaalit koostuivat satunnaisesti järjestäytyneistä säikeistä ja läpäisivät 
pienimolekyylistä yhdistettä. Materiaalien säiemäinen ja huokoinen rakenne muistutti 
Bruchin kalvon rakennetta. Pintamuokatut ja proteiini pinnoitetut biohajoavat 
siirtomateriaalit tukivat toiminnallisen hESC-RPE:n muodostumista 
seerumittomassa viljely-ympäristössä, minkä vuoksi nämä ovat lupaavia 
tukirakenteita verkkokalvon kudosteknologisiin sovelluksiin. 

Tämä väitöskirjatyö on tuonut merkittävästi lisätietoa hESC-RPE solujen 
vuorovaikutuksesta biomateriaali-kasvualustoilla. Tässä työssä esitetään useita 
lupaavia tekniikoita biomimeettisen ympäristön valmistukseen hESC-RPE solujen in 
vitro-tuotantoa varten. Lisäksi, tässä väitöskirjassa esiteltyjen töiden tuloksia voidaan 
hyödyntää biomateriaalirakenteiden suunnittelussa ja soluterapia sovelluksissa 
verkkokalvon kudosteknologiassa. 
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List of abbreviations 

AFM   Atomic force microscopy 
AMD   Age-related macular degeneration 
BAM   Brewster angle microscopy 
BEST   Bestrophin 
bFGF   Basic fibroblast growth factor 
BRB   Blood retinal barrier 
cGMP   Current good manufacturing practice  
Col I   Collagen I 
Col IV   Collagen IV 
CS   CELLStartTM 

CRALBP Retinaldehyde binding protein 1 
DAPI 4´, 6´diamidino-2-phenylidole  
DBD   Dielectric barrier discharge 
DPBS   Dulbecco’s phosphate buffered saline 
EB   Embryoid body 
ECM   Extracellular matrix 
ELISA   Enzyme-linked immunosorbent assay 
ELR-RGD   Bioactive RGD-containing elastin-like recombinamer 
ERK/MAPK Extracellular signal-related-kinase/mitogen-activated 

protein kinase 
ePTFE    Expanded polytetrafluoroethylene 
FAK   Focal adhesion kinase 
FDA   Food and drug administration 
FN   Fibronectin protein coating 
FTIR   Fourier Transform Infrared Spectroscopy 
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase 
hESC   Human embryonic stem cell 
hESC-RPE Human embryonic stem cell derived retinal pigment 

epithelium 
hiPSC   Human induced pluripotent stem cell 
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hiPSC-RPE Human induced pluripotent stem cell derived retinal 
pigment epithelium 

hPSC Human pluripotent stem cell  
IF    Immunofluorescence 
IPAAm   N-isopropylacrylamide monomer 
KO-SR   KnockOutTM Serum replacement 
LB   Langmuir-Blodgett 
LN   Laminin protein coating 
LS   Langmuir-Schaefer 
MERTK  Mer tyrosine kinase receptor 
MITF   Microphthalmia-associated transcription factor 
MG   MatrigelTM coating 
Na+/K+ATPase  Sodium/Potassium-transporting ATPase 
Nanog   Nanog homeobox 
NC-1   Non-collagenous1 domain 
OCT3/4  Octamer-binding transcription factor 
PAX6   Paired box gene 6 
PEDF   Pigment epithelium derived factor 
PCL   Poly(ε-caprolactone) 
PEG   Poly(ethylene glycol) 
PET   Polyethylene terephthalate 
PHBV8   Poly(hydroxybutyrate-co-hydroxyvaleric acid) 
PDLLA  Poly(D,L-lactic acid) 
PDMS    Polydimethylsiloxane 
PI   Polyimide 
PLA   Polylactide 
PLDLA    Poly L-lactide/D-lactide copolymer 
PLGA   Poly(D,L-lactic-co-glycolic acid) 
PLLA   Poly(L-lactic acid) 
PLCL   Poly(L-lactide-co-caprolactone) 
P(MMA-co-PEG)    Poly(ethylene glycol) methacrylate 
POS   Photoreceptor outer segments 
PTMC    Poly(trimethylene carbonate) 
qPCR   Quantitative real-time polymerase chain reaction 
RPE   Retinal pigment epithelium 
rhLN-521   Recombinant human laminin-521 
RhoA/ROCK   Rho-associated coiled-coil protein kinase 
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RPE65   Retinal pigment epithelium-specific protein 65 kDa 
RT   Room temperature 
RT-PCR  Reverse transcription-polymerase chain reaction 
SEM   Scanning electron microscopy 
SPR   Surface plasmon resonance 
TEM   Transmission electron microscopy 
TER   Transepithelial resistance 
TYR   Tyrosinase 
VEGF   Vascular endothelial growth factor 
VN   Vitronectin protein coating 
WB   Western blotting 
XPS   X-ray photoelectron spectroscopy 
ZO-1   Zonula occludens protein 1 
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1 Introduction 

Vision is a prerequisite for a good life quality and independence. Diseases affecting 
vision substantially reduce the patient’s quality of life and cause an economic burden 
for society. The retinal pigment epithelium (RPE) is a monolayer of densely 
pigmented cells located at the interface between the neural retina and choroid. The 
RPE has a vital role for the healthy homeostasis and proper function of the retina. 
Dysfunction and irreversible damage of the RPE leads to death of photoreceptors 
and gradual loss of central vision in retinal degenerative diseases, such as age-related 
macular degeneration (AMD). At present, there is no cure for the dry form of AMD. 
(Ambati & Fowler, 2012; Simo et al., 2010) 

A cell therapy approach wherein diseased and degenerated RPE cells are replaced 
with a population of healthy cells is considered a promising treatment for 
degenerative retinal diseases. Human pluripotent stem cells (hPSCs), including 
human embryonic stem cells (hESCs) and human induced pluripotent stem cells 
(hiPSCs), provide an excellent cell source for these therapies due to their limitless 
supply and ability to differentiate towards functional RPE cells (Idelson et al., 2009; 
Klimanskaya et al., 2004; Plaza Reyes et al., 2016). Cell transplants of hESC- and 
hiPSC-RPE cells are currently undergoing clinical trials to treat AMD and related 
diseases (Kamao et al., 2014; Nazari et al., 2015; Schwartz et al., 2012; Schwartz et 
al., 2016). 

Cells in tissues are influenced by their surrounding microenvironment (Barthes 
et al., 2014). Successful manufacturing of RPE cells requires reproducing their 
natural environment as closely as possible (Hotaling et al., 2016). Moreover, efficient 
production of functional and mature hPSC-RPE cells in vitro is necessary for their 
further clinical use (Hu et al., 2012). A tissue engineering approach where hPSC-
RPE cells are delivered to the subretinal space as a monolayer sheet on a supportive 
biomaterial substrate has shown improved cell survival compared to transplantation 
of cells in suspension (Diniz et al., 2013). Several natural and synthetic biomaterial 
substrates have been studied as potential substrates for the production of RPE cells 
and subsequent transplantation (Lu et al., 2014; Subrizi et al., 2012; Thumann et al., 
2009; Treharne et al., 2012). However, the biomaterial substrates currently used in 
vitro and in vivo for the most part fail to mimic the natural environment of the RPE. 
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Thus, the environmental cues received by the cells in vitro differ from the cues they 
receive in vivo, which could possibly affect the performance of the produced cells in 
transplantations (McCarthy et al., 1996).  

As the field of retinal tissue engineering progresses, so will the demand for hPSC-
RPE production to be carried out under defined conditions devoid of animal derived 
products (Pennington & Clegg, 2016). Especially the use of xenomaterial such as 
bovine serum and MatrigelTM is of particular concern when developing cellular 
therapies for retinal degenerative diseases (Bharti et al., 2014). Yet, testing of the 
potential biomaterial substrates for RPE production and transplantation is frequently 
carried out with animal-derived biomaterial components in serum-containing culture 
environment (Lu et al., 2014; Xiang et al., 2014).  

The work presented in this dissertation aimed at finding and developing 
biomaterial substrates and transplantation materials for hESC-RPE cells that bear a 
resemblance to the native microenvironment of the RPE. A special focus was paid 
on finding biomaterial substrates with human or synthetic origin that would support 
the formation of hESC-RPE in serum-free culture conditions. The hypothesis 
throughout the studies was that substrates mimicking the composition and structure 
of Bruch’s membrane, the natural environment of the RPE, would be superior for 
efficient production of hESC-RPE cells.  



 

17 

2 Literature review 

2.1 The retinal pigment epithelium 
 

The human eye is a complex and highly organized organ with several layers of 
distinct cells from epithelial, mesenchymal, connective and neural tissue. The lens 
focuses light to the back of the eye to the light-sensitive retina, which converts energy 
from the absorbed photons into neural activity (Bharti et al., 2011) (Figure 1).   

 

Figure 1.  Structure of the human retina. 

The retinal pigment epithelium (RPE) is a monolayer of densely pigmented cells 
located at the interface between the neural retina and choroid (Figure 2). It originates 
from the neuroectoderm and is therefore considered to be part of the retina 
(Fuhrmann et al., 2014). The RPE has an essential role in the maintenance of visual 
function. Together with Bruch’s membrane and the choriocapillaris it forms the 
outer blood retinal barrier (BRB) (Rizzolo, 2014). The RPE displays anatomic 
features of a typical epithelium with hexagonal cell morphology in surface view and 
tightly packed columnar cells. Moreover, organelles and cytoskeletal elements are 
localized to specific sub-cellular positions along the apico-basal axis. Long apical 
microvilli of the RPE interact with the photoreceptor outer segments (POS) whereas 
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the folded basolateral membrane is attached to the Bruch’s membrane (Burke, 2008; 
Simo et al., 2010; Strauss, 2005).  

The principal function of the RPE is to form a dynamic barrier: it controls the 
reciprocal exchange of ions, nutrients, water and metabolites between the neural 
retina and the underlying choroid (Rizzolo et al., 2011; Rizzolo, 2014). RPE is 
classified as a tight epithelium due to the junctions between the RPE cells that form 
high paracellular resistance (Strauss, 2005). These tight junctions are fundamental 
components of the BRB and regulate diffusion through paracellular space in a semi-
selective manner. Apart from paracellular diffusion, solutes can enter via transcellular 
facilitated diffusion, transcellular active transport, transcytosis and metabolic 
processing (Rizzolo, 2014; Wimmers et al., 2007). Sodium/Potassium-transporting 
ATPase (Na+/K+ATPase) provides energy for the transcellular transport and it is 
located in the apical membrane of the RPE (Rizzolo, 1999; Wimmers et al., 2007). 
Tight junctions form an apical junctional complex which encircles the cells 
throughout the epithelium. In RPE, the main components of these tight junctions 
include zonula occludens protein 1 (ZO-1), Claudin-19, Claudin-3 and N-cadherin 
(Peng et al., 2011; Peng et al., 2013). 

 

 

Figure 2.  The human retinal pigment epithelium. 

The RPE increases the optical quality of the eye by absorption of the scattered 
light. For this, RPE cells contain various pigments, such as melanin and lipofuscin, 
which are specialized to different wavelengths. Moreover, general light absorption 
in the RPE is mediated via melanin in pigmented granules referred to as 
melanosomes (Strauss, 2005). In human retina, vision is initiated and maintained by 
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light sensitive photoreceptors. However, the cyclical process involved in visual cycle 
highly depends on the interaction between the photoreceptors and the RPE. 
Photoreceptors lack cis-trans isomerase function for retinal and are unable to 
regenerate all-trans-retinal into 11-cis-retinal. This reisomerization of 11-cis-retinal is 
performed by the RPE. The retinal pigment epithelium-specific protein 65 kDa 
(RPE65) mediates this regeneration of all-trans-retinal back to its photoactive 11-cis-
retinal form inside RPE (Simo et al., 2010; Strauss, 2005). 

POS undergo a constant renewal to maintain light transduction capacity of the 
photoreceptors. One of the key functions of the RPE is to phagocytose shed POS 
(Mazzoni et al., 2014). In the RPE, these POS are digested to essential molecules 
and redelivered to the photoreceptors for further use and new POS formation (Simo 
et al., 2010). Phagocytosis in RPE is regulated by Mer tyrosine kinase (MERTK) and 
αVβ5-integrin receptors, both of which reside on the apical membrane of the RPE 
(D'Cruz et al., 2000; Nandrot et al., 2012). Besides phagocytic activity, the RPE 
secretes numerous vital factors for the maintenance of the healthy homeostasis and 
structure of the retina, such as pigment-epithelium-derived factor (PEDF) and 
vascular endothelial growth factor (VEGF). PEDF has been shown to have 
neuroprotective as well as antiangiogenic properties, whereas VEGF is a vasoactive 
factor preventing endothelial cell apoptosis. According to their functions, PEDF is 
secreted mainly from the apical side of the RPE, whereas most of the VEGF 
secretion is basal. (Becerra et al., 2004; Blaauwgeers et al., 1999) 

Due to RPE’s significant role in the proper functioning of the retina, a failure of 
one or more of these functions can result in retinal degeneration and visual 
impairment. Age-related macular degeneration (AMD) is the leading cause of visual 
loss among the elderly population worldwide (Lim et al., 2012). AMD is a progressive 
eye disease with two phenotypes: dry (atrophic) and wet (neovascular) form (Ambati 
& Fowler, 2012). Dry form of AMD is characterized by progressive atrophy of the 
RPE, choriocapillaris and photoreceptors, whereas in neovascular AMD choroidal 
neovascularisation breaks through to the neural retina causing leaking of fluid, lipids, 
and blood, as well as fibrous scarring (Ambati & Fowler, 2012; Lim et al., 2012). 
Degeneration of RPE and adjacent photoreceptors in the macular area leads to the 
loss of central vision (Carr et al., 2013). The pathology behind AMD is a combination 
of multiple factors: changes in the Bruch’s membrane structure, drusen formation, 
and degeneration of the RPE result in loss of function in the photoreceptor cells and 
gradual decrease in vision acuity (Lim et al., 2012). 

The current treatments for AMD, including laser photocoagulation, 
photodynamic therapy and anti-VEGF therapy, are mostly palliative and aim to delay 
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disease progression of the neovascular form of AMD (Gehrs et al., 2006). Even 
though anti-VEGF therapies with therapeutic agents such as ranibizumab have been 
shown to significantly reduce vision loss in patients suffering from neovascular 
AMD (Rosenfeld et al., 2006), there are currently no effective treatments or cures 
for the atrophic form of AMD (Ambati & Fowler, 2012).  

2.2 Bruch’s membrane 
 
In the eye, RPE cells rest on a thin pentalaminar extracellular matrix (ECM) structure 
called Bruch’s membrane (Figure 2). Bruch’s membrane is strategically located 
between the RPE and the underlying choroid and has a thickness of 2-4 µm in the 
young. Histologically, Bruch’s membrane is composed of five different layers with 
unique structure and composition (Booij et al., 2010) (Figure 3). The outermost layer 
of Bruch’s membrane is called the basement membrane of the RPE. This 0.14-0.15 
µm thick fiber mesh network contains mainly collagen IV, laminin, fibronectin, 
heparan sulfate and chondroitin sulfate. Inner collagenous layer of Bruch’s 
membrane consists of 60-70 nm diameter striated fibers of Collagens I, III and V, 
which are organized in a grid-like manner. Besides collagens, this 1.4 µm thick layer 
is embedded with interacting biomolecules, such as negatively charged proteoglycans 
heparan sulfate and chondroitin/dermatan sulfate (Curcio & Johnson, 2013). 
Thereafter, the 0.8 µm thick elastin layer is formed by stacked layers of elastin  
together with collagen VI, fibronectin and other proteins. The outer collagenous 
layer has a similar molecular composition to its inner equivalent, but is only 0.7 µm 
thick. The final layer of Bruch’s membrane, the basement membrane of the choroid, 
is a discontinuous structure which is mainly composed of laminin, heparan sulfate 
and collagens type IV, V and VI (Booij et al., 2010). The schematic illustration of 
Bruch’s membrane structure is presented in Figure 3.  
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Figure 3.  A schematic illustration of the structure and main components of the human Bruch’s 
membrane layers.  

Bruch’s membrane has a remarkable role in the proper function and homeostasis 
of the retina. Firstly, Bruch’s membrane acts as a semi-permeable filter for the 
reciprocal exchange of biomolecules, nutrients, oxygen, fluids and metabolic waste 
products between the retina and the underlying choroid. Diffusion across the 
Bruch’s membrane is mainly passive, and depends on the composition of the 
membrane, hydrostatic pressure, as well as the concentration, size and lipophilicity 
of the biomolecules (Booij et al., 2010; Zayas-Santiago et al., 2011). Secondly, 
Bruch’s membrane provides structural support for RPE cell attachment, migration 
and differentiation (Del Priore & Tezel, 1998; Gong et al., 2008). Lastly, Bruch’s 
membrane forms a division barrier, preventing cell migration between the retina and 
the choroid (Booij et al., 2010).  

The structure and composition of Bruch’s membrane undergo changes with 
increasing age. Thickening of the membrane, lower filtration capacity, increased 
crosslinking of collagen fibers, calcification of elastic fibers, lipid accumulation, as 
well as higher turnover of glycosaminoglycans have been associated with Bruch’s 
membrane during ageing (Curcio & Johnson, 2013; Ramrattan et al., 1994). These 
age-related structural changes can further progress into AMD pathology through 
complement activation or neovascularization (Booij et al., 2010; Heller & Martin, 
2014). In addition to changes in the Bruch’s membrane structure, drusen deposits, 
accumulate between RPE and Bruch’s membrane (Crabb et al., 2002). Moreover, 
studies have revealed that old or damaged Bruch’s membrane does not support RPE 
cell attachment and proper function (Gullapalli et al., 2005). In AMD patients, 
Bruch’s membrane no longer supports the normal functions of RPE cells, resulting 
in degeneration of the adjacent photoreceptors and the retina (Del Priore et al., 
2006).  
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2.3 Human pluripotent stem cell derived RPE 

Human pluripotent stem cells (hPSCs) have outstanding proliferative and 
developmental capacity and therefore show great promise for cell therapies, disease 
modelling and drug discovery. Human embryonic stem cells (hESCs) can be derived 
from the inner cell mass of the preimplantation embryos (Thomson et al., 1998), 
whereas human induced pluripotent stem cells (hiPSCs) are generated by 
reprogramming human somatic cells by transcription factors (Takahashi et al., 2007). 
Both hESCs and hiPSCs can be expanded indefinitely in vitro and have the capability 
to differentiate towards mature cell types of any germ layer (Takahashi et al., 2007; 
Thomson et al., 1998). 

Two fundamentally different approaches have been introduced for RPE 
differentiation from hPSCs: spontaneous differentiation and directed differentiation 
(Pennington & Clegg, 2016). Several studies have demonstrated spontaneous 
differentiation of hPSCs into RPE in adherent cultures as well as in 3-dimensional 
suspension cultures as embryoid bodies (Carr et al., 2009; Klimanskaya et al., 2004; 
Lund et al., 2006; Rowland et al., 2013). Spontaneous differentiation is induced by 
altering the molecular cues, for example removing basic fibroblast growth factor 
(bFGF), that are essential for maintenance of hPSC pluripotency in vitro. Thereafter, 
pigmented patches of RPE appear in cultures and can be further manually selected 
and enriched to obtain a purer population of RPE cells. However, this method 
requires from several weeks up to a few months of culture to obtain sufficient 
amounts of pigmented cells and suffers from poor efficiency (Rowland et al., 2012; 
Vaajasaari et al., 2011). 

Directed differentiation of RPE cells from hPSCs recapitulates the natural 
signaling mechanisms occurring during in vivo development of the RPE. First, stem 
cell differentiation is guided towards neuroectoderm using factors such as 
nicotinamide, dickkopf-related protein 1, Lefty-A, noggin, N2 and B27 (Buchholz et 
al., 2013; Idelson et al., 2009; Lane et al., 2014; Reh et al., 2010; Vaajasaari et al., 
2011). Thereafter, molecules such as Activin-A and a fibroblast growth factor 
inhibitor SU5402 promote differentiation towards RPE instead of neural retina 
(Buchholz et al., 2013; Idelson et al., 2009). In a recent study, directed differentiation 
was shown to be a more reliable method to differentiate RPE cells from various 
hPSC sources when compared with spontaneous differentiation (Leach et al., 2016). 

Specific concerns exist with the use of animal-derived xenomaterial such as fetal 
bovine serum, MatrigelTM, feeder cells, and growth factors in clinical settings (Bharti 
et al., 2014). Incorporating animal-derived products for hPSC-RPE cell production 
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contains a risk of transmitting non-human factors and virus components that can 
elicit an immune response upon transplantation (O'Connor, 2013; Vukicevic et al., 
1992). Nevertheless, in clinical applications most of the current hPSC-RPE 
differentiation methods involve xeno-derived substrates such as MatrigelTM or 
porcine gelatin (Kamao et al., 2014; Schwartz et al., 2012). Recently, a xeno-free and 
defined differentiation method of hESC-RPE cells has been developed. This 
protocol uses recombinant human laminins as a substrate for differentiation. 
Nevertheless, also here MatrigelTM was used for maintaining undifferentiated hESCs 
(Plaza Reyes et al., 2016). In addition, a xeno-free commercial substrate Synthemax 
II-SC has been shown to support hESC maintenance as well as hESC-RPE 
differentiation and thus provides a potential alternative for the use of MatrigelTM in 
retinal tissue engineering applications (Pennington et al., 2015).  

Several recent studies have demonstrated that hPSC-RPE cells express 
characteristics and function similar to the native RPE (Buchholz et al., 2013; Kamao 
et al., 2014; Leach et al., 2016). Previous comparative studies have reported that 
hPSC-RPE cells demonstrate a closer resemblance to human fetal RPE cells 
compared to human adult RPE cells (Klimanskaya et al., 2004; Liao et al., 2010). In 
contrast, in one study hiPSC-RPE cells showed gene expression profile closer to 
human adult RPE cells rather than to human fetal RPE cells (Kamao et al., 2014). 
Even though evident similarities in cell morphology and function have been 
displayed between hPSC-RPE and its native counterpart, hPSC-RPE cells have 
shown lower expression of genes involved in visual perception and eye development 
compared to human fetal RPE cells (Liao et al., 2010). Moreover, hiPSC-RPE cells 
were shown to maintain expression of cell cycle markers on day 30 at passage 3, 
which could suggest incomplete maturation of these cells. These findings in gene 
expression profiles are indicative of an immature hPSC-RPE differentiation status 
when compared to human fetal RPE (Leach et al., 2016; Liao et al., 2010). 

2.4 Tissue engineering for macular degeneration 

The human eye is an attractive target organ for tissue engineering applications and 
cell therapy due to four main features. Firstly, a healthy eye has an ability to tolerate 
foreign antigens and cells without eliciting an immune response, hence, it has an 
immunoprivileged nature (Kimbrel & Lanza, 2015; Schwartz et al., 2016). Secondly, 
it is a secluded environment for the transplanted cells, without direct contact to the 
systemic circulation. Thirdly, it is accessible with minimal invasive surgery and, 
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finally, it can be monitored through the lens whenever necessary by using basic 
ophthalmic instruments (Carr et al., 2013; Kimbrel & Lanza, 2015).  

A potential therapeutic approach for AMD and related diseases is to replace the 
damaged RPE cells in the macular area of central vision with a population of healthy 
cells. These transplanted cells could thereafter reconnect to the remaining neural 
retina and restore vision (Hynes & Lavik, 2010). A definite prerequisite for the 
transplanted cells is that they are capable of functionally re-establishing the 
degenerated cells. Moreover, the cells must integrate to the host retina. Allogeneic 
human fetal RPE cells and human adult RPE cells and cell sheets, autologous RPE 
cells as well as autologous RPE-choroid tissue grafts have been intensively 
investigated as cell sources for RPE cell transplantation (Algvere et al., 1999; Binder 
et al., 2004; Castellarin et al., 1998). However, the majority of these trials resulted in 
limited cell survival and poor integration of the grafts to the host retina. Moreover, 
long-term improvement in the visual acuity was not observed. Merely autologous 
RPE-choroid tissue grafts have been shown to increase visual function in AMD 
patients in long-term assessment (van Zeeburg et al., 2012). Nonetheless, these 
autologous cell sources suffer from limited availability and contain the equivalent 
genetic risk factors as the damaged cells in the macular area (John et al., 2013). 

The hPSC-RPE cells are an attracting cell source for retinal tissue engineering. 
Transplantation of hESC-RPE cells to the subretinal space in animal models 
exhibited improved vision acuity and enhanced function of the degenerating 
photoreceptors (Lu et al., 2009; Lund et al., 2006). Similar outcome was detected 
after subretinal transplantation of hiPSC-RPE cells (Carr et al., 2009; Li et al., 2012). 
Two approaches have been suggested for the hPSC-RPE delivery to the subretinal 
space: transplanting the cells in suspension or transplanting polarized hPSC-RPE 
sheets. In the cell suspension approach, cells are dissociated, suspended in saline 
solution and thereafter injected to the subretinal space in the macular area (Carr et 
al., 2013). This technique is fast and easy to administer, and has resulted in improved 
visual acuity (Plaza Reyes et al., 2016). Nevertheless, in suspension the cells lose their 
polarized and mature monolayer structure. Moreover, injected cells in suspension do 
not adhere well on the aged and diseased Bruch’s membrane and suffer from poor 
viability and functionality (Sugino, Sun et al., 2011; Tezel & Del Priore, 1999).  

Consequently, the tissue engineering approach where hPSC-RPE cells are 
transplanted as a polarized monolayer sheet on a supportive biomaterial substrate is 
considered attractive. Here, hPSC-RPE cells are grown in vitro on a biomaterial 
substrate and the graft consisting of cells and the substrate is transplanted to the 
subretinal space (Figure 4). These biomaterial substrates facilitate the surgical 
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handling of the graft, provide structural support for the cells upon transplantation 
and allow the cells to be transplanted as a polarized, and therefore functional sheet 
(Hynes & Lavik, 2010). Additionally, the biomaterial substrate can replace the lost 
function of the damaged Bruch’s membrane associated with ageing and retinal 
degenerative diseases. In a comparative study, polarized hESC-RPE cell sheets on a 
biomaterial substrate revealed improved graft survival compared to cells delivered in 
suspension (Diniz et al., 2013). In addition to delivering hPSC-RPE cells on a 
biomaterial supportive structure, an approach where hiPSC-RPE cell sheets are 
fabricated without an artificial biomaterial substrate has been introduced (Kamao et 
al., 2014). Several recent studies have shown the feasibility of hPSC-RPE sheet 
delivery in animal models (Brant Fernandes et al., 2016; Kamao et al., 2014; Koss et 
al., 2016; Thomas et al., 2016). 

 

Figure 4.  A schematic illustration of the hPSC-RPE-biomaterial substrate production and 
transplantation. First, functional RPE cells are differentiated from hPSCs. Thereafter, hPSC-
RPE cells are cultured on a biomaterial substrate as polarized monolayer. Finally, the hPSC-
RPE cell sheet in combination with the biomaterial substrate is implanted to the subretinal 
space in the macular area of central vision. 

The first clinical trials with hESC-RPE cells delivered as suspensions involved 
the safety and tolerability testing of the cells (Schwartz et al., 2012).  The results of 
these trials have been encouraging: no signs of adverse proliferation, rejection, or 
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serious ocular or systemic safety issues related to the transplanted tissue were 
detected (Schwartz et al., 2012). In addition, more than half of the patients 
experienced sustained improvements in visual acuity (Schwartz et al., 2016). Adverse 
reactions were associated with vitreoretinal surgery and immunosuppression 
(Schwartz et al., 2015). At present, multiple clinical trials are ongoing for hPSC-RPE 
cells to treat AMD and related diseases, such as Stargardt’s disease (Kimbrel & 
Lanza, 2015). The majority of these ongoing and prospective studies transplant 
hESC-RPE cells in suspension. However, a few approaches where hESC-RPE cells 
are transplanted to the subretinal space on stabile biomaterial substrates are heading 
to the clinics (Carr et al., 2013; Coffey et al., 2009; Koss et al., 2016; Thomas et al., 
2016). In addition, hiPSC-RPE cell sheets are currently under clinical trials to treat 
neovascular AMD (Kamao et al., 2014).  

2.5 Biomimetic environment 

A design or a system that mimic biological structures and phenomena are referred 
to as biomimetics (Bhushan, 2009; Han et al., 2014). Controlling cellular 
microenvironment by imitating nature is a fundamental aspect in tissue engineering 
applications. The cellular microenvironment is a combination of multiple factors, 
which have a direct or indirect effect on cells via biophysical, biochemical or other 
routes. In vivo, this microenvironment is composed of ECM, surrounding cells, 
secretory bioactive factors, physical and topographical cues as well as mechanical 
forces (Barthes et al., 2014; Han et al., 2014). The design of new biomaterial 
substrates focuses on revealing cell-substrate interactions as well as mimicking the 
structure and function of ECM (Williams, 2009; Yao et al., 2013).  

2.5.1 Cell-biomaterial interaction 

The cellular response on biomaterial substrates is unlikely a result of direct 
biomaterial-cell interaction. Rather, proteins from the surrounding environment, 
such as serum from culture medium, rapidly adsorb onto the biomaterial surface and 
interact with cells (Wilson et al., 2005). When a biomaterial substrate comes in 
contact with a biological aqueous environment, a hydration layer is formed on the 
biomaterial surface within nanoseconds. The integrity of this hydration layer 
determines the nature of the subsequent adlayer of proteins. Thereafter, the 
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composition and concentration of this formed protein adlayer determines the 
cellular responses on biomaterials (Kasemo, 2002). 

Protein adsorption to the biomaterial surface is a complex process determined by 
a number of enthalpic and entropic changes within the biomaterial surface-hydration 
layer-protein system (Haynes & Norde, 1994). The composition of the protein 
adlayer will commonly change over time as faster diffusing proteins such as albumin 
are displaced by proteins with a higher affinity to the surface. This phenomenon is 
referred to as the Vroman effect (Vroman & Adams, 1986). The properties of the 
protein adlayer are influenced by modifications in biomaterial substrate 
characteristics such as surface chemistry, surface charge, wettability as well as 
topography (D'Sa et al., 2010b; Wilson et al., 2005). Not only the amount and 
composition of the protein adlayer, but also the conformation of the proteins has an 
immense impact on cellular response thereon (Lewandowska et al., 1992).  

2.5.2 Integrins 

Interactions of cells with their surrounding ECM or substrate can be directly 
mediated via integrins. Apart from direct integrin-mediated interactions with the 
cells, the ECM regulates cellular function via growth factor presentation. ECM 
components bind growth factors, regulate their local availability and generate 
biochemical gradients (Gattazzo et al., 2014). Integrins are heterodimeric 
transmembrane proteins, consisting of α- and β-subunits that bind to a number of 
ECM components such as laminins and collagens (Humphries et al., 2006; Walters 
& Gentleman, 2015). To date, 18 α-subunits and 8 β-subunits have been identified 
in mammals and shown to form at least 24 different αβ-heterodimers (Hynes, 2002). 
Each of these integrins has specific signaling properties and binding selectivity 
(Campbell & Humphries, 2011). Heterodimerization of the subunits is essential for 
the proper function of integrins (Afshari & Fawcett, 2009).  

Cell attachment to the ECM is commenced by integrins binding to specific amino 
acid sequences on ECM proteins. Integrin receptor engagement and clustering leads 
to the formation of focal adhesions where integrins link to the intracellular actin 
cytoskeleton via large multiprotein complexes. The cytoplasmic tail of integrins 
interacts with several actin-associated proteins including talin and paxillin (Zhao et 
al., 2013). The cytoplasmic tail of the integrin β subunit, either directly or via other 
integrin-binding proteins, recruits a central regulator of integrin-mediated signaling 
called focal adhesion kinase (FAK) and vinculin to focal adhesions (Mitra et al., 
2005). FAK-recruited to integrin-mediated adhesions undergoes 



 

28 

autophosphorylation that coincides with activation of another kinase, c-Src 
belonging to Src family kinases (Cary & Guan, 1999). This dual kinase comlex in 
turn activates extracellular signal-related-kinase/mitogen-activated protein kinase 
(ERK/MAPK) and Rho-associated coiled-coil protein kinase (RhoA/ROCK) 
pathways, which mediate the signals from the ECM to the nucleus (Figure 5). The 
ERK/MAPK signaling pathway upregulates gene transcription stimulating cell 
growth and proliferation, whereas the RhoA/ROCK pathway induces formation of 
contractile stress fibers to regulate actin dynamics and maturation of focal adhesions 
(Zhao et al., 2013). 

 

Figure 5.  Interaction of cells and substrates. Modified from (Zhao et al., 2013). 

Several studies have demonstrated integrin expression in human RPE cells. 
Human RPE in situ have shown to express α4 and β2 integrin subunits. In addition, 
blocking β1 integrin subunit binding in human RPE decreases cell adhesion to RPE 
derived matrix as well as to Bruch’s membrane, indicating that β1 integrins have a 
significant role for the attachment of human RPE cells (Chu & Grunwald, 1991). 
Human fetal and adult RPE cells have been shown to express α1, α2, α3, α4, α5, αV, 
α6, α7, α11, β1, β4, β5 and β8 subunits on the cell surface (Aisenbrey et al., 2006; 
Proulx et al., 2004; Rowland et al., 2013; Zarbin, 2003). ARPE-19 cells have been 
demonstrated to bind to laminin-111 via α6β1, to laminin-332 via α6β4 and to 
laminin-511/521 via α3β1 and α6β1 heterodimers (Aisenbrey et al., 2006; Fang et al., 
2009). The fibronectin receptor α5β1 is also found from the basal surface of human 
RPE cells (Anderson et al., 1990). Furthermore, hESC-RPE cells have been shown 
to express integrins α1-5 and β1 on mRNA level (Rowland et al., 2013; Sugino et al., 
2011). However, freshly isolated human RPE cells and cultured human RPE cells 
have been shown to express different amounts of integrins. Culturing of RPE cells 
in vitro upregulates integrin expression and promotes more efficient RPE attachment 
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and survival on aged Bruch’s membrane (Gullapalli et al., 2008; Tian et al., 2004; 
Zarbin, 2003). Furthermore, hESC-RPE cells with prolonged in vitro culture period 
and higher degree of pigmentation showed increased integrin expression levels 
(Sugino et al., 2011).  

2.5.3 Extracellular matrix components  
 

The ECM where cells reside provides cells with structural support, binds soluble 
factors and regulates their distribution and presentation to the cells. Moreover, ECM 
has a fundamental role in cell morphology, migration, differentiation and maturation 
(Shapira et al., 2014). The basement membrane supporting the epithelial cells is a 
specialized ECM network that protects tissues from disruptive physical stresses, and 
forms an interface between the cells and their surrounding environment (Yurchenco, 
2011). The large insoluble ECM components of the basement membranes gather 
together to form a sheet-like structure via self-assembly (Kalluri, 2003). Interaction 
between cells and surrounding ECM is reciprocal and dynamic: cells receive cues 
from the ECM while ECM is constantly remodeled by the cells. Epithelial cell 
basement membranes are assembled from two major ECM proteins -laminin and 
collagen IV. Primary animal and human RPE cells produce ECM components, 
including fibronectin, laminin, elastin, heparan sulfate proteoglycan, and collagen 
types I, III, and IV in vivo and in vitro (Campochiaro et al., 1986; Kamei et al., 1998).  

Laminins are heterotrimeric glycoproteins that consists of α-, β- and γ-chains in 
a coiled-coiled cross-like structure. Overall, 16 different laminin isoforms have been 
found in humans (Aumailley, 2013). The RPE basement membrane contains four 
laminins, laminin-111, laminin-332, laminin-511 and laminin-521, that adhere to the 
RPE via specific integrins (Aisenbrey et al., 2006). The self-assembly of basement 
membranes, including RPE basement membrane, is initiated by laminin 
polymerization to the basolateral side of the cells. Cell surface proteins such as 
integrins facilitate the initial deposition of laminin polymers, via site-specific 
interactions. Thereafter, the laminin network interacts with the collagen IV network 
directly or via nidogen/entactin and heparan sulfate proteoglycan perlecan (Figure 
6). The covalently polymerized collagen IV network stabilizes the basement 
membrane structure. The other basement membrane components interact with 
laminin and collagen IV complex (Kalluri, 2003; Yurchenco, 2011). 

Collagen IV is the main component of the RPE basement membrane in Bruch’s 
membrane. Six genetically different collagen IV isoforms have been identified in 
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humans. Collagen IV molecule is a trimer, which consist of three α-chains 
assembling into heterotrimeric molecules of α1α1α2, α3α4α5 and α5α5α6 chains. 
These collagen IV molecules have been shown to have distinct topographical 
locations and function. Unlike collagens in fibrous tissue, collagen IV molecules do 
not aggregate parallel into fibrous bundles. Instead, collagen IV molecules form a 
loose network in the basement membranes by end-to-end and lateral interactions 
(Yurchenco et al., 2004). The α-chains of collagen IV are separated into three 
domains: an amino-terminal 7S domain, a triplehelical domain in the middle of the 
chain, and, finally, a carboxy-terminal non-collagenous (NC)-1 domain. First, three 
α-chains form a helical trimer, which is initiated by the gathering of the NC-1 
domains of the chains. Next, two heterotrimeric collagen IV molecules form a dimer 
via the NC-1 domains. Thereafter, two collagen dimers interact at the amino-
terminal 7S region to form the collagenous network (Kalluri, 2003). Previously, the 
RPE basement membrane in Bruch’s membrane has shown positive expression of 
both α1α1α2 and α5α5α6 molecules of collagen IV (Chen et al., 2003). 

 

 

Figure 6.  Schematic illustration of the ECM protein network in the basement membranes. Modified 
from (Yurchenco, 2011). 

Collagen I is the most abundant protein in humans and a major component in 
the inner collagenous layer of Bruch’s membrane. Similar to collagen IV, collagen I 
contains three α-chains, which form an α-helical structure of 300 nm in length and 
1.5 nm in diameter with a molecular mass of 270–300 kDa. These triple helices coil 
together to form collagen I fibrils. Thereafter, fibrils combine with other collagenous 
and non-collagenous molecules including proteoglycans, to form fibers. (Abraham 
et al., 2008; Varma et al., 2016) 

Collagens have been widely investigated as biomaterial substrates in tissue 
engineering applications (Antoine et al., 2014; Hapach et al., 2015). Collagen I films 
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derived from equine, bovine, porcine and human tissues have been studied as a 
potential substrate for human primary RPE cells and ARPE-19 cells (Bhatt et al., 
1994; Lu et al., 2007; Thumann et al., 2009; Warnke et al., 2013). In addition, porcine 
collagen I gels are in use to develop hiPSC-RPE cell sheets for clinical settings 
(Kamao et al., 2014). However, collagen IV has been used in tissue engineering 
applications as well as with RPE cells merely in the form of protein coating (Rowland 
et al., 2013; Subrizi et al., 2012). Regardless of the extensive use of collagens in 
biomedical applications, reproducing the intrinsic architecture and fiber orientation 
of collagens in vitro is challenging (Friess, 1998; Tenboll et al., 2010). 

2.6 Biomaterials for retinal tissue engineering 

A biomaterial is defined as a substance that alone or as part of a complex system is 
engineered to interact with living biological systems for a medical purpose (Williams, 
2009). Various requirements have been set for designing optimal biomaterial 
substrates for the production and transplantation of clinically relevant hESC-RPE 
cells. Above all, the biomaterial substrates have to be biocompatible in vivo. These 
substrates must also support the formation of a mature and functional hESC-RPE 
monolayer in vitro. Moreover, these substrates should be thin enough to fit the 
subretinal space; a thickness similar to the native Bruch’s membrane is preferred. A 
successful supportive biomaterial should also have sufficient mechanical properties 
and flexibility to withstand the surgical handling as well as transplantation to the 
subretinal space. In addition, biodegradable substrates must not form toxic by-
products during biodegradation. Finally, permeability to fluids and biomolecules is a 
definite prerequisite for these substrates to restore the function of damaged Bruch’s 
membrane as a semipermeable barrier. (Binder, 2011; Hynes & Lavik, 2010; Jha & 
Bharti, 2015; Lee & MacLaren, 2011; Pennington & Clegg, 2016) 

Natural decellularized ECM scaffolds as well as substrates fabricated from 
polymers of biological origin have been extensively investigated in the aspiration of 
finding potential biomaterial substrates for RPE (Table 1). Decellularized natural 
ECM scaffolds, such as amniotic membrane, Bruch’s membrane and anterior lens 
capsules, have previously gained interest as prospective substrates in retinal tissue 
engineering applications (Akrami et al., 2011; Nicolini et al., 2000; Sugino et al., 
2011). These natural decellularized ECM scaffolds provide a significant advantage in 
retaining the complex structure and organization of the ECM while possessing tissue 
specific micro- and nanotopography (Hynes & Lavik, 2010; Walters & Gentleman, 
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2015). Besides decellularized natural scaffolds, natural polymers such as collagen, 
alginate, and fibroin can be utilized as biocompatible substrate sources for retinal 
tissue engineering. Similar to natural decellularized scaffolds, substrates fabricated 
from natural polymers closely mimic the native ECM and possess innate biological 
activity (Hynes & Lavik, 2010; Rahmany & Van Dyke, 2013). However, major 
disadvantages have been associated with the use of natural biomaterials including 
poor mechanical properties, batch to batch variation as well as concerns with 
immunogenicity and pathogen transmission (Lynn et al., 2004; Rahmany & Van 
Dyke, 2013).  

Synthetic polymers have multiple attractive characteristics that make them an 
appealing source of biomaterials for tissue engineering applications. Controlled 
chemical and physical structure, predictable properties, high degree of processing 
flexibility, superior mechanical properties and high reproducibility in commercial-
scale manufacturing processes are evident advantages of synthetic polymers 
compared to naturally derived biomaterials (Hotaling et al., 2016; Hynes & Lavik, 
2010). The most commonly used synthetic polymers in retinal tissue engineering 
include the food and drug administration (FDA)-approved poly-α-hydroxy-acid-
based polymers such as poly(L-lactic acid) (PLLA), poly(lactic-co-glycolic acid) 
(PLGA) and poly(ε-caprolactone) (PCL) (Hynes & Lavik, 2010). The possibility to 
combine these materials as co-polymers, such as poly(L-lactide-co-caprolactone) 
(PLCL), provides a range of important tunable features (Lee et al., 2008). Even 
though synthetic polymers overcome the common drawbacks associated with 
natural polymers, synthetic polymers as such lack cell binding ligands on the scaffold 
surface, which results in poor cell attachment (Desmet et al., 2009). Moreover, 
synthetic polymers frequently used in tissue engineering applications are highly 
hydrophobic, which can decrease the cellular response on these materials (D'Sa et 
al., 2010b; Wang et al., 2005). Various synthetic biomaterial substrates with distinct 
architecture have been investigated as potential substrates for RPE by several groups 
(Table 2). Apart from substrates fabricated either from natural or synthetic polymers, 
hybrid materials incorporate the beneficial aspects of both biologically active natural 
polymers and structurally flexible synthetic polymers (Wang et al., 1999). Several 
recent studies have introduced hybrid biomaterials as potential substrates for RPE 
as well (Table 3).  
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Table 1.  Natural scaffolds for RPE cell transplantation. 

Material Substrate architecture Cell type Stability Reference 

Anterior lens 
capsule 

Decellularized natural 
scaffolds of porcine, 
bovine or human origin 

Porcine RPE, 
ARPE-19 cells 

Biodegradable 

(Hartmann et al., 1999; 
Kiilgaard et al., 2012; 
Lee et al., 2007; Nicolini 
et al., 2000; Singh et al., 
2001) 

Acetylated 
bacterial cellulose 

41.6 ± 2.2 μm thick heat-
dried films with surface 
modification, coated with 
urinary bladder matrix 

Human RPE cells Biodegradable 
(Goncalves et al., 2015; 
Goncalves et al., 2016) 

Alginate 
3D beads, films, 3D 
matrix 

RPE, porcine RPE, 
ARPE-19 cells 

Biodegradable 

(Eurell et al., 2003; 
Heidari et al., 2015; 
Jeong et al., 2011; 
Najafabadi et al., 2015) 

Amniotic 
membrane 

Decellularized natural 
scaffold 

Human RPE cells Biodegradable 

(Akrami et al., 2011; 
Capeans et al., 2003; 
Ohno-Matsui et al., 
2005; Singhal & 
Vemuganti, 2005; 
Stanzel et al., 2005) 

Chitosan    ARPE-19 cells Biodegradable (Lai et al., 2010) 

Col I 

 
Col I from rat tail tendon, 
crosslinked or non-
crosslinked 

Human fetal RPE 
cells 

Biodegradable

(Bhatt et al., 1994) 

 Thin films of 2.4 µm 
thickness 

ARPE-19 cells (Lu et al., 2007) 

 
7 μm thick film of equine 
Col I 

ARPE-19 cells (Thumann et al., 2009) 

Descemet's 
membrane 

Decellularized natural 
scaffold of 10-12 µm 
thickness 

Porcine and bovine 
RPE cells 

Biodegradable (Thumann et al., 1997) 

Fibrinogen Microspheres 
Human fetal RPE 
cells 

Biodegradable (Oganesian et al., 1999) 

Gelatin 50 % gelatin 
Porcine RPE cells, 
ARPE-19 cells 

Biodegradable 
(Del Priore et al., 2004; 
Lai, 2009) 

Human Bruch’s  
membrane   

Decellularized natural 
scaffold as such or with 
additional ECM 
modifications 

Human fetal RPE 
cells, ARPE-19 
cells 

Biodegradable 

(Del Priore et al., 2002; 
Gullapalli et al., 2008; 
Sugino et al., 2011; 
Sugino, Gullapalli et al., 
2011; Tezel & Del 
Priore, 1999; Tezel et al., 
1999) 

Human inner 
limiting 
membrane 

Decellularized natural 
scaffold 

Human RPE cells, 
ARPE-19 cells 

Biodegradable (Beutel et al., 2007)  

Silk fibroin  
Membranes of 3 µm 
thickness 

ARPE-19 cells Biodegradable 
(Shadforth et al., 2012; 
Shadforth et al., 2015) 
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Table 2.  Biomaterial substrates fabricated from synthetic polymers for RPE cell transplantation.  

Material Substrate architechture Cell type Stability Reference 

ELR-RGD Solvent cast films Human RPE  Biodegradable
(Singh et al., 2014; 
Srivastava et al., 2011) 

ePTFE 
Plasma-treated 100 µm thick 
commercial porous films 

ARPE-19 cells Stabile (Krishna et al., 2011)  

 IPAAm 
Temperature sensitive 
hydrogels for cell sheet 
production in vitro 

ARPE-19 cells, 
human D407 cells

Stabile 
(Kubota et al., 2006; von 
Recum et al., 1998; von 
Recum et al., 1999) 

Methacrylate and 
(meth)acrylamide  

Hydrogel coated with poly-
D-lysine and fibronectin 

Pig and human 
RPE cells 

Stabile  (Singh et al., 2001) 

Montmorillonite 
clay based 
polyurethane  

Solvent cast 30-50 µm thick 
films 

ARPE-19 cells Biodegradable (Da Silva et al., 2013) 

PA Electrospun nanofibers 
Human fetal RPE 
and adult RPE 
cells 

Biodegradable (Thieltges et al., 2011) 

PCL Thin film, with 0.5 µm pores Human fetal RPE Biodegradable (McHugh et al., 2014) 

PCL  
Electrospun nanofibers, 130 
nm in diameter 

ARPE-19 cells Biodegradable (Da Silva et al., 2015) 

PHBV8 Solvent cast films of 5-10 µm 
thickness 

human D407 cells Biodegradable (Tezcaner et al., 2003) 

PDLLA 
A frame-supported 4 µm 
thick electrospun film with 
640 nm thick fibers 

Human RPE cells Biodegradable (Popelka et al., 2015) 

PLCL 
Electrospun substrates, fiber 
diameters of 200-1000 nm  

Human fetal RPE 
cells  

Biodegradable (Liu et al., 2014) 

PLGA 
Thin films ARPE-19 cells  

Biodegradable 
 

(Lu et al., 2001) 

Thickness <10 µm human D407 cells (Lu et al., 1998) 

PLGA a and 
PEG/PLA 

Solvent cast films with 
micropatterned surfaces 

human D407 cells Biodegradable
(Lu et al., 1999; Lu et al., 
2001) 

PLGA and PLLA 
Solvent cast solid films 

Porcine RPE, 
human fetal RPE Biodegradable

(Giordano et al., 1997; 
Hadlock et al., 1999; 
Thomson et al., 1996) 

Microcarriers ARPE-19 cells (Thomson et al., 2010) 

P(MMA-co-PEG) 
50 µm thick electrospun film, 
fiber diameter of 1.9 µm 

ARPE-19 cells Stabile (Treharne et al., 2012) 

Polyethylene 
Terephthalate 
(PET) 

Commercial cell culture 
insert with 1 µm pores  

Human fetal and 
adult RPE cells 

Stabile 

(Stanzel et al., 2014) 

10 µm thick film, 0.4 µm 
pores 

Human fetal RPE 
cells 

 

Electrospun films with fiber 
diameters of 200-1000 nm  

Human fetal RPE 
cells  

(Stanzel et al., 2012) 

Polyether 
urethanes 

Commercially available 
Pellethane®, Tecoflex® and 
Zytar®, thickness 100-1000 
µm 

ARPE-19 cells Stabile (Williams et al., 2005) 

PDMS Micropatterned surface ARPE-19 cells Stabile (Lim et al., 2004) 

Abbreviations: Col I=Collagen I, PA=Polyamide, PHBV8= poly(hydroxybutyrate-co-hydroxyvaleric acid), PLGA-
PHBV8=Poly(L-lactic acid-co-glycolic acid)/poly(hydroxybutyrate-co-hydroxyvaleric acid, PCL=Poly(ε-
caprolactone) , PEG=poly(ethylene glycol), PET=Polyethylene terephthalate, PDLLA= Poly(DL-lactic acid), 
PLLA=Poly(L-lactic acid) , PDMS=Polydimethylsiloxane, ePTFE=Expanded polytetrafluoroethylene, IPAAm=N-
isopropylacrylamide monomer, PLCL= Poly(L-lactide-co-ε-caprolactone), PLGA= poly(D,L-lactic-co-glycolic acid), 
ELR-RGD=Bioactive RGD-containing elastin-like recombinamers, P(MMA-co-PEG)=Poly(ethylene glycol) 
methacrylate. 
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Table 3.  Hybrid biomaterial substrates for human RPE cells. 

Material Substrate architechture Cell type Stability Reference 

Combined silk 
fibroin, PCL and 
gelatin 

Electrospun thin film 3-5 µm 
with 166 nm fibers 

ARPE-19 cells Biodegradable (Xiang et al., 2014) 

Bovine Col I and  
PLGA 

Electrospun fibers with 
average diameter of 300 nm 
on a PET cell culture insert 

Human primary 
RPE cells 

Biodegradable 
fibres on top 

of stabile PET 
film 

(Warnke et al., 2013) 

Human lens 
capsules with 
PDMS stamps 

Decellularized natural 
scaffod with micropatterned 
PDMS wafer 

ARPE-19 cells 

Biodegradable  
lens capsule 
with stabile 

PDMS 

(Lee et al., 2002) 

Abbreviations: Col I=Collagen I, PLGA=Poly(L-lactic acid-co-glycolic acid), PCL=Poly(ε-caprolactone) , 
PEG=poly(ethylene glycol), PET=Polyethylene terephthalate,  PDMS=Polydimethylsiloxane. 

 
The initial attachment and survival of hESC-RPE cells on biomaterial substrates 

has been shown to be severely impaired compared to human fetal RPE cells (Sugino 
et al., 2011). Even though hESC- and hiPSC-derived RPE cells hold great promise 
for RPE cell transplantation therapies, the majority of biomaterial studies in retinal 
tissue engineering field have been conducted with primary RPE cells, fetal RPE cells 
or immortalized cell lines (Tables 1-3). Merely a few of the recent studies have 
focused on investigating cell-biomaterial interactions with clinically relevant hESC-
RPE and hiPSC-RPE cells (Table 4). The performance of only two potential 
transplantation materials, polymide (PI) (Ilmarinen et al., 2015) and Parylene C (Koss 
et al., 2016; Thomas et al., 2016), have been assessed for hESC-RPE in vivo. Parylene 
C is a biostabile and chemically inert polymer that have been used in biomedical 
applications. Parylene C membranes have been fabricated with two step 
photolithography technology to obtain 300 nm thick permeable membranes with a 
6 µm thick supporting mesh frame. When combined with MatrigelTM or human 
vitronectin, these stabile ultrathin films were able to support hESC-RPE growth and 
functionality both in vitro and in vivo (Brant Fernandes et al., 2016; Diniz et al., 2013; 
Hu et al., 2012; Koss et al., 2016; Lu et al., 2014; Thomas et al., 2016). Although 
several biodegradable substrates have been investigated with primary RPE cells, only 
a few of these have been shown to result in adequate cellular response with hESC-
RPE.  
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Table 4.  Biomaterial substrates for hESC-RPE cells. 

Biomaterial Architecture 
Cell 
type 

Stability  
Culture 
conditions 

Clinical 
status 

Reference 

Self-
assembled 
ECM 

Self-assembled 
ECM by hiPSC-
RPE consisting 
mainly of 
ollagen IV and 
laminin 

hiPSC
-RPE 

Biodegradable 

Porcine Col I- gel 
used for RPE 
sheet preparation, 
cell sheet 
transplanted as 
such. Fetal bovine 
serum included in 
culture medium. 

Clinical trial 
(Kamao et al., 
2014) 

rhLN-521 
Laminin protein 
coating  

hESC-
RPE 

Biodegradable 

Xeno-free 
medium. Laminin 
coatings in in vitro 
production of 
hESC-RPE, in vivo 
studies as single 
cell suspension. 

In vitro/in vivo 
(rabbits) 

(Plaza Reyes et 
al., 2016) 

Parylene-C 

Mesh-
supported  
parylene C 
membrane with 
ultrathin 0.3 µm 
regions 

hESC-
RPE 

Stabile 

MatrigelTM- or 
human 
vitronectin 
coating, serum-
free medium 

Clinical trial 

(Brant Fernandes 
et al., 2016; Diniz 
et al., 2013; Hu et 
al., 2012; Koss et 
al., 2016; Lu et 
al., 2014) 

PLDLA 

Porous 
honeycomb 
films of 20 µm 
thickness 

hESC-
RPE 

Biodegradable 
Human Col IV-
coating, serum-
free medium 

In vitro 
(Calejo et al., 
2016) 

PET 

Commercially 
available 10 µm 
thick film, with 
0.4 µm pores  

hESC-
RPE 

Stabile 
MatrigelTM- or 
human laminin 

Clinical trial 
(Carr et al., 2013; 
Coffey et al., 
2009) 

 
PI 
 

7.6 µm thick 
sheet with 1 µm 
pores  

hESC-
RPE 

Stabile 
Human laminin-
coating, serum-
free medium 

In vivo 
(rabbits) 

(Ilmarinen et al., 
2015) 

24 µm thick 
sheet with 1 µm 
pores  

hESC-
RPE 

Stabile 

Additional 
protein coatings 
used, serum-free 
medium 

In vitro 
(Subrizi et al., 
2012) 

PTMC 

Compression 
molded 
nonporous 
elastic films 
with 100 µm 
thickness 

hESC-
RPE 

Biodegradable 
Human Col IV-
coating, serum-
free medium 

In vitro 
(Sorkio et al., 
2016) 

Synthemax 
II-SC 

Commercial 
synthetic 
xenofree, RGD 
peptide-
containing 
copolymer 
coating  

hESC-
RPE 

Stabile 
Serum-free 
medium 

In vitro 
(Pennington et 
al., 2015) 

Abbreviations: rhLN-521=Recombinant human laminin-521, PET=Polyethylene Terephthalate, PI=Polyimide, 
PLDLA= Poly L-lactide/D-lactide copolymer, PTMC=Poly(trimethylene carbonate) 
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2.7 Methods for fibrous biomaterial substrate fabrication 
 
The environmental cues that cells receive from biomaterial substrates in vitro differ 
drastically from those they receive in their natural microenvironment in vivo 
(McCarthy et al., 1996). A range of approaches has been introduced to mimic the 
surrounding ECM in vitro (Figure 7) (Hotaling et al., 2016; Rahmany & Van Dyke, 
2013; Shapira et al., 2014; Zhao et al., 2013). Moreover, various fabrication 
techniques have been developed to manufacture fibrous scaffolds to mimic ECM 
structure in the field of tissue engineering. Methods, such as phase separation, self-
assembly and electrospinning have been used for the production of porous 
substrates from natural or synthetic materials (Wang et al., 2013). These biomaterial 
substrates can be further processed for enhanced cellular attachment and 
proliferation by surface modification (Wang et al., 2005).  

 

Figure 7.  Examples of approaches for creating biomimetic substrates in vitro. 

2.7.1 Functionalization of biomaterials with ECM proteins 

ECM protein adsorption on biomaterial substrates has been in use in tissue 
engineering since 1980’s, when fibronectin-coated glass demonstrated improved cell 
attachment compared to uncoated glass (Seitz et al., 1982). This adsorption is 
dictated by both the proteins characteristics and the biomaterial substrate surface 
properties (Rahmany & Van Dyke, 2013; Wilson et al., 2005). Previously, coating 
aged Bruch’s membrane explants with Bruch’s membrane components have resulted 
in increased RPE cell attachment (Del Priore et al., 2002). Furthermore, the majority 
of biomaterial substrates investigated in retinal tissue engineering applications are 
carried out either in culture medium supplemented with serum or with various 
protein coatings from animal or human derived sources (Hynes & Lavik, 2010; Jha 
& Bharti, 2015; Rowland et al., 2013). In previous studies, it has been shown that 
ECM protein coatings have an effect on the early stage differentiation of hESCs into 
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neural progenitors and neurons (Ma et al., 2008), retinal progenitor cells (Gong et 
al., 2008), and RPE (Rowland et al., 2013). Xeno-derived protein coatings, such as 
MatrigelTM (Hu et al., 2012; Lu et al., 2014) and gelatin (Schwartz et al., 2012), and 
xeno-free  ECM proteins collagen IV (Calejo et al., 2016; Ilmarinen et al., 2015; 
Subrizi et al., 2012),  laminins (Subrizi et al., 2012) and vitronectin (Diniz et al., 2013; 
Koss et al., 2016; Thomas et al., 2016) are currently in use for coating biomaterial 
substrates to increase hESC- and hiPSC-RPE cell attachment and maturation for in 
vitro and in vivo applications. Moreover, successful differentiation and maturation of 
hESC-RPE has been demonstrated on recombinant human laminin proteins (Plaza 
Reyes et al., 2016). Despite their frequent use in retinal tissue engineering, the effects 
of protein coatings on the maturation and functionality of differentiating hESC-RPE 
have not been assessed thoroughly.  

Apart from ECM proteins, biomaterial surfaces have been functionalized with 
integrin binding motifs to enhance cellular response (Mateos-Timoneda et al., 2015; 
Rahmany & Van Dyke, 2013). Various integrin binding motifs found in ECM 
proteins have been characterized and can be synthetisized as short linear peptides. 
Among these bioadhesive motifs, the most commonly used peptides are derived 
from fibronectin (RGD), laminin (IKVAV, YIGSR, PDGSR) and collagen (DGEA, 
GFOGER). Recently, RGD-peptide containing xeno-free copolymer substrate has 
been used for hESC-RPE differentiation (Pennington et al., 2015). In addition, 
RGD-modified synthetic elastin-like substrate has been found to support the 
immortalized ARPE-19 cell line (Srivastava et al., 2011). Moreover, RGD- and 
YIGSR-modifications on electrospun methacrylate-based substrates resulted in 
significant improvement in ARPE-19 cell adhesion (Treharne et al., 2012). 
Additionally, activation of these integrins could improve cell-biomaterial interaction 
(Heller & Martin, 2014; Olsen & Ffrench-Constant, 2005; Strachan & Condic, 2008). 
For instance, manganese (Mn2+) replaces the calcium (Ca2+) in the integrin ligand-
binding domain, which results in conformational changes and subsequent integrin 
activation (Gailit & Ruoslahti, 1988; Olsen & Ffrench-Constant, 2005). Addition of 
Mn2+ to the culture medium has been shown to stimulate integrin activation in 
ARPE-19 cells leading to enhanced adhesion and migration of ARPE-19 cells on 
Bruch’s membrane components and Bruch’s membrane explants (Afshari et al., 
2010).   
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2.7.2 Self-assembly of ECM matrix components 

Native RPE cells are capable of abundant secretion of Bruch’s membrane key 
components such as laminin-111, laminin-332, laminin-511, laminin-521, collagen 
IV, collagen I and fibronectin (Aisenbrey et al., 2006; Campochiaro et al., 1986; 
Kigasawa et al., 1998). Furthermore, hESC-RPE cells grown on MatrigelTM have 
demonstrated basal assembly of collagen IV, laminin and fibronectin (Vugler et al., 
2008), whereas hiPSC-RPE cultured on porcine collagen I gel assembled basal 
lamina mainly consisting of collagen IV and laminin (Kamao et al., 2014). This ability 
of RPE cells to secrete Bruch’s membrane components has been previously 
employed to fabricate hiPSC-RPE cell sheets for subretinal transplantation. These 
hiPSC-RPE cell sheets were generated on porcine collagen I gel, where the cells 
assembled their own basal lamina. The collagen I gel used for cell sheet production 
was subsequently dissolved prior to transplantation (Kamao et al., 2014). In addition, 
temperature-responsive hydrogels have been developed for human RPE monolayer 
transplantation with their own deposited ECM. In order to harvest the cell sheets 
from these temperature-responsive hydrogels, the temperature was decreased from 
37 ºC to 20 ºC resulting in increased hydrophobicity of the substrate and cell sheet 
detachment (Kubota et al., 2006; von Recum et al., 1998; von Recum et al., 1999). 
While the cell sheet approach with self-assembled ECM shows great promise for the 
retinal tissue engineering transplantation and has progressed towards clinical settings 
(Kamao et al., 2014), the effects of the biomaterial substrate on hPSC-RPE ECM 
protein deposition remain to be investigated. 

2.7.3 Electrospinning 

Electrospun substrates have been shown to mimic the structural cues and properties 
of the native ECM. Moreover, they provide porous substrates that allow for the 
transportation of nutrients and metabolic waste (Hotaling et al., 2016; Zhang et al., 
2007). Electrospinning technology enables the fabrication of fibers ranging from 
nanometer to micrometer scale. For electrospinning, polymers are dissolved in an 
appropriate solvent and loaded into a syringe. The polymer solution is expelled from 
the syringe through a metallic needle at a constant rate controlled via a syringe pump. 
A high voltage is applied to the metallic needle, which results in charging of the 
polymer. The electric field strength overcomes the surface tension of the polymer 
solution and generates a charged liquid jet. This liquid jet is deposited on the 
grounded collector. The solvent evaporates on the way and a non-woven fibrous 
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substrate is formed on the collector (Wang et al., 2013; Zhang et al., 2007). 
Previously, electrospun substrates fabricated from poly(DL-lactide) (PLA), 
polyamide (PA), polyethylene terephthalate (PET), PLCL, bovine collagen type I and 
PLGA, poly(ethylene glycol) methacrylate P(MMA-co-PEGM) and silk fibroin, PCL 
and gelatin have been studied as potential substrates for human RPE cells, human 
fetal RPE cells and ARPE-19 cells (Liu et al., 2014; Popelka et al., 2015; Thieltges et 
al., 2011; Treharne et al., 2012; Warnke et al., 2013; Xiang et al., 2014). However, the 
suitability of these fibrous substrates for hPSC-RPE has not been assessed yet.  

2.7.4 Langmuir-Blodgett technology 

Langmuir-Blodgett (LB) technology is a versatile fabrication method for thin films 
traditionally used for modelling biomembranes, organic and inorganic coatings, 
electronic industry and sensors. Recently, LB technology has gained interest among 
tissue engineering applications (Goffin et al., 2010; Higuchi et al., 2002; Pastorino et 
al., 2014; Tenboll et al., 2010). This method provides an attractive approach for 
creating highly organized and well-characterized biomimetic substrates without the 
use of additives and bio-incompatible substances (Chen et al., 2007; Tenboll et al., 
2010). The LB technology is based on certain properties of organic molecules, such 
as phospholipids, to orient at an air-subphase interface and minimize their free 
energy and subsequently form an insoluble monolayer referred to as Langmuir film. 
The classical molecules used in LB technology are amphiphilic molecules which 
means that molecules have a hydrophilic and a hydrophobic tail. These amphiphilic 
molecules orient at the air-subphase interface according to their hydrophilicity: the 
hydrophilic tail seeks to the aqueous subphase, whereas the hydrophobic tail orients 
towards air (Langmuir, 1938).  

The monolayer film formation on air-subphase interface interferes with the 
surface pressure of the liquid. As the surface area of the monolayer film is 
compressed, the surface pressure increases. Compression of the monolayer film at 
the air-subphase interface is achieved by moving barriers across the interface. In the 
course of compression, the molecules on the interface self-organize and the film 
undergoes several phase transitions eventually forming an organized floating film. 
Subsequently, this floating film can be deposited from the subphase surface onto a 
solid substrate (Girard-Egrot et al., 2005; Langmuir, 1938). When this deposition is 
carried out by moving the solid substrate vertically through the monolayer, the film 



 

41 

is referred to as Langmuir-Blodgett film, whereas in case of Langmuir-Schaefer (LS) 
films the deposition occurs horizontally (Langmuir, 1938).  

Most proteins are large polarized amphiphilic molecules (Hlady & Buijs, 1996). 
Additionally, collagens are present in their molecular form in acidic solutions and 
form fibers as a result of increase in solvent pH (Jiang et al., 2004) (Figure 8). In LB 
technique, this process is forced to take place at the air-subphase interface. The 
interface can be rapidly compressed to orient the assembled fibers and deposited on 
a solid substrate (Goffin et al., 2010). Previously, collagen I LB films have been 
fabricated from rat and calf collagens. These collagen I LB films showed favorable 
cellular response and attachment of human fibroblasts, 3T3 mouse fibroblastic cells 
and adipose-derived stem cells (Goffin et al., 2010; Pastorino et al., 2014; Tenboll et 
al., 2010). Apart from collagen I, LB films have been previously fabricated from 
laminin, fibronectin and vitronectin (Higuchi et al., 2002). To my best knowledge, 
collagen IV films have not been previously produced with LB technology. Moreover, 
the suitability of the LB technique to fabricate structures resembling the basement 
membrane structure of the epithelial cells has not been assessed yet.   

 
 

 

Figure 8.  Application of acidic collagen solution at air-subphase interface in Langmuir trough.  

2.7.5 Atmospheric plasma surface treatment 
 
The lack of cell binding ligands as well as high hydrophobicity of the synthetic 
polymer substrates commonly used in tissue engineering result in a poor cellular 
response (D'Sa et al., 2010b; Zhang et al., 2007). Gaseous plasma discharges are a 
common means to modify the biomaterial surface properties without affecting its 
bulk properties. The surface chemistry as well as micro- and nanostructure of a 
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variety of polymers can be tuned by using atmospheric pressure dielectric barrier 
discharge (DBD) (Balzer et al., 2015; Borges et al., 2013; Jacobs et al., 2013). 
Moreover, DBD is a fast, versatile and cost-effective surface modification technique. 
For up-scaled manufacturing processes the use of plasma in atmospheric pressure is 
preferred over vacuum conditions (Desmet et al., 2009).   

Plasma is partly ionized gas, which contains ions and electrons as free carriers 
(Heinlin et al., 2011). In plasma treatment, inert gases, such as argon, helium, 
nitrogen and oxygen are used. In DBD treatment, a high AC voltage is applied 
between parallel electrodes covered with dielectric material. DBD produces high-
energy electrons, which are able to produce radicals and electronically excited 
particles (Desmet et al., 2009). The function of the dielectric layer on electrodes is to 
stabilize the discharge and to hinder electric arc formation by restricting the current 
(Jacobs et al., 2013). Plasma treatment induces chemical functionalities and free 
radicals onto the surfaces, this in turn increases appearance of functional groups, 
wettability groups and surface roughness. The introduced surface modifications can 
be subsequently used to bind proteins or ligands with biological activity (Desmet et 
al., 2009). The final surface properties of a biomaterial substrate after plasma 
treatment are a result of intricate interactions between the biomaterial, gases and 
processing parameters. In addition, the biomaterial surfaces typically undergo surface 
adaptation after the plasma treatment when surfaces tend to minimize the interfacial 
energy (Desmet et al., 2009; D'Sa et al., 2010b).  

Previously DBD plasma treatment has been demonstrated result in increased 
protein adsorption and cell attachment of human lens epithelial cells and fibroblasts 
on various biomaterial substrates (D'Sa et al., 2010a; D'Sa et al., 2012; Jacobs et al., 
2013). Furthermore, surface modification of biomaterial substrates with plasma 
treatment improved the cellular response of ARPE-19 cells and human primary RPE 
cells on various substrates (Kearns et al., 2012; Krishna et al., 2011; Tezcaner et al., 
2003; Williams et al., 2005). Moreover, the hydrophobic Parylene C membranes 
investigated as prospective substrates for hESC-RPE transplantation are oxygen 
plasma treated for improved biocompatibility (Song et al., 2009).  
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3 Aims of the study 

The objective of this dissertation was to develop and modify biomaterials as culture 
substrates and transplantation materials and to test them with clinically relevant 
hESC-RPE cells in serum-free culture conditions. Special focus and attention was 
paid to finding substrates and structures that resemble the native environment of the 
RPE in the eye, Bruch’s membrane. The hESC-RPE cell-substrate interaction as well 
as the ability of these substrates to support formation of functional hESC-RPE was 
studied. The specific aims of the studies are outlined below:  

I. To study the effect of several human-sourced ECM proteins found in the 
native Bruch’s membrane as well as a xeno-derived substrate on hESC-RPE 
cell differentiation, maturation and functionality in adherent serum-free 
cultures. The ultimate goal was to find an optimal substrate for the clinical 
production of hESC-RPE cells.  

II. To manufacture a biomimetic microenvironment from human origin 
biomaterials that bears a resemblance to the structure and organization of 
native Bruch's membrane for the in vitro production of the clinically relevant 
hESC-RPE cells. 

III. To investigate and modify a biodegradable membrane mimicking the fibrous 
structure of the Bruch’s membrane as a potential transplantation material 
for hESC-RPE cell delivery for retinal applications. 
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4 Materials and methods 

4.1 Biomaterial substrates 

4.1.1 Dip-coating 

In Study I, purified human ECM proteins as well as basement membrane matrices 
were investigated as biomaterial substrates in differentiation and maturation of 
hESC-RPE cells. These purified human ECM proteins were chosen as they all are 
present in the native Bruch’s membrane (Booij et al., 2010) and provide xeno-free, 
clinically suitable matrices for hESC-RPE support. CELLstartTM is a xeno-free 
current good manufacturing practice (cGMP)-produced commercial hPSC matrix, 
whereas commercial mouse-tumor-derived MatrigelTM was included in the study as 
it is commonly used for hPSC-RPE differentiation and maintenance (Lane et al., 
2014). The protein coatings and studied concentrations in this dissertation are listed 
in Table 5. Commercial cell culture inserts with 1 µm pore size dip-coated with 
collagen IV (Col IV) were chosen as a control and a reference susbtrate in cell culture 
studies as Col IV has been previously routinely used for enrichment and maturation 
of hPSC-RPE cells in our laboratory (Vaajasaari et al., 2011) (Studies I, II and III). 

In this dissertation, full-length proteins were applied on substrates using dip-
coating. That is the substrates were immersed in ECM protein solution, and the 
proteins were adsorbed on the biomaterial substrate surface via physicochemical 
interactions between the substrate surface and applied protein solutions (Wilson et 
al., 2005). Detailed dip-coating protocol is described in the original publications 
(Studies I, II and III). 
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Table 5.  ECM protein coatings applied by dip-coating. 

Protein 
coating 

Abbre-
viation

Source Manufacturer Concentration Study 

CELLstartTM CS Human  Life Technologies, Carlsbad, CA 1:50 I 
Collagen I Col I Human placenta Sigma-Aldrich, St. Louis, MO 5 µgcm-2 I 
Collagen IV Col IV Human placenta Sigma-Aldrich, St. Louis, MO 5 µgcm-2 I, II 

   10 µgcm-2 III 
Fibronectin FN Human plasma Sigma-Aldrich, St. Louis, MO 5 µgcm-2 I 
Laminin LN Human placenta Sigma-Aldrich, St. Louis, MO 5 µgcm-2 I 
 Matrigel MG Mouse  BD Biosciences, San Jose, CA 30 µgcm-2 I 
Vitronectin VN Human plasma Sigma-Aldrich, St. Louis, MO 0.5 µgcm-2 I 

4.1.2 Langmuir-Schaefer films 

In Study II, LS technique was used to manufacture a biomaterial substrate 
mimicking the structure and organization of Bruch’s membrane for the production 
of clinically relevant hESC-RPE cells. A layered collagen film of human placental 
collagen type I (Col I) and Col IV (Sigma-Aldrich St. Louis, MO, USA) was 
manufactured using biocompatible substances of human origin using the KSV 
minitrough Langmuir film balance (KSV Instruments). Briefly, both collagens were 
dissolved in dilute acetic acid (Merck, Germany) to a concentration of 1 mgml-1 and 
pH 3. Collagen solution was applied onto a subphase, two-fold Dulbecco’s 
phosphate buffered saline (DPBS), and allowed to equilibrate for 30 min. Thereafter, 
the LS film was compressed to a deposition pressure of 12 mNm-1 for Col I and 30 
mNm-1 for Col IV. The LS films were deposited onto substrates by touch-and-lift 
method. For the double layer LS film, Col IV LS film was deposited on top of a 
dried Col I LS film. The manufacturing process of the collagen LS films is illustrated 
in Study II/Supplementary Figure 1 and described in detail in the original 
publication (Study II). Before cell seeding, the double layer LS films were sterilized 
with UV light and hydrated in culture medium for 1 hour. 

4.1.3 Electrospun biodegradable membranes 

In Study III, fibrous electrospun membranes were studied as potential substrates 
for hESC-RPE. These membranes were manufactured from PLCL (PURAC). 
Briefly, a 10 % (w/v) solution of PLCL was prepared in 
chloroform/dimethylformamide (Sigma-Aldrich) solution. The prepared polymer 
solution was fed into electrospinning chamber system at a flow rate of 1 mlh-1. High 
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voltage DC current of 18 kV was applied to a 21 G dispensing needle, and formed 
fibers were collected at 15 cm distance.  

The electrospun PLCL membranes were modified with DBD plasma processing 
technique to enhance hESC-RPE cell growth and maturation in serum-free culture 
conditions. This procedure was carried out at atmospheric surface pressure using a 
laboratory scale DBD system (Arcojet Gmbh, Germany). Two different plasma 
powers, 500 W and 750 W, were studied. Transit speed (v) through the active plasma 
zone was set at 0.48 ms-1 and 10 cycles were run for all samples. Each cycle 
responded to two periods of exposure (i.e. forward and backward). Exposure of the 
polymer samples to the atmospheric pressure plasma discharge was described 
quantitatively by the power density (Pd) and residence time (R).  Thus, the total 
energy delivered by the plasma to the electrospun membrane per unit area was given 
as the dose D = 2NPd/vl (Jcm-2), where l is the length of the discharge region and 
N is the number of cycles. The DBD plasma treatment parameters for the studied 
samples are summarized in Table 6. Electrospun PLCL membranes without the 
DBD plasma treatment were used as reference material and denoted as untreated 
samples. Before cell seeding, the various electrospun PLCL membranes were 
sterilized in 70 % ethanol for 1 h at RT and washed thoroughly with DPBS. The 
electrospun PLCL membranes were studied with and without additional Col IV dip-
coating.  

Table 6.  DBD plasma surface treatment parameters. 

Sample name Cycles Plasma power (W) Pd (Wcm-2) R (s) D (Jcm-2) 

ES 5/10 10 500 52.91 0.19 9.92 

ES 7/10 10 750 79.37 0.19 14.88 

4.2 Biomaterial characterization 

The structure and properties of the fabricated collagen LS films (Study II) and 
electrospun plasma-treated PLCL membranes (Study III) were analyzed in detail. 
Moreover, effects of the DBD plasma treatment on the surface properties of the 
electrospun PLCL membranes were evaluated (Study III). The biomaterial 
characterization methods used in this dissertation are summarized in Table 7. In 
brief, the microstructure of the fabricated substrates was observed with scanning 
electron microscopy (SEM), whereas atomic force microscopy (AFM) was used to 
analyze the nanostructure of the films and fiber topographies. Indirect 
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immunofluorescence (IF) stainings were carried out to visualize ECM protein 
coatings (Study I), distribution of Col IV coating on electrospun PLCL membranes, 
the fiber-like structure of the LS films and the conformation of  Col I and Col IV 
therein. The ability of fabricated substrates to act as a semipermeable barrier was 
studied with a permeability assay. Brewster angle microscopy (BAM) was used to 
detect the Col I and Col IV Langmuir film formation, whereas surface plasmon 
resonance (SPR) measurements were performed to determine LS film thickness. The 
effects of the DBD plasma treatment on the surface chemistry of electrospun PLCL 
membranes were evaluated with contact angle measurements and X-ray 
photoelectron spectroscopy (XPS). The chemical composition of the electrospun 
PLCL membranes was confirmed with Fourier Transform Infrared Spectroscopy 
(FTIR). The above mentioned biomaterial characterization protocols are described 
in detail in the original publications I-III. 

Table 7.  Biomaterial characterization. 

Biomaterial substrate IF SEM AFM  Permeability BAM
Contact 

angle  
XPS SPR FTIR 

ECM protein coatings (I) X                

Collagen LS film (II) X X X X X     X  

Electrospun PLCL 
membrane (III) 

X X X X  X X   X 

4.3 Culture of hESC lines 

Two hESC lines were used in the original publications. Both hESC lines Regea 
08/023 (46, XY) (Studies I, II and III) and Regea 11/013 (46, XY) (Studies II and 
III) were previously derived and regularly characterized as described in prior 
publication (Skottman, 2010).  Undifferentiated hESCs were maintained on γ-
irradiated (40 Gy) (Study I) or Mitomycin C-treated (Sigma-Aldrich) (Studies II and 
III) mitocally inactivated human foreskin fibroblast feeder cells (CRL-2429TM, 
ATCC, Manassas, VA, USA) in serum-free culture conditions. The serum-free hESC 
culture medium consisted of KnockOutTM Dulbecco’s Modified Eagle Medium 
containing 20 % KnockOutTM Serum Replacement (KO-SR), 2 mM Glutamax, 0.1 
mM 2-mercaptoethanol (all from Invtirogen, Carlsbad, CA), 1 % Minimum Essential 
Medium non-essential amino acids, 50 Uml-1 penicillin/streptomycin (Cambrex Bio 
Science, Walkersville, MD) and 8 ngml-1 human bFGF (PeproTech). 
Undifferentiated hESCs were passaged either manually once a week (Study I) or 
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enzymatically using TrypLE Select (Invitrogen, UK) at ten-day intervals (Studies II 
and III). 

4.4 hESC-RPE differentiation and culture 

Human ESCs were differentiated into RPE either in adherent differentiation on 
protein coatings (Study I) or as embryoid bodies (EBs) in suspension cultures on 
low cell bind well plates (Nunc, Tokyo, Japan) (Studies II and III). The protein 
coatings used for adherent differentiation in Study I are shown in Table 5. To 
prompt differentiation, undifferentiated hESC colonies were manually cut into small 
pieces and transferred either on a protein coating or onto low cell bind well plates 
for suspension culture. Importantly, KO-SR concentration was reduced to 15 % and 
bFGF was removed completely from the culture medium to induce spontaneous 
differentiation. Thereafter, the culture medium was changed three times a week.  

Pigmented areas were manually cut under a light microscope with a lancet into 
pieces. The selected pigmented cells were enriched in adherent cultures on 
appropriate protein coatings (Table 5). In Studies II and III, Col IV-coated (5 µgcm-

2) well plates (Corning® CellBIND®, Corning, Inc., NY) were used for hESC-RPE 
enrichment. Finally, hESC-RPE cells were seeded on investigated biomaterial 
substrates for maturation. For this, hESC-RPE cells were dissociated with TrypLE 
Select (Invitrogen), filtered through BD Falcon cell strainers (BD BioSciences) and 
seeded onto biomaterial substrates. The differentiation and maturation steps to 
produce hESC-RPE cells in this dissertation are illustrated in Figure 9. 

 

Figure 9.  hESC-RPE differentiation and enrichment. 
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4.5 Characterization of hESC-RPE cells on biomaterial 
substrates 

 

4.5.1 Analysis of pigmentation 

In Study I, appearance of the first pigmentation during adherent differentiation of 
hESCs on the different protein coatings was observed daily using Nikon Eclipse 
TE200S phase-contrast microscope (Nikon Instruments, The Netherlands). After 
42 days of culture on protein coated cell culture inserts and altogether 140 days of 
differentiation, degree of pigmentation was evaluated further with image analysis of 
phase-contrast microscope images from randomly selected locations on cell culture 
inserts. The degree of pigmentation was quantified with Image J Image Processing 
and Analysis Software and presented as inverse of pixel intensities normalized 
against Col IV.  

4.5.2 Analysis of cell number and proliferation 

In Study III, the attachment and proliferation of hESC-RPE cells on untreated and 
DBD plasma-treated electrospun PLCL membranes was studied by cell counts. 
Images of 4´, 6´diamidino-2-phenylidole (DAPI)-stained nuclei were captured with 
AxioScope A1 fluorescence microscope and analyzed with the Cell Counter plugin 
in Image J Image Processing and Analysis Software. Detailed protocol is presented 
in the original publication (Study III). The hESC-RPE cell proliferation on various 
electrospun PLCL membranes was examined further using AlamarBlue® assay 
(Invitrogen) according to the manufacturer’s instructions. This assay is based on its 
active ingredient, resazurin, which is a non-toxic cell permeable compound that 
converts to red-fluorescent resofurin. The change from non-fluorescent molecule to 
a compound with bright fluorescence is due to a reduction reaction by metabolically 
active cells. The amount of fluorescence is proportional to the amount of number 
of living cells. In Study III, the measured fluorescence values were normalized 
against the hESC-RPE cells cultured on untreated electrospun PLCL membranes to 
study the effect of DBD plasma surface treatment on hESC-RPE cell proliferation 
on these membranes. 
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4.5.3 Gene expression analysis  

Gene expression of RPE specific markers as well as markers for pluripotency was 
assessed with reverse transcription-polymerase chain reaction (RT-PCR) (Studies I, 
II and III). RNA was extracted using NucleoSpin XS and NucleoSpin® RNA II 
kits (Macherey-Nagel, GmbH & Co) in accordance with the manufacturer’s 
instructions. The RNA concentration and quality were determined with NanoDrop 
1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). 40 ng of the 
isolated RNA was reverse transcribed with MultiScribe Reverse Transcriptase 
(Applied Biosystems, Foster City CA) according to the manufacturer’s guidelines. 
The cDNA synthesis was performed in the following conditions: 10 min at 25 ºC, 
120 min at 37 ºC and 5 min at 85 ºC. PCR reaction was performed using 1 µl of 
cDNA as a template and 5 Uµl-1 Taq DNA Polymerase (Fermentas, Thermo Fisher 
Scientific INc., Leicestershire, UK) with 5 µM primers (Biomers.net Gmbh, 
Söflinger, Germany) specific for the target genes. Studied genes, their primer 
sequences and annealing temperatures are listed in Table 8. Water was included as a 
control in RT-PCR analysis to detect any impurities in the procedure and reagents. 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an endogenous 
control. Undifferentiated hESCs were used as a control for hESC-RPE cells cultured 
on various substrates.  

Table 8.  RT-PCR genes, primer sequences and annealing temperatures.  

Gene 
symbol 

Forward (5'>3') Reverse (5'>3') Tann 
(Co)  Study 

BEST GAATTTGCAGGTGTCCCTGT ATCCTCCTCGTCCTCCTG AT 55 II, III 

GAPDH GTTCGACAGTCAGCCGCATC GGAATTTGCCATGGGTGGA 55 I, II, III 

MITF AAGTCCTGAGCTTGCCATGT GGCAGACCT TGGTTTCCAA 52 II, III 

NANOG TGAAATGTCTTCTGCTGAGAT GTTCAGGATGTTGGAGAGTTC 55 I, II 

OCT3/4 CGTGAAGCTGGAGAAGGAGAAGC
TG 

AAGGGCCGCAGCTTACACATGT
TC 

62 I, II, III 

PEDF AGCTCGCCAGGTCCACAAAG TGGGCAATCTTGCAGCTGAG 60 II, III 

RPE65 TCCCCAATACAACTGCCACT CACCACCACACTCAGAACTA 52 II, III 

TYR TGCCAACGATCCTATCTTCC GACACAGCAAGCTCACAAGC 52 II, III 
Abbreviations: BEST=bestrophin, GAPDH=glyceraldehyde 3-phosphate dehydrogenase, 
MITF=microphthalmia-associated transcription factor, NANOG=nanog homeobox, OCT3/4=octamer-
binding transcription factor, PEDF=pigment epithelium-derived factor, RPE65=retinal pigment 
epithelium specific protein 65 kD, TYR=tyrosinase 

 
PCR reactions were carried out in PCR MasterCycler as follows: 3 min at 95 ºC, 

38 cycles at 95 ºC for 30 s, annealing temperature 30 s and 1 min at 72 ºC. Final 
extensions were run at 72 ºC for 5 min. PCR products were visualized on 2.0 % 
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agarose gels with a 50 bp DNA ladder (MassRulerTM DNA Ladder Mix; Fermentas). 
The bands were imaged with Quantity one 4.5.2. Basic program (Bio-Rad 
Laboratories, Inc., Hercules, CA). 

Differences in gene expression levels were studied further with quantitative real-
time PCR (qPCR) (Studies I and II). The studied genes as well as corresponding 
TaqMan primers are listed in Table 9. For details of the qPCR protocol, see the 
original publication (Study I). 

Table 9.  The expression levels of genes studied with qPCR. 

Gene symbol Gene name TaqMan assay Study 

BEST bestrophin Hs00959251_m1 I 

COL4A1 collagen type IV alpha-1 Hs00266237_m1 I 

CRALBP cellular retinaldehyde-binding protein Hs00165632_m1 I 

FN1 fibronectin 1 Hs00365052_m1 I 

GAPDH glyceraldehyde 3-phosphate dehydrogenase Hs99999905_m1 I, II 

LAMA1 laminin subunit alpha-1 Hs00300550_m1 I 

LAMA5 laminin subunit alpha-5 Hs00245699_m1 I 

MERTK Mer tyrosinase kinase receptor Hs00179024_m1 I 

MITF microphthalmia-associated transcription factor Hs01115553_m1 I 

PAX6 paired box gene 6 Hs00240871_m1 I 

RPE65 retinal pigment epithelium specific protein Hs01071462_m1 I, II 

4.5.4 Indirect immunofluorescence staining 

Protein expression and localization in hESC-RPE cells grown on different substrates 
was examined with IF staining (Studies I, II and III). The structure of the 
manufactured collagen LS films was verified with IF staining in Study II. Moreover, 
IF analysis was established to evaluate the distribution of Col IV on electrospun 
PLCL membranes in Study III. The primary antibodies used for IF staining in this 
dissertation are listed in Table 10. In addition, phalloidin-tetramethylrhodamine B 
isothiocyanate (Sigma-Aldrich) was used to visualize the filamentous actin 
cytoskeleton in hESC-RPE cells grown on investigated substrates. The entire IF 
protocol is described in detail in the original publications (Studies I, II, and III). 
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Table 10.  Protein expression and localization examined with IF staining. 

Antibody Host Manufacturer Dilution Study 

Bestrophin Rabbit Abcam, Cambridge, UK 1:200-1:400 I, II, III 

Collagen I Rabbit Millipore 1:200 II 

Collagen IV Mouse Neomarkers 1:100 I 

Collagen IV Mouse Merck Millipore 1:200 II, III 

CRALBP Mouse Abcam, Cambridge, UK 1:200-1:600 I, II, III 

Fibronectin Mouse Chemicon 1:500 I 

Laminin Rabbit Abcam, Cambridge, UK 1:200 I 

MERTK Mouse Abnova 1:50 II, III 

MITF Rabbit Abcam, Cambridge, UK 1:350 II, III 

Na+/K+ATPase Mouse Abcam, Cambridge, UK 1:100-1:200 I, II, III 

OCT3/4  Goat R&D Systems Inc., Minneapolis, MN 1:200 II 

ZO-1 Mouse Invitrogen, Carlsbad, CA 1:250 I, II, III 

4.5.5 Western blotting 

The ECM protein expression in hESC-RPE cells grown on Col IV, FN, LN and 
MG coatings was quantified with Western blotting (WB) (Study I). Furthermore, 
the expression of RPE specific protein RPE65 in hESC-RPE cells cultured on 
double layer collagen LS films and controls was determined with WB (Study II). 
The primary antibodies are presented in Table 11. β-actin was used as a loading 
control in all WB analyses in the studies carried out as a part of this dissertation. 
Detailed WB protocol is reported in the original publication (Study I).  

Table 11.  Protein expression investigated with western blotting. 

Antibody Host Manufacturer Dilution Study 

β-actin Mouse Santa Cruz 1:5000 I, II 

Collagen IV Mouse Merck Millipore 1:1000 I 

Fibronectin Mouse Merck Millipore 1:8000 I 

Laminin Rabbit Abcam, Cambridge, UK 1:1000 I 

RPE65 Mouse Merck Millipore 1:5000 II 
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4.5.6 Transmission electron microscopy 

Transmission electron microscopy (TEM) was used to evaluate the fine structure of 
maturated hESC-RPE cells on different protein coatings (Study I). Sample 
preparation for TEM analysis is described in detail in the original publication (Study 
I). Samples were imaged with JEM-2100F transmission electron microscope (Jeol 
Ltd., Tokyo, Japan). 

4.5.7 Transepithelial resistance 

Transepithelial resistance (TER) measurements were used to assess the integrity and 
barrier function of hESC-RPE on various biomaterial substrates (Study I, II and 
III). Measurements were carried out with a Millicell electrical resistance system volt-
ohm meter (Merck Millipore, Darmstad, Germany) in DPBS. In Studies II and III, 
samples were clamped to a P2307 slider (Physiologic Instruments) and placed in a 
custom-made Teflon chamber (Juuti-Uusitalo et al., 2013). TER values of similarly 
treated empty substrates without cells were subtracted from the original values. Final 
values were calculated multiplying the result by the surface area of the substrate 
(Ωcm2).  

4.5.8 Permeability assay 

The ability of manufactured biomaterial substrates to act as a semipermeable barrier 
was determined by measuring the flux of small molecular weight (700 Da) Alexa 
Fluor® 568 Hydrazide sodium salt (Life Technologies) (Studies II and III). In 
Study II, the integrity of hESC-RPE monolayer on collagen LS films was also 
assessed with the permeability assay. This assay was carried out in Ussing chamber 
system (Physiologic Instruments, San Diego, CA) and culture medium without KO-
SR was used as diffusion medium. The detailed protocol is described in the original 
publications. 
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4.5.9 Phagocytosis 

The phagocytic properties of hESC-RPE cells grown on biomaterial substrates were 
investigated with in vitro phagocytosis assay (Studies I, II and III). In Study I, rat 
retinal explants were used, whereas in Studies II and III the assay was carried out 
with isolated porcine POS. Both protocols are described in detail in the original 
publications (see Study I for the rat retina explant protocol and Study II for the 
isolated porcine POS protocol). In Study III, human foreskin fibroblasts were used 
as a negative control. Additionally, hESC-RPE cell controls were blocked with anti-
MERTK antibody to demonstrate that the phagocytic activity in hESC-RPE is 
MERTK dependent and RPE-specific. The images of hESC-RPE cells with 
internalized POS fragments in both cases were taken with a Zeiss LSM 700 confocal 
microscope (Carl Zeiss) using sectional scanning.  

4.5.10 Enzyme-linked immunosorbent assay 

The functionality of hESC-RPE cells grown on double layer collagen LS films was 
evaluated by their PEDF secretion (Study II). PEDF concentration was quantified 
with Chemikine PEDF Sandwich Enzyme-linked immunosorbent assay (ELISA) Kit 
(Millipore) according to the manufacturer’s instructions. The PEDF concentrations 
were determined from conditioned medium after 24 h incubation with hESC-RPE 
cells cultured on double layer LS films and dip-coated controls. PEDF 
concentrations were normalized to cell densities on each investigated substrate. 

4.6 Statistical analyses 

Mann-Whitney U-test in the IBM SPSS Statistics software was used for determining 
statistical significance in cell characterization studies on all investigated biomaterial 
substrates established as part of this dissertation. In Study III, one-way analysis of 
variance (ANOVA) and Tukey’s multiple comparison test were used to assess 
statistical differences in surface properties between the various electrospun PLCL 
membranes under investigation. P-values <0.05 were considered significant. 
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4.7 Ethical considerations 

The National Authority for Medicolegal Affairs in Finland has authorized The 
Institute of Biosciences and Medical Technology (BioMediTech) to conduct research 
with human embryos (Dnro 1426/32/300/05). In addition, the local ethics 
committee of the Pirkanmaa hospital district Finland has given the institute a 
supportive statement to derive and expand hESC lines and use these cell lines for 
research purposes (Skottman/R05116). No new cell lines were derived for the 
studies carried out in this dissertation. 
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5 Summary of the results 

5.1 Protein coatings as hESC-RPE cell biomaterial substrates  

The aim of Study I was to investigate the effect of several xeno-free ECM proteins 
as well as a xeno-derived substrate MatrigelTM on hESC-RPE cell differentiation, 
maturation and functionality in serum-free adherent cultures. All investigated protein 
coatings resulted in successful hESC-RPE differentiation with no eminent 
biologically relevant differences in the early stages of differentiation (Study I/Figure 
1).  

Pigmented areas were selected for further maturation and enrichment on all 
coatings. After 140 days of differentiation, confluent hESC-RPE with hexagonal 
RPE cell morphology were seen on all substrates. Moreover, all protein coatings 
promoted the growth of hESC-RPE as monolayer (Study I/Supplementary Figure 
4). However, non-uniform epithelia were at times detected on LN and VN coatings 
in visual inspection by phase-contrast microscopy and TER measurements. In 
addition, hESC-RPE cells on all studied protein coatings showed positive expression 
of RPE specific proteins bestrophin and CRALBP as well as correct polarization 
with apical expression of Na+/K+ATPase in IF staining (Study I/Figure 1). 
Importantly, RT-PCR analysis revealed no expression of pluripotency markers 
OCT3/4 and Nanog on protein coatings (Study I/Supplementary Figure 1). Further, 
comparison of gene expression levels with qPCR did not show any significant 
differences in mature RPE marker gene expression between the protein coatings 
(Study I/Supplementary Figure 2). The phagocytic properties of hESC-RPE cells 
were investigated on Col IV, FN, LN, CS and MG coatings with rat explant in vitro 
phagocytosis assay. Internalized POS were seen in hESC-RPE on all protein coatings 
(Study I/Supplementary Figure 3).  

Significant differences were found in hESC-RPE cell phenotype and functionality 
between protein coatings in long-term differentiation. Visual microscopic inspection 
as well as pigmentation analysis showed abundant pigmentation on LN, whereas FN 
and MG showed lower levels of pigmentation (Study I/Figure 2). Intermediate 
pigmentation levels were detected on Col IV. Moreover, TEM analysis revealed 
variation in the morphology and height of hESC-RPE cells cultured on different 
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protein coatings (Study I/ Figure 3). Human ESC-RPE cells on MG showed 
cuboidal morphology, whereas more columnar cells were seen on other investigated 
protein coatings. Human ESC-RPE cells had the highest cell thickness on LN, 
whereas substantially thinner cells were seen on MG. In addition, the structure and 
density of the apical microvilli varied between the studied protein coatings. The 
effects of protein coatings on hESC-RPE cell differentiation and maturation are 
summarized in Table 12. 

Table 12.  Summary of the effects of ECM protein coatings on hESC-RPE cells. 

Protein coating Col IV Col I LN FN VN CS MG 

Appearance of 
pigmentation (days) 12±2 12±1 14±3 16±4 13±3 14±4 16±5 

Degree of pigmentation  ++  +++  ++++  +  + +  +++  + 

Gene exression of early eye 
field markers 

 +  +  +  +  +  +  + 

hESC-RPE monolayer   ++  ++  +  ++  +  ++  ++ 

hESC-RPE cell 
morphology 

 +  +  +  +  +  +  + 

RPE gene expression  +  +  +  +  +  +  + 

RPE protein expression   +  +  +  +  +  +  + 

Polarization   +  +  +  +  +  +  + 

TER (Ωcm2) 247±35 183±72 128±25 552±56 122±64 275±77 473±53 

Presence of tight junctions   +  +  +  +  +  +  + 

Phagocytosis  + NA  +  + NA  +  + 

Cell thickness (µm)  13.2±2.4 13.8±0.1 14.7±1.3 12.5±1.1 10.8±1.4 10.9±0.5 7.6±0.4 

Basal lamina thickness (µm) 0.31±0.08 0.70±0.07 0.82±0.28 0.27±0.08 0.32±0.06 0.22±0.05 0.33±0.06 

ECM protein secretion  High High High Low High Low High 

     - Collagen IV  + ++   + +   + +   +  +  +  + 

     - Fibronectin  +++  ++  ++  -  ++  -  + 

     - Laminin  ++   ++  ++  +  ++  +  +++ 

NA=Not analyzed. 

 
The ECM protein secretion by hESC-RPE cells cultured on different protein 

coatings was thoroughly characterized with qPCR, IF, TEM and WB. qPCR revealed 
no clear differences in the expression levels of genes encoding ECM proteins. 
However, IF staining showed abundant secretion of collagen IV, fibronectin and 
laminin fibers on Col IV, Col I, LN, VN and MG (Study I/Figure 4). On the 
contrary, low amounts of collagen IV and laminin were seen on FN and CS coatings, 
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and fibronectin fibers were not detected at all. IF stainings additionally confirmed 
the basal localization of secreted collagen IV and fibronectin (Figure 10) 
(unpublished images). Laminin fibers were mainly localized basally, but some were 
also observed at intercellular spaces.  
 

 

Figure 10.  Localization of the secreted ECM proteins on LN coating. Scale bar 10 µm. 

Furthermore, TEM analysis revealed differences in self-assembled basal lamina 
thickness of hESC-RPE cells on protein coatings (Study I/Figure 3). In WB 
analysis, the highest laminin deposition was found on MG, whereas the highest 
fibronectin and collagen secretion was detected on Col IV (Study I/Figure 5). 
Unlike the IF staining, WB analysis confirmed fibronectin to be deposited on FN 
coating. 

5.2 Biomimetic microenvironment for hESC-RPE cells 

In Study II, a biomimetic microenvironment was fabricated for the in vitro 
production of hESC-RPE cells in serum-free culture conditions. The LS technique 
was applied to create a biomaterial substrate resembling the structure and 
organization of the native Bruch’s membrane. The suitability of the LS fabrication 
method for Col I and Col IV was evaluated with surface pressure-area isotherms. 
These measurements demonstrated an increase in surface pressure when collagens 
were applied to the DPBS air-subphase interface. Moreover, for both collagens the 
surface pressure increased steadily upon compression of the air-subphase interface. 
During LS film fabrication, BAM was used to detect the film and fiber formation at 
the air-subphase interface. The density of collagens at the air-subphase interface 
increased during compression, and fiber-like structures were observed. The 
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fabricated LS films had a fiber-like microstructure, and the substrates were fully 
covered with collagens (Study II/Figure 1).  

The structure and organization of the LS films was analyzed with SEM, AFM, IF, 
SPR and permeability assay. Col I LS films consisted of well-oriented fibers, whereas 
Col IV LS films had more net-like structure. On the contrary, fiber-like organized 
structures were not detected on dip-coated controls. Double layer LS films, with Col 
I and Col IV layers, were highly permeable for small molecular weight marker (Study 
II/Figure 1). However, the double layer LS film restricted the flow of the small 
molecular weight marker compared to an empty substrate therefore forming a 
barrier. For Col I, average width of the small fibrils was 4.5 nm, while widths of up 
to 65 nm were observed for larger fibrils. Widths of 12.5 nm and 140 nm were 
measured for smaller and larger Col IV fibrils, respectively. The double layer LS films 
had an average thickness of 27.1±3.0 nm, whereas for the dip-coated Col IV controls 
thickness of only 5.4±0.22 nm was measured (Study II/Figure 3).  

The stability of the collagen LS films was evaluated in water flow with MP-SPR, 
and merely small changes in the angle were detected (Study II/Supplementary 
Figure 3 and Supplementary Table 1). In addition, the stability of the double layer 
LS films in vitro was evaluated (Figure 11, not reported in the original publication). 
The fabricated films were kept in culture medium at +37 ºC and analyzed with IF. 
After 14 days of incubation, some degradation was observed on the film surface. 
After 63 days of incubation, the double layer LS film was still present on the substrate 
surface. However, clear thinning of the film was seen compared to the earlier time 
points.  

  

 

Figure 11.  In vitro degradation of double layer LS films in culture medium before (D0) and after 14 
days (D14) and 63 days (D63) of incubation. 3D images from vertical confocal sections. 
Scale bar 50 µm. 

The double layer collagen LS films supported the formation of confluent, 
polarized, and uniform hESC-RPE with abundant pigmentation and RPE cell 
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morphology. A clear difference was seen in the monolayer homogeneity between LS 
film and dip-coated control; more uniform and smoother epithelium was formed on 
LS film (Study II/Figure 4, Supplementary Figure 4). Human ESC-RPE on both LS 
films as well as dip-coated controls exhibited expression of RPE specific markers on 
both gene and protein level. However, expression of RPE65 in hESC-RPE on LS 
films was increased compared to the dip-coated controls, as demonstrated using 
qPCR. In addition, hESC-RPE cells grown on LS film expressed RPE65 at higher 
levels compared to the dip-coated controls (Study II/Figure 4).  

The barrier properties of hESC-RPE on LS films and dip-coated controls were 
thoroughly examined with IF, TER measurements, and permeability assay. Human 
ESC-RPE cells on LS films showed uniform expression of ZO-1, whereas more 
discontinuous labeling was detected on dip-coated controls. Moreover, hESC-RPE 
cells on LS films had significantly higher epithelial integrity seen in TER 
measurements compared to the controls in both investigated cell lines. Furthermore, 
hESC-RPE cells on LS films resulted in significantly lower permeability for a small 
molecular weight marker compared to the dip-coated controls (Study II/Figure 5). 
Human ESC-RPE cells from both cell lines on all investigated substrates 
demonstrated phagocytic activity with internalized POS detected with confocal 
microscopy. However, major differences were found in PEDF secretion between LS 
films and dip-coated controls. Human ESC-RPE cells on double layer LS films 
showed notably increased PEDF secretion levels compared to the dip-coated 
controls (Study II/Figure 6). The maturation and functionality of hESC-RPE cells 
on biomimetic LS films and dip-coated controls is summarized in Table 13. 
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Table 13.  Summary of the results of hESC-RPE cell maturation and functionality on LS films and dip-
coated controls. 

   Cell line Regea 08/023 Regea 11/013 

Feature Method LS film 
Dip-coated 

control 
LS film 

Dip-coated 
control 

Pigmentation Light 
microscopy 

 +  +  +  + 

RPE cell 
morphology 

Light 
microscopy, 
IF 

 +  +  +  + 

RPE monolayer 
Light 
microscopy, 
IF 

 +++  +  +++  + 

Polarization IF  +  +  +  + 

RPE gene 
expression 

RT-PCR  +   +   +   + 
qPCR  ++  +  ++  + 

Expression of 
pluripotency genes 

RT-PCR  -  -  -  - 

RPE-related 
proteins 

IF  +  +  +  + 
WB  +++  +  ++  + 

Tight junctions IF  ++  +  ++  + 

Barrier properties 
TER  ++  +  ++  + 

Permeability 
(Papp, cm2s-1 ) 1.76 x 10-6 3.86 x 10-6 2.48 x 10-6 4.93 x 10-6 

Phagocytosis Phagocytosis 
assay 

 +  +  +  + 

Growth factor 
secretion 

PEDF ELISA  
(ngml-1) 1682±167  274±118  853±146  207±155 

5.3 Biodegradable fibrous transplantation material for hESC-
RPE  

In Study III, porous biodegradable electrospun PLCL membranes were fabricated. 
The aim was to create a substrate that mimics the fibrous structure of the native 
Bruch’s membrane. The electrospun PLCL membranes had an average fiber 
diameter of 3.1±0.14 µm, and the formed fibers had an unaligned orientation (Study 
III/Figure 1). These membranes had an average thickness of 43.2±1.95 µm and 
were permeable for small molecular weight substance.  

The electrospun PLCL membranes were surface modified with DBD plasma 
treatment to promote hESC-RPE cellular response. The effects of the DBD plasma 
treatment on the surface properties and chemical composition of the fabricated 
membranes were evaluated with SEM, AFM, XPS, contact angle measurements and 
IF staining. The surface-treated membranes had increased surface roughness 
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compared to the untreated samples (Study III/Figure 1). Moreover, an eminent 
reduction was seen in contact angle measurements of the surface-treated membranes 
indicating increased hydrophilicity of the surface (Study III/Figure 2). XPS analysis 
revealed a significant increase in oxygen content of the surface-treated PLCL 
membranes, which was dependent on the DBD plasma dose applied on the surfaces 
(Study III/Figure 3, Table 1). Furthermore, DBD plasma treatment before 
additional Col IV-coating increased the atomic concentration of nitrogen in XPS 
analysis. The amount of nitrogen on Col IV-coated surface-treated PLCL 
membranes was significantly higher compared to the untreated PLCL membranes 
with additional Col IV-coating (Study III/table 2). In addition, Col IV-coating had 
distributed in uniform manner on all investigated PLCL membranes (Study 
III/Figure 4). 

Without additional Col IV-coating, hESC-RPE cells did not grow on any of the 
fabricated electrospun PLCL membranes. In addition, hESC-RPE cell attachment 
and proliferation were poor on untreated Col IV-coated electrospun PLCL 
membranes (Study III/Figure 5, Supplementary Figure 2). DBD plasma treatment 
significantly increased the cell attachment and proliferation on electrospun PLCL 
membranes when combined with additional Col IV-coating (Study III/Figure 5). 
Moreover, the DBD plasma surface modified PLCL membranes with Col IV-coating 
supported the formation of confluent and uniform hESC-RPE layer in serum-free 
culture conditions (Study III/Figure 5). Human ESC-RPE cells on these surface 
modified membranes expressed mature RPE marker genes and morphologically 
correct and homogeneous localization of the RPE-specific proteins in IF stainings 
(Study III/ Figures 5 and 6). Likewise, Col IV-coated DBD plasma treated PLCL 
membranes supported the formation of polarized epithelium with apical expression 
of Na+/K+ATPase, MERTK and ZO-1. In addition, hESC-RPE on Col IV-coated 
DBD treated PLCL membranes showed improved epithelial integrity and barrier 
properties compared to the untreated membranes in TER measurements. Finally, 
hESC-RPE functionality on these films was verified with phagocytosis assay where 
internalized POS were seen in both studied hESC-RPE cell lines (Study III/Figure 
7). 
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6 Discussion 

Human ESC-RPE cells show great potential as a cell source for retinal tissue 
engineering applications (Schwartz et al., 2015). Therefore, efficient production of 
mature and functional hESC-RPE monolayer sheets is essential for their future use 
in clinical applications (Hu et al., 2012; Koss et al., 2016). However, the current in 
vitro and in vivo intended biomaterial substrates and transplantation materials fail to 
mimic the natural environment of the RPE (Jha & Bharti, 2015), which could 
possibly affect the performance of the produced cells in transplantations (McCarthy 
et al., 1996). Thus special attention must be paid in to biomaterial design and 
optimization for retinal tissue engineering applications. 

6.1 Protein coatings as hESC-RPE cell biomaterial substrates  
 

The ECM proteins adsorbed to the biomaterial substrate affect the differentiation 
fate of hESCs (Laperle et al., 2015). Previously, ECM protein coatings have been 
demonstrated to influence early stage differentiation of hPSCs into neural 
progenitors and neurons (Ma et al., 2008), retinal progenitor cells (Gong et al., 2008), 
and RPE (Rowland et al., 2013). In previous studies, human RPE cells have shown 
improved attachment to RPE basement membrane and its proteins compared to the 
other layers and components of Bruch’s membrane (Tezel et al., 1999; Tezel & Del 
Priore, 1999). Thus, the first aim of this dissertation was to evaluate the effect of 
selected ECM proteins found in Bruch’s membrane on production of hESC-RPE 
cells for clinical purposes. Human ESCs were differentiated to RPE on several xeno-
free human-derived ECM proteins as well as on xeno-derived MatrigelTM in adherent 
cultures. Here, in Study I, we hypothesized that abundant components of the native 
RPE basement membrane, namely Col IV and LN, would result in improved 
performance during hESC-RPE differentiation and further maturation.  

Unexpectedly in Study I, no eminent differences were detected between the 
investigated protein coatings in hESC-RPE differentiation when assessing its early 
stages. These results are in line with a previous study, where hiPSC-RPE 
differentiated on several different ECM proteins demonstrated RPE cell 
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morphology and expression of key RPE genes (Rowland et al., 2013). However, the 
effect of full-length ECM proteins was previously evaluated only on hiPSC-RPE 
differentiation by analysing the cell morphology, pigmentation frequency and RPE 
gene expression on ECM substrates (Rowland et al., 2013). In Study I, evident 
disparities were found when assessing the fine structure and functionality of these 
cells. Remarkable differences were detected in the degree of pigmentation, basal 
lamina secretion as well as barrier properties between hESC-RPE cells maturated on 
different protein coatings. To compare, significant differences were previously 
reported in pigmentation density after 5 weeks of initial differentiation between 
hiPSC-RPE generated on different ECM substrates (Rowland et al., 2013). Thus, the 
results of Study I indicate that the choice of substrate in hESC-RPE differentiation 
and maturation is of high importance when producing cells for clinical purposes. 
Regardless of the extensive use of full-length protein coatings in retinal tissue 
engineering applications, the effects of different ECM proteins on the maturation 
and functionality of hESC-RPE have not been previously thoroughly assessed. 
Hence, Study I is the first to show an extensive comparative analysis of hESC-RPE 
differentiated and further maturated on several ECM substrates.  

While significant progress has been made with hPSC-RPE differentiation, the 
criteria for the generated RPE cells to be used in clinical settings have not been 
validated yet (Jha & Bharti, 2015). The hexagonal RPE cell morphology, expression 
of RPE specific proteins on gene and protein level, polarization of the RPE 
monolayer, abundant pigmentation, phagocytic properties and formation of tight 
barrier are generally considered as hallmarks of mature RPE (Bharti et al., 2011; 
Binder et al., 2007; Burke, 2008; Jha & Bharti, 2015; Rizzolo et al., 2011). When 
assessing all the above mentioned criteria in Study I, Col IV was the golden mean 
coating. Surprisingly, the degree of pigmentation showed an inverse relation to the 
epithelial resistance: heavily pigmented hESC-RPE on LN demonstrated low TER 
values whereas low degree of pigmentation and highest TER values were observed 
on hESC-RPE cultured on FN and MG coatings. Previously, mouse laminin-111 
and MatrigelTM have been suggested as suitable matrices for hPSC-RPE 
differentiation due to relatively high degree of pigmentation (Rowland et al., 2013). 
In contrast, less pigmented hESC-RPE cells were chosen for the first clinical trial 
over heavily pigmented cells as they demonstrated improved cell attachment and 
migration (Schwartz et al., 2012). Additionally, in a recent study evaluation of cellular 
function, in particular epithelial integrity and electrical activity, were suggested as 
potential tools for testing hiPSC-RPE quality for clinical applications (Miyagishima 
et al., 2016). Thus, the aspect of epithelium maturation and selection criteria of 
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hPSC-RPE cells for clinical applications needs to be clarified and further assessed 
with respect to in vivo functionality of the cells.  

Several concerns, such as pathogen transmission and immunogenicity, have been 
associated with animal-derived components and their use in tissue engineering 
applications (Sakamoto et al., 2007). Yet, xenogeneic components, such as gelatin 
and MatrigelTM, are commonly in use during hPSC-RPE differentiation and 
enrichment (Kamao et al., 2014; Lu et al., 2014; Rowland et al., 2013; Schwartz et al., 
2012). MatrigelTM is extracted from the Engelbreth-Holm-Swarm mouse sarcoma 
and it is rich in ECM proteins including laminin, collagen IV, heparan sulfate 
proteoglycans, and entactin/nidogen. Previously, MatrigelTM has been shown to 
contain over 1800 proteins that vary from batch to batch (Hughes et al., 2010; 
Hughes et al., 2011). Gelatin is denaturated collagen that has been processed to 
remove its higher order structure and it is generally extracted from animal sources 
such as porcine and bovine skin and bone (Malafaya et al., 2007; Veis & Cohen, 
1960). In Study I, hESC-RPE cells were successfully differentiated and maturated 
on the xeno-free fully defined cGMP-produced matrix CS. Additionally, several 
xeno-free human-derived proteins supported the formation of functional hESC-
RPE and therefore are more suitable substrate choices compared to MatrigelTM and 
other animal-derived protein coatings in hESC-RPE production for clinical 
applications.  

Biomaterial substrates of natural origin have the advantage of mimicking the 
intrinsic architecture of the native ECM (Rahmany & Van Dyke, 2013). However, 
several limitations have been associated with the use of full-length protein coatings 
such as batch to batch variations and limited scalability of the manufacturing process 
(Hotaling et al., 2016; Villa-Diaz et al., 2013). Moreover, upon adsorption, the large 
proteins tend to fold randomly and thus the binding domains for integrins may not 
be available for the cells (Lewandowska et al., 1992). In addition, full-length proteins 
have been shown to elicitan immune response upon transplantation. In contrast, 
shorter peptides containing the binding motifs have been shown to be less antigenic 
compared to their full-length proteins (Rudensky et al., 1991; Yewdell & Bennink, 
2001). Many of these obstacles encountered with xenogeneic material and full-length 
ECM protein coatings could be circumvented by using synthetic substrates and 
peptide motifs or full-length engineered proteins obtained by recombinant DNA 
technology (Plaza Reyes et al., 2016; Villa-Diaz et al., 2013).  

The coating success of biomaterial substrates is based on physicochemical 
adsorption of the proteins on material surface, and thus depends on the substrate 
surface properties and its interaction with ECM protein in question (Wilson et al., 
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2005). In Study I, polystyrene cell culture well plate wells and commercial PET cell 
culture inserts were coated with various protein coatings. The coating success in this 
study was evaluated solely by their ability to support hESC-RPE differentiation and 
maturation, and the amount of adsorbed proteins and their conformations on the 
substrate were not analyzed. Thus, it should be emphasized that on distinct 
biomaterial substrates these full-length protein coatings can adsorb differently and 
possess various conformations affecting the cellular response thereon (Hlady & 
Buijs, 1996). Further studies are needed to investigate the success of full-length 
protein coating, the protein conformation, and interaction with biomaterial 
substrates in order to fully understand their role in hESC-RPE differentiation and 
maturation. 

Sufficient ECM production by hESC-RPE is important in respect to their use in 
clinical applications to ensure adequate cell attachment, proper integration to the 
host tissue and remodeling of the damaged Bruch’s membrane in AMD (Sugino et 
al., 2011). Previously, ECM protein composition on the biomaterial substrate was 
shown to affect ECM deposition by the differentiating hESCs (Laperle et al., 2015). 
In Study I, the qPCR analysis, IF staining, WB analysis as well as TEM showed that 
hESC-RPE cells assemble their own basal lamina. Previously, hESC-RPE cells 
grown on MatrigelTM showed secretion of basement membrane components in TEM 
and IF analysis (Vugler et al., 2008). Yet, a comparison elucidating the ECM 
secretion by hESC-RPE cells grown on different substrates has not been reported 
previously. In Study I, qPCR analysis was carried out after a total of 140 days of 
differentiation and maturation. Even though other analyses revealed differences in 
ECM composition secreted by hESC-RPE between the investigated protein 
coatings, no clear differences were found on gene expression level. Most likely, this 
time point was too late after cell seeding on protein coatings, and earlier inspection 
of ECM protein gene expression levels could be more relevant. Moreover, gene 
expression of only one Col IV isomer was assessed. Thus, a more thorough analysis 
of different ECM protein isomers should be conducted to evaluate the ECM 
secretion of hESC-RPE in more detail. IF staining of the hESC-RPE cells on 
substrates showed fiber-like ECM proteins, whereas IF staining of the protein coated 
substrates without cells did not have a fiber-like structure. This is in line with 
previous studies showing the distribution of dip-coated full-length proteins in IF 
staining on biomaterial substrates (Calejo et al., 2016; Subrizi et al., 2012). Thus, the 
fiber-like ECM proteins seen in IF staining were produced or modified by the cells. 
To my knowledge, Study I was the first to exhibit that self-assembly of ECM 
proteins by hESC-RPE is influenced by their substrate.  
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Laminins in the basement membranes have an important role for cell adhesion 
(Kalluri, 2003) and they have been shown to support the derivation and culture of 
hESCs (Rodin et al., 2014) as well as RPE differentiation (Plaza Reyes et al., 2016; 
Rowland et al., 2013). In Study I, hESC-RPE cells were successfully differentiated 
on LN coating. Even though hESC-RPE cells on LN were superior in all other 
studied aspects, they demonstrated low TER values. Recently, mouse laminin-111 
was suggested as a potential substrate for hiPSC-RPE differentiation due to a high 
degree of pigmentation (Rowland et al., 2013). However, the integrity of the 
epithelium on laminin was not assessed in that study. Since Col IV supported the 
formation of mature and functional hESC-RPE with good epithelial integrity and 
average degree of pigmentation in Study I, and due the structural role of collagens 
in basement membranes, Col IV was chosen as the starting material and protein 
coating for the Studies II and III. Nevertheless, further studies are required to find 
the optimal protein coating and biomaterial substrate combination for hESC-RPE 
cell production for clinical applications. 

6.2 Biomimetic microenvironment for hESC-RPE cells 

After initial cell attachment to a substrate, cells undergo several processes that can 
be directed by the stimuli provided by the ECM in the native environment. However, 
recapitulating all these signals for biomaterial substrates remains a challenge in 
biomaterial design: the classic cell culture substrates do not provide the native cell 
microenvironment existing naturally in vivo, potentially affecting the clinical 
performance of the cells in tissue engineering applications (Alamdari et al., 2013). 
The aim of Study II was to fabricate a biomimetic microenvironment simulating the 
layered structure and composition of the two uppermost layers of Bruch’s 
membrane. Human placental Col I and IV were used in the manufacturing process 
without additional bioincompatible substances. 

The collagen film fabricated with LS technology had a layered and fibrous 
structure with Col I layer below and Col IV layer on top to mimic the inner 
collagenous layer and basement membrane of Bruch’s membrane, respectively. 
Apart from layered structure, the Col I layer consisted of fiber-like structures with 
diameters ranging from 4.5 nm up to 65 nm suggesting that it contains Col I 
tropocollagen, microfibrils and fibers. In a previous study mimicking the inner 
collagenous layer of Bruch’s membrane, the electrospun Col I fibers with diameters 
ranging from 200 to 500 nm were fabricated (Warnke et al., 2013). Thus, LS 
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technology allows the fabrication of collagen I fibers closer to their native equivalent 
in inner collagenous layer compared to the electrospinning method. Previously, Col 
IV has been used in tissue engineering applications merely in the form of protein 
coating (Calejo et al., 2016; Subrizi et al., 2012). In Study II, the Col IV layer of the 
LS film demonstrated a net-like surface topography formed by 12.5 nm and 140 nm 
thick fibrils, mimicking the Col IV network found in the native RPE basement 
membrane. These results indicate that LS technology is a valid, low-cost and simple 
method to fabricate especially Col IV substrates with delicate architecture for tissue 
engineering applications.  

It is important to note that ECM is only one factor among several others within 
the in vivo microenvironment of the cells (Barthes et al., 2014). For cell production 
in tissue engineering field, the cells are commonly placed on plastic substrate in the 
presence of vast amounts of salt water, additives and serum (Chen et al., 2011). 
However, the demand for hPSC-RPE production to be carried out under fully 
defined conditions and devoid of animal derived products for clinical use of the cells 
(Bharti et al., 2014; Pennington et al., 2015) brings up further limitations to the 
soluble environment of hPSC-RPE cells in vitro. Thus, the importance of a 
supportive biomaterial substrate mimicking the ECM structure for the production 
of functional hPSC-RPE is emphasized. In this dissertation, it was hypothesized that 
substrates resembling the native environment of the cells would result in improved 
cellular response compared to conventional cell culture substrates in serum-free 
medium. Indeed, extensive characterization confirmed that the double layer collagen 
LS films were superior in supporting hESC-RPE maturation and functionality 
compared to the dip-coated controls. Thus, the results presented in Study II suggest 
that double layer LS films provide optimal cues for hESC-RPE cell production and 
provide a biomimetic environment for the efficient production of hESC-RPE cells, 
potentially increasing their performance in retinal tissue engineering applications.  

Individual hESC and hiPSC lines have remarkable differences in their capacity 
and rate to differentiate towards mature RPE (Leach et al., 2016; Toivonen et al., 
2013). Regardless of the cell line dependent differences detected on LS films between 
the two investigated hESC lines, the hESC-RPE cells produced from both cell lines 
demonstrated increased functionality on double layer LS films compared to the dip-
coated controls. Previous studies have shown that LB films made of ECM proteins 
increased NB1-RGB cell growth and growth factor secretion compared to solvent 
cast ECM protein films (Higuchi et al., 2002). Apart from the lack of fiber-like 
surface topography on the dip-coated controls, SPR measurements demonstrated 
that their thickness was significantly lower compared to the thickness of the double 
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layer LS films. Thus, the improvement in cellular response on biomimetic substrate 
is likely due to multiple factors, including formation of fiber-like collagen networks, 
as well as increase in the amount of collagens and thus integrin binding motifs on 
the surface. Hence, not only the primary structure of proteins but also the fabrication 
methods of the films are a strong factor affecting cell growth on a biomaterial 
substrate (Higuchi et al., 2002). 

In the native Bruch’s membrane, the two uppermost layers have a combined 
thickness of 1.5 µm (Booij et al., 2010). Thus, the double layer LS film with average 
thickness of 27 nm is far off from this. Nevertheless, by depositing multiple layers 
of both collagens, the thickness of the film could be increased. Importantly, the layer 
by layer deposition of collagens in Study II, with Col I deposited below and Col IV 
on top as in the native Bruch’s membrane, influenced the overall stucture. Therefore, 
the Col IV layer on Col I had a different surface topography compared to Col IV 
deposited directly onto substrate. This result is in line with a common phenomenon 
seen in the LB film field, where the first layer affects the structure of the next layer 
(Lotta et al., 1988). Owing to the extremely low thickness of the LS films, they need 
an additional supportive structure, such as porous and thin PET, to withstand 
handling. Hence, these films are not suitable for further use in in vivo applications as 
such. However, in Study II we were able to deposit double layer LS films on multiple 
substrates. Therefore, these films could be used to coat biomaterial substrates 
fabricated from synthetic polymers that have a thin but mechanically durable and 
permeable structure, yet lack cell binding ligands on the scaffold surface. Thus, the 
results reported in Study II indicate that these LS films show potential as a 
biomaterial substrate for the in vitro production of the clinically relevant hESC-RPE 
cells under serum-free culture conditions. However, to be able to confirm the 
suitability of these LS films for subretinal transplantation, in vivo studies need to be 
conducted in the future.  

6.3 Biodegradable fibrous transplantation material for hESC-
RPE 

Transplantation of hESC-RPE to the subretinal space on a supportive biomaterial 
substrate shows promise for retinal cell therapies (Diniz et al., 2013; Koss et al., 
2016). As the double layer LS films developed in Study II were too fragile to be 
transplanted as such, we searched for an alternative biomaterial substrate for hESC-
RPE cell transplantations. Synthetic fibrous membranes have a significant advantage 
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over natural polymeric substrates by possessing favorable characteristics including 
well-defined and xeno-free substances and tailorable fiber size and porosity 
(Hotaling et al., 2016). Previous comparative studies between smooth and fibrous 
substrates have demonstrated that RPE function and maturation is enhanced on 
electrospun substrates regardless of the polymer composition (Singh et al., 2001; 
Thieltges et al., 2011; Warnke et al., 2013). The aim of Study III was to fabricate a 
fibrous biodegradable membrane for hESC-RPE transplantation from synthetic 
polymer that would support hESC-RPE growth in serum-free culture conditions.  

Hydrolytically degradable synthetic polymers are commonly chosen as implant 
material due to their minimal site-to-site and patient-to-patient variations compared 
to enzymatically degradable polymers (Nair & Laurencin, 2007). FDA approved 
poly-α-hydroxy-acid-based polymers, including PLLA and PCL, have been tested as 
potential scaffolds for human primary RPE cells and ARPE-19 cells (McHugh et al., 
2014; Thomson et al., 2010; Thomson et al., 1996). Flexibility of the biomaterial 
substrate is an advantage for subretinal transplantations, as rigid materials might 
damage surrounding soft tissues (Hynes & Lavik, 2010).  Unfortunately, biomaterial 
substrates fabricated from PLLA alone, have been shown to be extremely rigid and 
brittle (Thomson et al., 1996). Combining PLLA and PCL materials as co-polymer 
PLCL offers a range of favorable features. In addition, PLCL nanofibers have shown 
in vivo biocompatibility in subretinal space of rabbits (Liu et al., 2014). Previously, 
electrospun PLCL membranes have demonstrated elastic properties (Lee et al., 2008) 
resembling the elasticity of the native Bruch’s membrane (Ugarte et al., 2006). 
However, the elastic properties of the DBD plasma treated PLCL membrane 
fabricated in Study III were not analyzed in this dissertation, and further 
experiments should be carried out in the future to better address this issue.  

Various studies have generated electrospun substrates in an attempt to mimic the 
fibrous structure of the Col I fibers in the inner collagenous layer of the Bruch’s 
membrane (Liu et al., 2014; Thieltges et al., 2011; Warnke et al., 2013; Xiang et al., 
2014). The fabricated electrospun PLCL membranes in Study III had unaligned 
fiber-like morphology with porous structure and uniform fiber diameter of 3.1 µm. 
DBD plasma surface treatment did not affect the membrane and fiber architecture, 
and only minor changes in surface topography were detected demonstrating that 
plasma treatment is a valid method to surface modify biomaterial substrates with 
delicate structures. Even though these membranes had fibrous appearance, the fiber 
diameter of the prepared membranes was significantly larger than the fibers found 
in the basement membrane of Bruch’s membrane. In contrast to previous findings 
in the field with nanoscale fibers (Thieltges et al., 2011; Xiang et al., 2014), the fibrous 
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morphology of the PLCL membrane alone did not improve hESC-RPE cell 
attachment and further surface modifications of the membranes were required. This 
could be due to microscale fiber diameter, and further efforts should be done to fine-
tune the fiber-like morphology of these PLCL membranes.  

Biodegradability is a desirable feature of a biomaterial substrate, since the primary 
aim for the biomaterial structure in tissue engineering applications is to provide 
temporary support for the cells during transplantation and integration to the host 
tissue until the natural ECM has sufficiently developed (Ulery et al., 2011). In 
addition, biodegradable substrates allow the incorporation of therapeutic agents and 
their controlled and local release in subretinal transplantation (Sakai et al., 2001). 
However, the degradation rate of these biodegradable substrates and the 
biocompatibility of their degradation products cause a regulatory concern and need 
to be thoroughly addressed in vivo. In contrast, stabile substrates provide permanent 
support for the transplanted cells. However, these stabile substrates need be highly 
permeable to allow the reciprocal exchange of nutrients and fluids (Pennington & 
Clegg, 2016). Previously, PET substrates with 3.0 µm pores resulted in significantly 
better preservation of outer retinal layers compared to a similar carrier with pores of 
0.4 µm (Stanzel et al., 2014). Both biodegradable and synthetic transplantation 
materials have been suggested for human RPE cells both in vitro and in vivo (Jha & 
Bharti, 2015). However, only the stabile biomaterial substrates have shown success 
with hESC-RPE (Carr et al., 2013; Coffey et al., 2009; Koss et al., 2016; Subrizi et 
al., 2012). Moreover, none of the biomaterial substrates support the maturation of 
functional hESC-RPE as such: human proteins such as laminin, vitronectin and 
collagen IV, as well as animal derived MatrigelTM and gelatin, have been assessed to 
improve hESC-RPE response on investigated substrates (Ilmarinen et al., 2015; 
Koss et al., 2016; Lu et al., 2014; Subrizi et al., 2012; Thomas et al., 2016). Thorough 
in vivo comparative studies need to be carried out in the future to conclude whether 
biodegradable or stabile biomaterial substrates are more suitable for retinal tissue 
engineering applications. 

Various synthetic polymers in their native state lack surface functionality 
necessary to elicit appropriate cellular responses. The lack of published results and 
our own extensive empirical testing suggests that substrates fabricated from 
biodegradable synthetic polymers do not support hESC-RPE attachment and 
maturation as such in serum-free culture conditions. It is well recognized that in 
general cells do not directly interact with synthetic biomaterial substrates. Instead, 
the interaction depends on the adsorption of proteins on the substrate surface 
(Ngandu Mpoyi et al., 2016; Wang et al., 2005). DBD plasma processing technique 
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is a commonly used method to fine-tune biomaterial substrate surfaces to enhance 
cell attachment and maturation (D'Sa et al., 2010b). In Study III, this phenomenon 
was confirmed as the beneficial effects of the DBD plasma surface treatment were 
only evident with additional protein coating. Without Col IV adlayer DBD plasma 
surface modified membranes failed to support hESC-RPE cell attachment and 
monolayer formation in serum-free cultures, whereas identical substrate in similar 
culture conditions with Col IV coating allowed the formation of functional hESC-
RPE. These results imply that the DBD plasma surface treatment and its beneficial 
properties on cellular response appears to be a secondary effect and is above all 
caused by improved Col IV adsorption and conformation on the PLCL membrane 
surface. Moreover, the untreated PLCL membranes, even when combined with Col 
IV coating, did not support hESC-RPE monolayer formation. Thus, the surface 
treatment of these synthetic PLCL substrates is essential in obtaining uniform hESC-
RPE monolayers in serum-free culture conditions.  

It has been widely observed that cell adhesion is commonly increased on 
hydrophilic surfaces (Wang et al., 2005; Wilson et al., 2005). Likewise, hydrophilic 
surface has been shown to adsorb more ECM proteins compared to hydrophobic 
surface (Yang et al., 2002). In Study III, the DBD plasma treatment significantly 
increased the hydrophilicity of the PLCL membranes. Moreover, higher nitrogen 
content on DBD plasma treated membranes was detected compared to untreated 
membranes, indicating increased Col IV adsorption on the substrate surface after 
DBD plasma treatment. The DBD plasma treated PLCL membranes also 
demonstrated increase in the number of polarized oxygen groups on the surface as 
well as rougher nanotopography compared to untreated membranes. Both of these 
surface characteristics have been previously associated with improvements in the 
surface-free energy and subsequent increase in collagen binding on plasma-treated 
synthetic membranes (Yang et al., 2002).  

For retinal tissue engineering applications, the intended substrate should 
primarily allow formation of polarized and functional RPE monolayer (Binder et al., 
2007). Study III was the first to show formation of a functional hESC-RPE 
monolayer on a porous biodegradable membrane in a serum-free culture 
environment. Thereafter, successful hESC-RPE maturation was demonstrated on 
porous honeycomb structured PLDLA films (Calejo et al., 2016) and nonporous 
elastic poly(trimethylene carbonate) (PTMC) substrates (Sorkio et al., 2016) with 
additional human-derived protein coating in serum-free medium. Even though a 
number of studies have used biodegradable scaffolds with primary RPE cells and 
immortalized cell lines, it seems that these results are not directly translatable for 
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hESC-RPE cells. Recent findings suggest that the extent of hESC-RPE cell maturity 
and pigmentation might substantially affect subsequent attachment and growth of 
the cells in vitro (Schwartz et al., 2012). Thus, a comparison of hESC-RPE cell 
performance on biomaterial substrates between cells with different degree of 
maturity should be assessed in future studies.  

The electrospun DBD plasma surface modified PLCL membranes fulfill the 
majority of the criteria set for an ideal substrate for subretinal transplantation. These 
membranes are porous, allowing the reciprocal exchange of biomolecules, support 
the formation of functional hESC-RPE in vitro in serum-free culture conditions 
without the use of animal-derived substrates, and have physical strength and 
maneuverability necessary for the surgical procedure. Yet, there are a few limitations 
including relatively high membrane thickness of 43 µm compared to the 2-4 µm thin 
native Bruch’s membrane. This thickness could be further optimized and 
significantly reduced. However, wetted electrospun meshes less than 10 µm in 
thickness are difficult to handle for subretinal transplantation (Popelka et al., 2015). 
This was the case for electrospun PLGA and PLCL fibers designed for RPE cells, 
which needed an additional PET film as support, and the fibers merely provided a 
thin coating on the film surface (Liu et al., 2014; Warnke et al., 2013). One proposed 
option to transplant thin electrospun membranes used frame-supported 6 µm thick 
electrospun membranes, where biodegradable surgical sutures were applied to 
maintain the membrane flat during transplantation (Popelka et al., 2015). Yet another 
option could be to encapsulate the nanofiber carrier graft in a biodegradable 
hydrogel (Stanzel et al., 2012). Nevertheless, the suitability of these surgical 
techniques for thin electrospun membranes needs to be further optimized and 
investigated thoroughly in vivo. 

The double layer LS films developed in Study II mimicked the fibrillary structure 
of the uppermost layers of the RPE basement membrane to a great extent, but lacked 
the mechanical durability as such, limiting the in vivo use of the films. On the other 
hand, the electrospun PLCL membranes fabricated in Study III exhibited good 
durability as well as handling, but had substantially higher fiber diameter compared 
to their native counterpart in the inner collagenous layer of Bruch’s membrane. 
Combining the double layer LS film with the electrospun PLCL membrane into a 
biodegradable composite scaffold could potentially result in a combination with the 
best properties of both constituents. However, the feasibility of these composite 
scaffolds as biomaterial substrates for retinal tissue engineering applications needs 
to be further addressed in both in vitro and in vivo settings.  
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6.4 Future perspectives 

Retinal tissue engineering applications currently dominate the first-in-man clinical 
trials of hPSC-derived cells with several ongoing clinical trials (Kimbrel & Lanza, 
2015; Nazari et al., 2015). Preliminary results of the first clinical trials with hESC-
RPE cells delivered in cell suspension were promising: no signs of 
hyperproliferation, tumorigenicity or clear rejection of the cells were seen (Schwartz 
et al., 2012). Moreover, long-term safety, graft survival, as well as biological activity 
of the transplanted cells have been recently reported, which gives promise to hESCs 
as cell source for retinal tissue engineering applications (Schwartz et al., 2015; 
Schwartz et al., 2016). Even though successful transplantation of hESC-RPE cells in 
suspension has been shown in vivo, there is growing evidence demonstrating the 
feasibility of hESC-RPE transplantation as monolayer sheet on a biomaterial 
substrate (Koss et al., 2016; Thomas et al., 2016). The first clinical trials with hESC-
RPE sheets on stabile PET and Parylene-C biomaterial substrates will commence 
soon (Carr et al., 2013; Coffey et al., 2009; Koss et al., 2016). The outcome of these 
trials will determine the course for the RPE-biomaterial transplantation and 
biomaterial substrate design for future retinal tissue engineering applications. 
Moreover, as the biomaterial substrates will be more often used in clinical 
applications, special attention must be paid to designing substrates that replace the 
structure and lost functionality of the damaged ECM in subretinal space. 

Patient-specific hiPSC-RPE cells open the door for personalized medicine 
applications. In addition, autologous hiPSC-RPE cells are considered as a potential 
cell source for tissue engineering applications as they can potentially avoid the 
immune rejection commonly associated with allogeneic cells (Riera et al., 2016). In 
the studies carried out as part of this dissertation, only hESC-derived RPE cells were 
investigated. Recently, comparable distribution and integration patterns were 
observed in transplants of RPE cells differentiated either from hESCs or hiPSCs in 
subretinal space of rats (Riera et al., 2016). Regardless of the cell source, hPSC-RPE 
cell transplants have shown neuroprotective effects in the subretinal space as well as 
demonstrated visual acuity. However, hiPSCs are not identical to hESCs (Toivonen 
et al., 2013) and may harbor genetic mutations and ageing marks brought on by 
environmental insults to the original somatic cell (Pera, 2011). The majority of the 
currently ongoing clinical studies are carried out with hESC-RPE cells, whereas the 
first clinical trial with hiPSC-RPE monolayer sheets (Kamao et al., 2014) was put on 
hold due to genetic mutations in one patient’s hiPSCs (Kimbrel & Lanza, 2015). The 
feasibility and safety of both cell types, not only hESC-RPE but also hiPSC-RPE, 
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and their cellular response and performance on biomaterial substrates must be 
assessed and compared in future studies.  

The current cell therapies to treat AMD merely focus on the transplantation of 
healthy RPE cells to the damaged macular area (Carr et al., 2013; Kamao et al., 2014).  
However, further disease progression of AMD leads to death and loss of the adjacent 
photoreceptors (Lim et al., 2012). In these more severe cases, where the neural retina 
has already undergone degeneration, the transplantation of RPE cells alone might 
not be sufficient to restore the lost visual acuity (Wright et al., 2014). Therefore, 
delivery of healthy photoreceptor cells together with functional RPE could 
potentially provide an alternative cell therapeutic approach for retinal tissue 
engineering applications (Wu et al., 2016). Recently, hESCs and hiPSCs have been 
successfully differentiated into photoreceptors and other neural progenitor cells 
(Homma et al., 2013; Lamba et al., 2009). Moreover, using the hESCs to generate 
optic cup-like structures, where neural retina and RPE together form a stratified 
three-dimensional complex, has been demonstrated (Nakano et al., 2012). A 
transition from two-dimensional sheet-like structure with a single cell type to a three-
dimensional approach with multiple incorporated cell types sets new challenges for 
the future biomaterial design for retinal tissue engineering.  

Serum is a major source of undefined factors in culture medium. In addition, lot-
to-lot variation is often observed and serum may be contaminated with infectious 
agents such as mycoplasma, bacteriophages, and viruses. The undefined nature of 
serum prevents determining the true nutritional and hormonal requirements for the 
cultured cells. Even though replacing the serum with more defined KO-SR is 
possible, this medium supplement still contains xeno-derived bovine serum albumin 
and bovine transferrin (Price et al., 1998). Recent studies have developed protocols 
to differentiate hESC-RPE cells in defined and xeno-free culture conditions on 
synthetic substrates including Synthemax (Pennington et al., 2015) and recombinant 
laminins (Plaza Reyes et al., 2016). In the near future, the biomaterial substrate design 
and testing should also be carried out under defined and xeno-free environment to 
meet the clinical requirements set for hESC-RPE monolayer grafts. Moreover, a shift 
from naturally derived scaffolds and proteins to synthetic polymers, as well as 
recombinant proteins is in order when designing biomaterial substrates for the in 
vitro production and transplantation of the clinically relevant hESC-RPE. 

As the field is rapidly moving towards clinics, not only the hESC-RPE cell-
biomaterial graft development but also its transplantation to the subretinal space is 
of high importance. Recent in vivo studies have reported difficulties in surgical 
procedure and handling of the RPE monolayer grafts and biomaterial substrates 
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(Diniz et al., 2013; Ilmarinen et al., 2015). Thus, special instrumentation is required 
for successful transplantation of hPSC-RPE-biomaterial substrate grafts to the 
subretinal space (Hu et al., 2012; Stanzel et al., 2012; Thumann et al., 2009). In their 
present form the shooter introduced by Stanzel et al. was not applicable for ultrathin 
PI membranes for subretinal delivery in rabbits (Ilmarinen et al., 2015). Therefore, 
modification of these tools and surgical techniques for cell sheet transplantation is a 
major challenge for the retinal tissue engineering field in the future.   
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7 Conclusions 

This dissertation focused on investigating and fabricating biomaterial substrates and 
transplantation materials for hESC-RPE. The natural environment of the RPE in 
the eye was used as a source of inspiration for biomaterial design. Here, we produced 
novel biomaterial substrates for hESC-RPE cells that resembled the native Bruch’s 
membrane as well as provided new information about hESC-RPE cell-biomaterial 
interactions in serum-free culture medium. Based on the studies carried out in this 
dissertation, the following main conclusions can be drawn: 
 

1. Biomaterial substrates mimicking the composition and structure of ECM in 
the native microenvironment of the RPE cells resulted in improved cellular 
response and function of hESC-RPE cells compared to conventional cell 
culture substrates in vitro. 

 
2. Single protein substrate in a form of full-length protein coating had a crucial 

effect on the degree of maturation and functionality of hESC-RPE cells in 
adherent differentiation cultures. 
 The major component of the RPE basement membrane, Col IV, was the 

golden mean protein coating in supporting hESC-RPE differentiation 
and maturation. 

 
3. Double layer collagen LS films mimicked the architecture of the two 

uppermost layers of the native Bruch’s membrane.  

 LS technique shows potential for generating intricate biomimetic 
substrates for tissue engineering applications without the use of non-
biocompatible substances. 

 
4. The fibrous and porous biodegradable PLCL membranes supported the 

growth and maturation of hESC-RPE cells in serum-free culture medium in 
vitro. 

 This study showed for the first time successful culture of functional 
hESC-RPE cells on a biodegradable carrier.  
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 Atmospheric pressure plasma surface treatment of electrospun PLCL 
increased favorable adsorption of adhesion mediating Col IV and is thus 

a convenient method to modify synthetic polymer surfaces with delicate 
structures. 

 Nevertheless, the feasibility of these fibrous biomaterial substrates for 
subretinal transplantation needs to be further evaluated in vivo.  
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Original Article

Structure and Barrier Properties of Human Embryonic
Stem Cell–Derived Retinal Pigment Epithelial Cells
Are Affected by Extracellular Matrix Protein Coating

Anni Sorkio, MSc,1,2 Heidi Hongisto, PhD, MSc,1,2 Kai Kaarniranta, MD, PhD, MSc, FEBO,3

Hannu Uusitalo, MD, PhD, FEBO,4 Kati Juuti-Uusitalo, PhD, MSc,1,2 and Heli Skottman, PhD, MSc1,2

Extracellular matrix (ECM) interactions play a vital role in cell morphology, migration, proliferation, and
differentiation of cells. We investigated the role of ECM proteins on the structure and function of human
embryonic stem cell–derived retinal pigment epithelial (hESC-RPE) cells during their differentiation and
maturation from hESCs into RPE cells in adherent differentiation cultures on several human ECM proteins
found in native human Bruch’s membrane, namely, collagen I, collagen IV, laminin, fibronectin, and vi-
tronectin, as well as on commercial substrates of xeno-free CELLstart� and Matrigel�. Cell pigmentation,
expression of RPE-specific proteins, fine structure, as well as the production of basal lamina by hESC-RPE on
different protein coatings were evaluated after 140 days of differentiation. The integrity of hESC-RPE epi-
thelium and barrier properties on different coatings were investigated by measuring transepithelial resistance.
All coatings supported the differentiation of hESC-RPE cells as demonstrated by early onset of cell pigmen-
tation and further maturation to RPE monolayers after enrichment. Mature RPE phenotype was verified by
RPE-specific gene and protein expression, correct epithelial polarization, and phagocytic activity. Significant
differences were found in the degree of RPE cell pigmentation and tightness of epithelial barrier between
different coatings. Further, the thickness of self-assembled basal lamina and secretion of the key ECM proteins
found in the basement membrane of the native RPE varied between hESC-RPE cultured on compared protein
coatings. In conclusion, this study shows that the cell culture substrate has a major effect on the structure and
basal lamina production during the differentiation and maturation of hESC-RPE potentially influencing the
success of cell integrations and survival after cell transplantation.

Introduction

The retinal pigment epithelium (RPE) is a mono-
layer of polarized and pigmented cells located between

the neural retina and the choriocapillaris. RPE plays a
central role maintaining the proper function of the retina and
its photoreceptors.1 Dysfunction or irreversible damage of
RPE cells leads to impairment and death of photoreceptors
leading to progressive loss of vision in degenerative retinal
diseases, such as age-related macular degeneration
(AMD).2,3

AMD is an increasing cause of blindness in the elderly.
Phenotypically, AMD can be divided into two main forms:
dry (atrophic) and wet (exudative) types and further sub-
divided into early and late-stage diseases. However, cure for
AMD and especially its dry form is lacking.2,3 Cell trans-

plants of human embryonic stem cell (hESC)–derived RPE
(hESC-RPE) cells are currently under clinical trials for the
treatment of the dry form of AMD (80% of total AMD
cases) and Stargardt’s disease.4 hESCs are considered to be
an excellent, reproducible cell source in regenerative med-
icine due to their differentiation potential and indefinite
proliferation capacity.5 Several research groups have dem-
onstrated differentiation of functional RPE cells from hu-
man pluripotent stem cells (hPSCs), including induced
pluripotent stem cells (iPSCs).6–10 Moreover, cell trans-
plantation experiments in animal models of retinal degen-
eration have demonstrated improvement in visual function
after injection of hPSC-RPE cells.11–13 However, the effect
is eventually lost, likely due to inefficient cell attachment
and integration of the transplanted cells with the retina and
choroid. Grafting of intact and polarized RPE cell sheets,
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instead of cell injections, is considered as a more promising
transplantation strategy.14–17

Extracellular matrix (ECM) is a dynamic and complex
environment that interacts with cells through cell surface
receptors such as integrins.18,19 Apart from the mechanical
support and its role in cell adhesion, ECM binds soluble
factors and regulates their distribution and presentation to
cells.20 These cell–matrix interactions play an important
role in cell morphology, migration, proliferation, and dif-
ferentiation.19,21,22 The basal membrane of RPE cells rests
on a specific pentalaminar ECM sheet called Bruch’s
membrane (BM). BM is an elastin- and collagen-rich ECM
that regulates the reciprocal exchange of biomolecules, nu-
trients, oxygen, fluids, and metabolic waste products be-
tween the retina and blood circulation. The basement
membrane of RPE is the outermost layer of the BM, and it
mainly consists of collagen type IV (COL IV) laminin (LN),
fibronectin (FN), hyaluronic acid, heparan sulfate, and
chondroitin/dermatan sulfate.23 Primary RPE cells are
influenced by their ECM and abnormal ECM assembly can
result in altered structure and functions, and engage in dis-
ease states.24–31 The composition of human BM alters with
age, and changes in BM structure have also been shown to
be associated with pathological processes: cross-linking of
collagens, higher collagen I (Col I) expression, increase in
thickness, and reduction of elasticity and permeability of
the BM have been shown to be related to AMD patholo-
gy.23,31,32 Moreover, there is evidence that BM fragmenta-
tion can trigger proinflammatory responses that might
accelerate AMD process.33–35 In addition to BM modifica-
tions, drusen deposits, a hallmark of AMD, accumulate
between the RPE and BM. Drusens are rich in ECM proteins
such as vitronectin (VN) and many inflammatory mark-
ers.23,33,36,37 Thus, one of the important tasks of transplanted
hESC-RPE is to produce sufficient ECM to restore the
functions of the damaged BM if no BM mimicking non-
biodegradable biomaterial is used with cells.16,17

Previously, it has been shown that ECM affects the early
stage differentiation of hPSCs into neural progenitors and
neurons,38 retinal progenitor cells,39,40 and RPE cells.41 In
addition, different ECM proteins have been used in differ-
entiation of hESC-RPE.42 Most of the current hPSC-RPE
differentiation protocols utilize either xeno-derived sub-
strates, such as Matrigel�,43,44 gelatin,4,12 and human-
derived ECM proteins,10,16 as attachment and culture
matrices.42 However, little is known about the effects of the
ECM proteins on maturation of hESC-RPE epithelium, its
barrier properties, and fine structure. Moreover, there is lack
of knowledge about the self-produced basal lamina of
hESC-RPE cells grown on different protein coatings. We
hypothesized that ECM proteins abundant in healthy native
RPE basement membrane, such as Col IV and LN, would be
superior in supporting the differentiation and maturation of
hESCs to RPE cells. Therefore, in this study, we compared
the effect generated by components found in the native BM
on hESC-RPE differentiation and maturation. Our choice of
proteins was based on the concept of finding a simple, ef-
fective, xeno-free, and eventually good manufacturing
practice (GMP)–compatible matrix for hESC-RPE differ-
entiation. hESCs were differentiated and maturated into
RPE cells in adherent differentiation cultures on several
xeno-free, human-sourced ECM protein coatings. Matrigel

(MG) was tested along with the human matrices for com-
parison as it is so widely used.

Materials and Methods

Human embryonic stem cells

Previously derived hESC line Regea 08/023 (46, XY) was
used in this study.45 The undifferentiated hESCs were cul-
tured on g-irradiated (40 Gy) human foreskin fibroblast
feeder cells (CRL-2429�; ATCC, Manassas, VA) in serum-
free conditions described previously.10 The culture medium
was changed five times a week and undifferentiated colonies
were manually passaged onto new feeder cells once a week.

Differentiation of hESCs to RPE cells

hESCs were differentiated to RPE cells on following
ECM protein and commercially available substrates: Col I,
Col IV, and LN from human placenta (all 5 mg/cm2; Sigma-
Aldrich, St. Louis, MO), FN from human plasma (5 mg/cm2;
Sigma-Aldrich), VN from human plasma (0.5 mg/cm2;
Sigma-Aldrich), xeno-free CELLstart� (CS; 1:50; Life
Technologies, Carlsbad, CA), and growth factor reduced BD
Matrigel (MG; 30mg/cm2; BD Biosciences, San Jose, CA).
The purified human ECM proteins were chosen as they are
all present in native BM23 and provide xeno-free, clinically
compliant matrices for hPSC-RPE support. We have pre-
viously used Col IV for enrichment and maturation of
hPSC-RPE10 and it was thus chosen as reference matrix for
comparisons. CS is a xeno-free, defined, and cGMP-
produced commercial hPSC matrix, while MG that is a
mouse-tumor-derived ECM matrix is commonly used for
hPSC-RPE differentiation and maintenance.39,44,46,47 The
substrates were used in concentrations recommended by
the manufacturer. The initial coating concentrations re-
commended for LN (2mg/cm2) and VN (0.2 mg/cm2) were
found insufficient in our preliminary tests (data not shown)
and thus were used as higher concentrations. Six-well cell
culture plates (Corning� CellBIND�; Corning, Inc., Corn-
ing, NY) were coated with the substrates for 3 h at 37�C and
rinsed twice with Dulbecco’s phosphate-buffered saline
(DPBS; Lonza Group Ltd., Basel, Switzerland). Un-
differentiated hESC colonies were manually plated to the
protein coating and allowed to differentiate in RPEbasic
medium consisting of the same reagents as the medium used
for maintaining hESCs with the modifications of 15%
KnockOut� Serum Replacement (KO-SR) and no basic
fibroblast growth factor (bFGF).10 RPEbasic medium was
changed three times a week.

After 45 days of differentiation, the pigmented areas were
manually cut under a light microscope with a lancet into
small pieces and detached with a needle. The detached
pieces were replated to the same coating for enrichment of
pigmented cells. For maturation, the hESC-RPE cells were
replated after 98 days of differentiation to 0.3-cm2 BD
Falcon cell culture inserts (BD Biosciences), precoated with
each substrate. The hESC-RPE cells were dissociated to
single cells with 1 · Trypsin-EDTA (Lonza Group Ltd.),
filtered through BD Falcon cell strainer (BD Biosciences),
and seeded at density of 2.0 · 106 cells/cm2. The cells were
cultured on inserts for 42 days (a total of 140 days of dif-
ferentiation).
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Analysis of pigmentation

The appearance of the first pigmentation on each coating
was followed daily by microscopic inspection and recorded.
The data were collected from five individual differentiation
experiments.

The degree of pigmentation after 140 days of differenti-
ation was analyzed by capturing images of randomly se-
lected locations on cell culture inserts with Nikon Eclipse
TE200S phase-contrast microscope (Nikon Instruments
Europe B.V., Amstelveen, Netherlands). In each experi-
ment, the light exposure settings and illumination were
maintained as constant between the coatings. One to three
images from four independent differentiation experiments
were analyzed. These analyzed images were taken with 20 ·
objective. The degree of pigmentation was quantified with
Image J Image Processing and Analysis Software (http://
imagej.nih.gov/ij/index.html) through pixel intensity nor-
malization. Inverse of pixel intensities was calculated in
order to illustrate the density of pigmentation by subtracting
the normalized pixel intensity from the maximum pixel in-
tensity value for 8-bit grayscale images. To eliminate
changes in different light exposures between experiments,
the inverse pixel intensities in each experiment were nor-
malized against Col IV.

Quantitative real-time polymerase chain reaction

Differences in relative expression levels of paired box
gene 6 (PAX6) and microphthalmia-associated transcription
factor (MITF) genes were studied with quantitative real-time
polymerase chain reaction (qPCR) after 28 days of differ-
entiation. Further, the expression of genes coding for
RPE-specific proteins bestrophin (BEST), cellular re-
tinaldehyde-binding protein (CRALBP), receptor tyrosine
kinase MerTK (MERTK), and retinal pigment epithelium
specific protein 65 kDa (RPE65) and genes encoding for
ECM proteins collagen type IV alpha-1 (COL4A1), fibro-
nectin 1 (FN1), laminin subunit alpha-1 (LAMA1), and lami-
nin subunit alpha-5 (LAMA5) was analyzed after 140 days of
differentiation. hESCs differentiated on each coating were
lysed to lysis buffer RA1 with Tris(2-carboxyethyl)phos-
phine (TCEP) (both from Macherey-Nagel, GmbH & Co,
Düren, Germany) or b-mercaptoethanol (Sigma-Aldrich)
and stored at - 70�C. Samples were collected from four
individual differentiation experiments. A sample of undif-
ferentiated hESCs was used as reference.

Total RNA was extracted using NucleoSpin XS and
NucleoSpin� RNA II kits (both from Macherey-Nagel,
GmbH & Co) according to the manufacturer’s instructions.
The quality and concentration of RNA were examined with
NanoDrop-1000 spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE). Two hundred nanograms of RNA
was synthesized to complementary DNA (cDNA) with high-
capacity cDNA reverse transcription kit (Applied Biosys-
tems, Inc., Foster City, CA) following the manufacturer’s
protocol in the presence of a MultiScribe Reverse Tran-
scriptase and an RNase inhibitor. The synthesis was per-
formed in PCR MasterCycler (Eppendorf AG, Hamburg,
Germany) with the following cycle: 10 min at 25�C, 120 min
at 37�C, 5 min at 85�C, and finally cooled down to 4�C.

TaqMan� gene expression assays (Applied Biosystems,
Inc.) with FAM labels were used for PCRs: PAX6

(Hs00240871_m1), MITF (Hs01115553_m1), BEST
(hs00959251_m1), CRALBP (hs00165632_m1), MERTK
(hs00179024_m1), RPE65 (hs01071462_m1), COL4A1
(Hs00266237_m1), FN1 (Hs00365052_m1), LAMA1
(Hs00300550_m1), and LAMA5 (Hs00245699_m1). Gly-
ceraldehyde 3-phosphate dehydrogenase (GAPDH;
Hs99999905_m1) was used as an endogenous control.
cDNA was diluted 1:5 in RNase-free water and 3 mL of
dilution was added to the reaction (total reaction volume
15mL). Samples and no-template controls were run as
triplicate reactions using the 7300 Real-Time PCR system
(Applied Biosystems, Inc.) as follows: 2 min at 50�C, 10 min
at 95�C, and 40 cycles of 15 s at 95�C, and 1 min at 60�C.
Results were analyzed using 7300 System SDS Software
(Applied Biosystems, Inc.). Based on the Ct values given by
the software, the relative quantification of each gene was
calculated using the 2 -DDCt method.48 The values for each
sample were normalized to expression levels of GAPDH.
The expression level of undifferentiated hESC sample was
set as the calibrator for the early eye field markers PAX6 and
MITF, whereas the expression level of Col IV sample was
set as the calibrator for the mature RPE markers and genes
coding for ECM proteins (fold change equals 1).

Reverse transcription–polymerase chain reaction

The expression of pluripotency markers octamer-binding
transcription factor (OCT3/4) and Nanog was studied with
reverse transcription–polymerase chain reaction (RT-PCR)
after 140 days of differentiation. Total RNA was extracted
and 40 ng was reverse transcribed to cDNA as described
previously. RT-PCR was carried out using 1mL of cDNA as
template. Undifferentiated hESCs (Regea 08/023) were used
as positive control. Detailed protocol and primer sequences
have been previously published.10

Immunofluorescence

The protein expression and localization was investigated
with immunofluorescence (IF) staining after 140 days of
differentiation as previously described.10 The following
primary antibodies were used: rabbit anti-BEST 1:400,
mouse anti-CRALBP 1:600, mouse anti-Na + /K + ATPase
1:100, rabbit anti-LN 1:200 (all from Abcam, Cambridge,
United Kingdom), mouse anti-FN 1:500 (Chemicon), mouse
anti-Col IV 1:100 (Neomarkers), and mouse anti-zonula
occludens 1 (ZO-1) 1:250 (Invitrogen, Carlsbad, CA). Sec-
ondary antibodies were diluted 1:800: Alexa Fluor 568-
conjugated goat anti-mouse IgG and goat anti-rabbit IgG,
and Alexa Fluor 488-conjugated donkey anti-rabbit IgG and
donkey anti-mouse IgG (all from Molecular Probes, Life
Technologies). 4¢,6¢-Diamidino-2-phenylidole (DAPI) in-
cluded in the mounting media was used for staining the
nuclei (Vector Laboratories, Inc., Burlingame, CA). To
verify that the protein detected in IF staining was secreted
by the cells, we carried out immunostainings of empty Col
IV, FN-, and LN-coated cell culture inserts before seeding
cells to distinguish between the newly secreted ECM mol-
ecule and the ECM molecules in the coated cell culture
insert. Empty cell culture insert without the ECM coating
was used as negative control. Images were taken with
Olympus BX60 microscope (Olympus, Tokyo, Japan) or
LSM 700 confocal microscope (Carl Zeiss, Jena, Germany)
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using a 63 · oil-immersion objective. Images were edited
using ZEN 2011 Light Edition (Carl Zeiss) and Adobe
Photoshop CS4.

Transepithelial resistance

Transepithelial resistance (TER) of the hESC-RPE layers
cultured on substrate-coated inserts was measured after
140 days of differentiation to study integrity and barrier
properties of the epithelium. RPEbasic culture medium was
replaced with DPBS and measurements were carried out
with a Millicell electrical resistance system volt-ohm meter
(Merck Millipore, Darmstad, Germany). TER values
(O$cm2) were calculated by subtracting the value of a
similarly treated substrate-coated insert without cells from
the result, and by multiplying the result by the surface area
of the insert. TER values were obtained from five individual
differentiation experiments with multiple parallel samples
for each coating. All measurements were conducted twice
and average values were calculated.

Transmission electron microscopy

After 140 days of differentiation the hESC-RPE cells on
substrate-coated inserts were fixed with 2% glutaraldehyde
(Electron Microscopy Sciences, Hatfield, PA) prepared in
0.1 M phosphate buffer for 2 h at room temperature (RT)
following incubation in 0.1 M phosphate buffer overnight at
RT. Thereafter, the samples were postfixed with 1% osmium
tetroxide (Ladd Research, Williston, VT) for 1 h at RT and
dehydrated through a graded series of acetone ( J.T. Baker;
Avantor Performance Materials, B.V. Deventer, Nether-
lands): 70% acetone, 94% acetone, and absolute acetone.
The samples were then infiltrated in a 1:1 mixture of ab-
solute acetone and epoxy resin (Ladd Research) for 1.5 h at
RT, embedded in pure epoxy resin overnight at RT, and
polymerized for 48 h at 60�C. Toluidine blue staining of the
semithin sections was used to select the position for making
the thin sections. Thin sections were stained with 1% uranyl
acetate for 30 min and with 0.4% lead citrate (Fluk, Stein-
heim, Switzerland) for 5 min. Samples were examined and
imaged with JEM-2100F transmission electron microscope
(TEM; Jeol Ltd., Tokyo, Japan). Cell and basal lamina
thickness on substrates was determined from the TEM im-
ages with Image J Image Processing and Analysis Software.
The thickness of four to five randomly chosen cells and self-
assembled basal lamina underneath these cells was deter-
mined from each substrate.

Western blotting

The ECM protein expression was studied further after 140
days of differentiation with western blotting on Col IV, FN,
LN, and MG coatings. The samples were washed twice with
ice-cold DPBS, and lysed into 2 · Laemmli buffer con-
sisting of 62.5 mM Tris-HCl (pH 6.8 at 25�C) (Trixma base;
Sigma-Aldrich), 2% w/v sodium dodecyl sulfate (SDS; Bio-
Rad Laboratories, Hercules, CA), 17% glycerol (Merck
Millipore), 0.01% w/v bromophenol blue (Sigma-Aldrich),
and 1.43 M b-mercaptoethanol (Sigma-Aldrich). Complete
Mini protease inhibitor (Roche Diagnostics Gmbh, Man-
nheim, Germany) was added to the samples to prevent deg-
radation. The samples were run in 7.5% SDS–polyacrylamide

gel electrophoresis (PAGE) and then blotted to Amersham
Hybond�-P PVDF Transfer membranes (GE Healthcare,
Buckinghamshire, United Kingdom) in semidry conditions.
Blocking was done with 5% fat-free dry milk in 0.05%
Tween20 (Sigma-Aldrich) at RT for 1 h. Thereafter, mem-
branes were incubated in primary antibody dilutions rabbit
anti-LN (1:1000; Abcam), mouse anti-FN (1:8000; Merck
Millipore), and mouse anti-Col IV (1:1000; Merck Millipore)
overnight at + 4�C. All primary antibodies were diluted
in 5% milk solution with 0.05% Tween20. After primary
antibody incubation, the membranes were washed in 0.5%
Tween20 in tris-buffered saline (TBS), 0.1% Tween in
TBS, and 0.05% Tween in TBS. Horseradish peroxidase-
conjugated anti-mouse IgG (Santa Cruz, Dallas, TX) and
anti-rabbit IgG were diluted in 5% milk solution with 0.05%
Tween20 and incubated at RT for 1 h. Protein–antibody
complexes were detected using Amersham� ECL� Prime
Western Blotting Detection Reagent (GE Healthcare).
Thereafter, the membranes were stripped in stripping buffer
consisting of 0.1 M b-mercaptoethanol, 2% w/v SDS, and
62.5 mM Tris-HCl (pH 6.8 at 25�C) for 30 min at + 56�C.
Each stripped membrane was blocked and stained with
loading control mouse anti-b-actin (1:5000; Santa Cruz) for
1 h at RT. Immunoblotting and detection for stripped mem-
branes was carried out as described previously.

The ECM protein expression on each protein coating was
quantified with band area calculation in Image J Image
Processing and Analysis Software. The expression of the
secreted ECM protein was compared with the loading con-
trol b-actin from the same lane in the membrane. These
protein/b-actin ratios were calibrated against Col IV sam-
ples (protein/b-actin ratio equals 1) in order to carry out
relative comparison between the different protein coatings.

Phagocytosis of photoreceptor outer segments
from rat retinal explants

The phagocytic properties of hESC-RPE monolayers on
Col IV-, FN-, LN-, CS-, and MG-coated surfaces were
studied using rat retinal explants after 184 days of differ-
entiation. The use and handling of the animals was con-
ducted according to the Finland Animal Welfare Act of
1986, the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, and the guidelines of the
Animal Experimentation Committee. Non-dystrophic Royal
College of Surgeons (RCS) rats at the ages 15 and 18 weeks
were euthanized using carbon dioxide inhalation following
cervical dislocation. The eyes were detached carefully and
immersed in Ames medium (Sigma-Aldrich) buffered with
sodium bicarbonate and equilibrated with a gas mixture of
5% CO2 and 95% O2, and the retinas were detached from
hemisected eyes. The isolated rat retinal explants were
placed on the hESC-RPE monolayers with the photorecep-
tors facing the cells in B27/N2 medium consisting of Neu-
robasal A, 1% N2, 2% B27, 2 mM glutamax (all from
Gibco, Life Technologies), and 100 U/mL penicillin/strep-
tomycin. The retina was transferred on the hESC-RPE
monolayers on top of a small piece of lens paper. The retinal
explants were cocultured with hESC-RPE monolayers for 2
days at + 37�C and 5% CO2. Medium was added daily to
prevent the drying of the explants. After 2 days of coculture,
the retinas were gently removed and the hESC-RPE
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monolayers were analyzed by IF staining. Rat rhodopsin
was visualized using rat anti-Opsin antibody (O48869;
Sigma-Aldrich) and actin was detected with 0.02 mg/mL
phalloidin-TRITC (P1951; Sigma-Aldrich). Donkey anti-
rabbit Alexa 488 (Molecular Probes, Life Technologies)
diluted 1:800 was used as secondary antibody. IF staining
was performed as described previously. IF images of
phagocytosis were visualized with Zeiss LSM 700 confocal
microscope using sectional scanning.

Ethical issues

The Institute of Biomedical Technology at University of
Tampere has the approval of the National Authority for
Medicolegal Affairs Finland (TEO) to study human embryos
(Dnro 1426/32/300/05) and a supportive statement of the
Ethical Committee of the Pirkanmaa Hospital District to
derive, culture, and differentiate hESC lines (R05116). No
new lines were derived for this study.

Statistical analysis

Mann–Whitney U-test and IBM SPSS Statistics software
were used for determining statistical significance. Average
(median) values of TER and pixel intensity obtained from
cells cultured on each matrix were compared with average
(median) values obtained on Col IV (reference) with Mann–
Whitney U-test. p-Values £ 0.05 were considered statisti-
cally significant.

Results

All protein coatings supported differentiation
of hESC-RPE cells

To study the effects of protein coatings on hESC-RPE
differentiation and maturation, we differentiated hESCs to
RPE cells as adherent cultures on five human-sourced ECM
proteins and two commercially available hPSC culture
substrata. All protein coatings allowed for competent dif-
ferentiation of hESCs to RPE cells with no marked differ-
ences in the onset or degree of pigmentation at the early
stage of differentiation process. The first pigmentation ap-
peared within the interval of 10–21 days of differentiation
(Fig. 1A). After 28 days of differentiation the cells showed
increased gene expression of the early eye field marker PAX6
and RPE precursor marker MITF compared with undiffer-
entiated hESCs. The MITF expression had increased from
5-fold on CS up to 10-fold on LN (Fig. 1B, C). The ex-
pression of MITF was significantly higher ( p < 0.005) on LN
coating compared with the other tested coatings, except
compared with VN ( p = 0.031). In contrast, the MITF ex-
pression on CS was significantly lower ( p < 0.005) compared
with all other tested coatings, except Col IV ( p = 0.119).
However, as overall the fold change differences were subtle
(over twofold changes are considered biologically relevant)
and our aim was to show the common trend of increased gene
expression of early eye field and RPE precursor markers, we
did not consider these differences biologically relevant. On
day 28, an average of 0.9–1.7 pigmented cell clusters/cm2

(n = 9–11 replicates) were gained on different coatings.
Sufficient pigmentation for replating was typically

reached after 45 days of differentiation and the cells were
efficiently enriched to monolayers of pigmented cells on all

coatings by 98 days of differentiation. The hESC-RPE cells
were further maturated on coated culture inserts up to 140
days of differentiation. Confluent, intact cell layers were
produced on all substrates, but on LN and VN more fragile
and ruptured epithelia were occasionally observed. All in-
vestigated coatings supported the maintenance of hexagonal
and cobblestone-like RPE cell morphology (Fig. 1D). Hu-
man ESC-RPE cells were positive for mature RPE-related
proteins BEST and CRALBP on all coatings and expressed
Na + /K + ATPase on the apical membrane of the cells,
demonstrating polarization of the formed epithelia (Fig. 1E).
There was no expression of pluripotency markers OCT3/4
and Nanog on any of the studied protein coatings after 140
days of differentiation (Supplementary Fig. S1; Supple-
mentary Data are available online at www.liebertpub.com/
tea). Further, no significant differences were found in gene
expression analysis of mature RPE markers BEST, CRALBP,
MERTK, and RPE65 after 140 days of differentiation
(Supplementary Fig. S2). The functionality of hESC-RPE on
Col IV, FN, LN, CS, and MG coatings was studied with
phagocytosis of POS from rat retinal explants after 184 days
of differentiation. After 2 days of coculture with the rat
retinal explant, rat opsin was internalized inside hESC-RPE
cells on all studied five coatings (Supplementary Fig. S3).

Protein coating affects the degree of pigmentation
of hESC-RPE cells

The used protein coating significantly affected the degree
of pigmentation of the hESC-RPE layers in long-term dif-
ferentiation. The differences in the densities of pigmentation
were evident by visual microscopic inspection and the rel-
ative degree of pigmentation was quantified by calculating
pixel intensities from phase-contrast images after 140 days
of differentiation. On LN the hESC-RPE evinced the highest
degree of pigmentation, whereas culture on FN and MG
resulted in lower production of pigmentation. On Col IV,
hESC-RPE showed intermediate pigmentation (Fig. 2A).
The degree of pigmentation on VN varied substantially
between the individual differentiation experiments. The
relative degree of cell pigmentation was significantly
( p < 0.05) higher on LN, CS, and Col I, while on FN and
MG the pigmentation was significantly lower as compared
with Col IV ( p < 0.05) (Fig. 2B).

Barrier properties of the forming epithelium
are strongly influenced by the protein coating

Development of the barrier properties and integrity of the
RPE epithelia on different coatings were examined with
TER measurements from cell culture inserts after 140 days
of differentiation. We found major differences in TER val-
ues between investigated substrates (Fig. 2B). The highest
TER values of 552 – 56 O$cm2 and 473 – 53 O$cm2 were
measured for FN and MG, respectively. TER values reached
275 – 77 O$cm2 for CS, 247 – 35 O$cm2 for Col IV, and
183 – 72 O$cm2 for Col I. The lowest TER values were
obtained for LN (128 – 25 O$cm2) and VN (122 – 64
O$cm2). The average TER value for the epithelium on all
coatings, except that for CS, significantly ( p < 0.05) differed
from the average TER for epithelium on Col IV (Fig. 2B).

We next studied the presence of tight junctions on the
epithelia formed. Positivity of ZO-1 label in IF (Fig. 2C) and

RPE CELLS ARE AFFECTED BY EXTRACELLULAR MATRIX PROTEIN COATING 5



the electron dense band on apical side of lateral membrane
seen in TEM (Fig. 3) confirmed the presence of tight junc-
tions on the apical side of the cells in all of the used coatings.

Protein coating affects the fine structure
of the hESC-RPE cells

The fine structure of hESC-RPE cells on different coat-
ings was investigated with TEM. All coatings promoted the

growth of the forming epithelium as a monolayer (Supple-
mentary Fig. S4). We discovered variation in structure and
thickness of hESC-RPE cells between coatings; cells on
human Col I, Col IV, CS, FN, LN, and VN had columnar
morphology, whereas hESC-RPE cells on MG showed a
more cuboidal structure (Fig. 3 and Supplementary Fig. S4).
The hESC-RPE cells had the greatest average cell thickness
on LN (14.7 – 1.3mm), whereas on Col I and Col IV, the
average cell thicknesses reached for 13.8 – 0.1mm and

FIG. 1. Characterization of early stage differentiation and maturation of human embryonic stem cell–derived retinal
pigment epithelial (hESC-RPE) cells. RPE differentiation and maturation was achieved on all extracellular matrix (ECM)
coatings tested. (A) Appearance of pigmentation in each differentiation experiment (n = 5). Relative quantitative real-time
polymerase chain reaction (qPCR) analysis of genes involved in retinal development, (B) paired box gene 6 (PAX6) and (C)
microphthalmia-associated transcription factor (MITF), after 28 days of differentiation (n = 4 experiments). (D) Bright-field
images showing mature hESC-RPE with typical pigmented, cobblestone-like RPE morphology and (E) immunofluores-
cence (IF) staining showing correct expression and localization of RPE-specific proteins bestrophin (BEST) and cellular
retinaldehyde-binding protein (CRALBP) after 140 days of differentiation. Vertical confocal sections show apical locali-
zation of Na + /K + ATPase confirming correct polarization of the epithelial monolayers on all coatings. Scale bars = 10mm.
Color images available online at www.liebertpub.com/tea
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13.2 – 2.4mm, respectively. Moreover, cell thickness of
12.5 – 1.1mm for FN, 10.9 – 0.5mm for CS, and 10.8 – 1.4mm
for VN was found. The hESC-RPE cells were substantially
thinner on MG with average cell thickness of 7.6 – 0.4mm.

The nuclei of the cells were located basally on all tested
coatings, whereas mitochondria and melanosomes were found
mainly from the apical side of the cells. Fewer melanosomes
were seen in hESC-RPE cells on FN and MG compared with
the other coatings. The hESC-RPE cells cultured on FN and
MG had rather straight apical borderline whereas hESC-RPE
cells cultured on Col IV, Col I, LN, VN, and CS had roundish
apical borderline. The apical microvilli of the cells were de-
tected on all coatings, but the structure and density of mi-

crovilli differed between tested coatings (Fig. 3). The density
of microvilli on VN, LN, and CS was low compared with Col
IV, Col I, and FN. Moreover, the apical microvilli were
shorter on LN and MG compared with the longer extensions
seen on other tested coatings. Tight junctions were visualized
at the apical side of the monolayers on all tested coatings.
Further, coated pits were associated with both basal and apical
membranes of hESC-RPE on all tested coatings.

The hESC-RPE cells assemble their own basal lamina

The ability of the hESC-RPE cells to produce and secrete
the key ECM proteins of the basement membrane of the

FIG. 2. Degree of pigmentation and barrier properties of maturate hESC-RPE after 140 days of differentiation. (A) Phase-
contrast images illustrating the degree of pigmentation on different coatings. Scale bars = 100 mm. (B) Relative degree of
pigmentation quantified by image analysis and presented as inverse of pixel intensity (IPI) (n = 4), and transepithelial
resistance (TER) measured for human pluripotent stem cell (hPSC)–RPE on different coatings (n = 5). *p < 0.05 compared
with collagen IV (Col IV). (C) IF staining of tight junction protein zonula occludens 1 (ZO-1). Scale bars = 10 mm. Color
images available online at www.liebertpub.com/tea
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native RPE was investigated with qPCR analysis, IF stain-
ing, TEM, and western blotting. qPCR analysis of genes
encoding for ECM proteins revealed no clear differences
between protein coatings after 140 days of differentiation
(Supplementary Fig. S5). However, the gene expression data
confirmed that the genes encoding for the key ECM proteins
of the basement membrane of the native RPE were tran-
scripted. IF staining showed abundant labeling with Col IV,
FN, and LN fibers on Col IV, Col I, LN, VN, and MG (Fig.
4). On FN and CS, cells produced low amounts of Col IV
and LN, whereas FN fibers were not detected at all. IF
staining confirmed the fiber-like conformation of all se-

creted basal lamina components and basal localization of
Col IV and FN. LN was mostly localized basally, but some
fibers were also detected at intercellular spaces. Negative IF
control staining of empty inserts and Col IV-, FN-, and LN-
coated inserts without cells had dotted-like staining (Sup-
plementary Fig. S6), whereas ECM stainings with cells were
in fiber-like form. This confirmed that the fiber-like ECM
proteins seen in Figure 4 are being secreted by the cells.

TEM analyses confirmed that the hESC-RPE cells as-
semble their own basal lamina. Substantial differences in the
thickness of the self-assembled basal lamina on the different
coatings were found. The hESC-RPE cells assembled the

FIG. 3. High-magnification
transmission electron micro-
scope (TEM) images showing
the fine structure of maturated
hESC-RPE on different coat-
ings (scale bars = 2mm). Api-
cal microvilli (A) and basal
lamina (BL) shown in higher
magnifications (scale bars = 1
mm). TEM analysis con-
firmed the presence of tight
junctions (arrowheads) on the
apical side of the cells in all
of the coatings. AB, apical
brush border; N, nucleus.
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thickest basal lamina on LN (0.82 – 0.28 mm) and Col I
(0.70 – 0.07 mm), whereas the thinnest basal lamina was seen
on CS (0.22 – 0.05mm) (Fig. 3). Moreover, the self-assembled
basal lamina thickness was 0.31 – 0.08mm for Col IV,
0.27 – 0.08mm for FN, 0.33 – 0.06mm for MG, and 0.32 –
0.06 mm for VN.

The effect of protein coating to the ECM production of
hESC-RPE on Col IV, FN, LN, and MG coatings was
quantified with western blotting (Fig. 5). Highest LN de-
position was found on MG, whereas highest FN and Col IV
deposition was detected on Col IV. Western blotting also
confirmed FN to be deposited on FN coating in contrast to
IF staining.

Discussion

Efficient production of intact, mature, and functional
sheets of hPSC-RPE cells is considered to be essential for
their clinical applications.17 Most of the current hPSC-RPE
differentiation protocols utilize xeno-derived substrates like
porcine gelatin, even in the clinical setting.4 In this study,
we compared the effect of xeno-free, human-sourced ECM
protein coatings on the differentiation and maturation of
hESC-RPE cells with the aim of finding suitable substrate
for GMP-quality hESC-RPE production for clinical pur-
poses. To our knowledge, the effects of different ECM
proteins on maturation of hESC-RPE epithelium have not
been previously studied although it is well acknowledged
that primary RPE cells are influenced by their ECM and
abnormal ECM can result in altered structure and functions,
and engage in disease states.24–27

In the present study, we hypothesized that Col IV and LN,
abundant components of the native RPE basement mem-
brane, would be superior in supporting the hESC-RPE dif-
ferentiation. Unexpectedly, all of the investigated protein
coatings enabled differentiation of hESC-RPE monolayers
in serum-free medium, and no relevant differences in the
onset or rate of pigmentation, nor gene expression levels of
PAX6 and MITF were found between coatings after 28 days
of differentiation. Moreover, after 140 days of culture, the
hESC-RPE displayed RPE-specific cobblestone morphol-
ogy, expression of genes, and correct localization of RPE-
specific proteins as well as phagocytic activity, indicating
that all used protein coatings support the maturation of
hESC toward RPE cell type. However, striking differences
were found with structure and epithelial barrier properties,
and these were further analyzed.

For RPE, the pigmentation is considered to be an im-
portant indicator of phenotypic maturity.49 In our study, we
did not see any notable differences in the amount of pig-
mented areas after 4 weeks of differentiation between in-
vestigated protein coatings. In a study that tested several
human- and animal-derived ECM proteins for hiPSC-RPE
differentiation, Rowland et al. found significant differences
in pigmentation density after 5 weeks of initial differentia-
tion but no comparative analyses regarding further matura-
tion with the different ECM proteins were conducted.41 In
their study, mouse LN-111 and Matrigel induced highest
degree of pigmentation. Thus, this mouse LN-111 was
presented as a suitable matrix for hPSC-RPE differentiation,
although monolayers of hiPSC-RPE with correct morphol-
ogy and similar levels of RPE gene expression were
achieved on most ECM protein coatings tested.41 This is in
accordance with our results. Based on our results, it is clear
that the early stage hESC-RPE differentiation is not sig-
nificantly affected by the culture coating when spontaneous
differentiation protocol omitting bFGF was used. However,
when the long-term effect of culture coating on the degree

FIG. 4. ECM protein production of maturated hESC-
RPE on coatings. Col IV (first column), fibronectin (FN;
second column), and laminin (LN; third column) produc-
tion analyzed by IF stainings on different coatings after
140 days of differentiation. The nuclei were counter-
stained with 4¢,6¢-diamidino-2-phenylidole (DAPI). Scale
bars = 10 mm. Color images available online at www
.liebertpub.com/tea
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of pigmentation (140 days of differentiation) was studied,
we found significant differences in the degree of pigmen-
tation between tested coatings. The hESC-RPE cells gained
heavily pigmented cells on LN, whereas FN and MG con-
sistently showed lower degree of pigmentation and corre-
spondingly fewer melanosomes detected with TEM
analysis.

It is known that ECM influences the polarity of many
epithelia50 and the polarity of the RPE is maintained by the
ECM on both the apical and basal sides of the RPE mono-
layer.51 In the present study, we saw that all matrices in-
duced formation of polarized monolayer of hESC-RPE cells.
There were no marked differences in the polarity of the
epithelium on different matrices demonstrated by apical
localization of Na + /K + ATPase. Moreover, tight junctions
were detected on the apical side of the cells on all coatings
both in confocal microscopy and TEM. Previously it has
been reported that epithelial polarity is linked to formation
of tight junctions and consequently to the barrier function of
the tissue.52–54 Rizzolo has reported that individual matrix
components influence the distribution of a subset of plasma
membrane proteins required for full polarity in the RPE of
chicken embryos and that the development of RPE polarity
is a gradual process.55

Subtle differences in the cell shape or subcellular orga-
nization are suggested to have profound consequences for
the efficient function of the RPE, and especially for the
ability of the RPE to support the survival of photorecep-
tors.49 Here, the hESC-RPE cells on all coatings showed
high degree of polarity with basally located nuclei with
slightly folded nuclear membrane and apical melanosomes,
apical tight junctions, coated pits, and high number of mi-
tochondria, consistent with the previous publications that

show hESC-RPE ultrastructure.12,44,46,56 However, the fine
structure of hESC-RPE has been previously shown merely
on Matrigel44,46 and on FN.56 It is noteworthy that in our
study, TEM analysis revealed important differences in
hESC-RPE ultrastructure between tested coatings; cells on
Col IV, Col I, and FN matrices had denser and more ho-
mogenous microvilli and the overall thickness of cells was
lower than of cells cultured on VN, LN, and CS, which can
also reflect the degree of cellular maturation. Despite the
lack of exposure the retina or POS,44,46 the TEM analysis
revealed many features of hESC-RPE fine structure associ-
ated with proper epithelial maturity gained in vitro.

The sufficient ECM production by the hPSC-RPE is im-
portant regarding their clinical applications in regenerative
medicine to ensure proper cell attachment, survival, and
integration of the grafted cells onto damaged BM and pos-
sibly also remodeling it in AMD patients.57 In the present
study, we show with TEM, qPCR, IF, and western blotting
that the hESC-RPE produce and assemble their own basal
lamina on all investigated coatings. Interestingly, marked
differences in the thickness of the basal lamina were de-
tected in TEM analysis. Surprisingly, the thickest basal
lamina was detected on LN even though more fragile and
ruptured epithelia were occasionally observed on LN and
VN coatings. This might be due to poor coating success with
these matrices. IF staining suggested the secretion of Col IV
and LN on all matrices while on FN and CS we did not
detect any production of FN. In western blotting, highest LN
deposition was found on MG and LN, whereas FN and
collagen deposition was most abundant on Col IV. On the
contrary to IF stainings, western blotting confirmed FN to be
deposited on FN coating. The reason for this discrepancy is
not known, but it is repeatable result. Thickness of the

FIG. 5. Western blot analysis of
the ECM protein production of matu-
rated hESC-RPE on Col IV, FN, LN,
and MG coatings. (A) LN production,
(B) FN production, and (C) Col IV
production after 140 days of differ-
entiation.
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native RPE basement membrane has been reported to be
0.14–0.15 mm.23 In our study, all investigated protein coat-
ings induced the production of self-assembled ECM with
thickness ranging from 0.22 to 0.82 mm. This and the highly
organized structure seen in TEM and IF suggests that these
studied protein coatings allow proper cues for hESC-RPE to
form functional basement membrane. To our knowledge, the
assembly of hESC-RPE basal lamina and these key ECM
components has previously been shown only for cells cul-
tured on growth factor (e.g., TGFb)–containing Ma-
trigel44,46 although it is well acknowledged that native RPE
cells secrete the key components of BM.58–60 To our
awareness, the present study is the first to demonstrate that
the expression of these secretary ECM proteins in hESC-
RPE is clearly influenced by the protein coating.

In vitro, the cobblestone-like RPE cell morphology, ex-
pression of RPE-specific proteins, appropriate subcellular
localization of polarized proteins, and pigmentation and
barrier properties of RPE cells are generally considered to
be hallmarks of mature RPE.49,61 It is vitally important to
have valid criteria to define maturity of RPE cells for the
stem-cell-based transplantation therapies. RPE cells with
high degree of pigmentation are considered to be a golden
standard for selection of cells for clinical applications,4,17

whereas in the experimental series the high TER has been
the inclusion criteria.56,62 Melanin pigment in RPE cells
decreases detrimental effects of Fenton reaction and di-
minish cytotoxic lipid peroxidation, lipofuscin accumula-
tion, and subsequently chronic inflammation involved in
AMD pathology.63–65 In addition, phagocytosis of retinal
outer segment promotes tyrosinase biosynthesis, and RPE
cell pigmentation is an indication of the cell maturity and
functionality.66 In a recent report, Schwartz et al. reported
greater attachment and spreading of the hESC-RPE with
lower degree of pigmentation compared with darkly pig-
mented cells after culture. This data suggests that the extent
of hESC-RPE maturity and pigmentation in vitro might
substantially affect the attachment of transplanted cells to
BM and their subsequent survival and integration to the host
RPE layer.4 Interestingly in our study, the pigmentation of
the epithelium showed an inverse correlation to the epithe-
lial resistance; the heavily pigmented epithelia on LN
showed lowest TER values whereas FN and MG resulted in
lower production of pigmentation and highest TER values.
Even though TER and the degree of pigmentation are not
conceptually related, we found the inverse relationship of
this hallmarks of maturation unexpected phenomenon. This
inverse relationship for hESC-RPE pigmentation and epi-
thelial barrier integrity (TER) has not been described pre-
viously and this aspect of the epithelium maturation
warrants further investigations in respect of functionality of
transplanted cells in vivo.

In the beginning we hypothesized that Col IV and LN,
both ECM components that reside in the closest proximity
of RPE cells in their natural environment, would be superior
in inducing differentiation and maturation of hESC-RPE
cells. Col IV induced formation of polarized monolayer of
cells with the average height of cells, low to average
thickness of basal lamina, and average barrier function. LN
also induced formation of polarized monolayer of cells with
tallest cells, thickest basal lamina, and highest degree of
pigmentation but the lowest barrier function. Therefore, we

can summarize that Col IV is in the golden midway in all the
assessed criteria. LN was superior in all other studied as-
pects except the barrier function. Still the importance of that
factor needs to be elucidated.

Conclusion

In this study, we investigated the effect of seven different
protein coatings on differentiation and maturation of hESC-
RPE cells. We found single protein substrate to have a
crucial effect on the maturation of the RPE epithelium, its
pigmentation, barrier properties, and assembly of basal
lamina. We produced functional hESC-RPE cells with
several xeno-free human-sourced matrices suitable for
GMP-quality hESC-RPE production for clinical purposes.
This article is the first to report that cell culture coating has a
major structural and functional effect on the maturation of
hESC-RPE potentially affecting cell integrations and sur-
vival after cell transplantation.
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a b s t r a c t

The environmental cues received by the cells from synthetic substrates in vitro are very different from
those they receive in vivo. In this study, we applied the LangmuireSchaefer (LS) deposition, a variant of
LangmuireBlodgett technique, to fabricate a biomimetic microenvironment mimicking the structure and
organization of native Bruch's membrane for the production of the functional human embryonic stem
cell derived retinal pigment epithelial (hESC-RPE) cells. Surface pressure-area isotherms were measured
simultaneously with Brewster angle microscopy to investigate the self-assembly of human collagens type
I and IV on air-subphase interface. Furthermore, the structure of the prepared collagen LS films was
characterized with scanning electron microscopy, atomic force microscopy, surface plasmon resonance
measurements and immunofluorescent staining. The integrity of hESC-RPE on double layer LS films was
investigated by measuring transepithelial resistance and permeability of small molecular weight sub-
stance. Maturation and functionality of hESC-RPE cells on double layer collagen LS films was further
assessed by RPE-specific gene and protein expression, growth factor secretion, and phagocytic activity.
Here, we demonstrated that the prepared collagen LS films have layered structure with oriented fibers
corresponding to architecture of the uppermost layers of Bruch's membrane and result in increased
barrier properties and functionality of hESC-RPE cells as compared to the commonly used dip-coated
controls.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Cells in tissues are influenced by the extracellular matrix (ECM)
in which they reside [1,2]. Apart from the mechanical support, ECM
binds soluble factors and regulates their distribution and presen-
tation to cells, as well as plays an important role in cell morphology,
migration, proliferation, differentiation and maturation [3e5].
While synthetic scaffolds made of biocompatible materials have
been shown to closely mimic the ECM structure, they still lack
much of the fine, intricate architecture and biochemical cues that
can be found in the native ECM [6]. Thus, the environmental cues
: þ358 33 5518498.
received by the cells from these substrates in vitro are very different
from those they receive in vivo [7].

Dysfunction and irreversible damage of the retinal pigment
epithelium (RPE) layer is a fundamental factor in the progression of
degenerative retinal diseases, such as age-related macular degener-
ation (AMD) [8,9]. Human embryonic stem cells (hESCs) are an
attractive cell source for cell transplantation therapies to treat AMD
due to their limitless supply [10] and ability to differentiate towards
functional RPE cells [11,12]. Cell transplants of hESCederived RPE
(hESC-RPE) cells are currently under clinical trials for the treatment
of the dry form of AMD and Stargardt's disease [13] and clinical trials
with autologous human induced pluripotent stem cell (hiPSC)-
derivedRPE cell sheets for thewet typeofAMDhave also started [14].

In vivo, the RPE cells rest on a specific pentalaminar 1e4 mm
thick ECM sheet called Bruch's membrane. Bruch's membrane is

mailto:anni.sorkio@uta.fi
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located between the RPE and the underlying choroid, where it
provides structural support for the RPE cells as well as operates as a
biological filter to allow for the reciprocal exchange of nutrients,
biomolecules and metabolic waste products. Histologically, Bruch's
membrane composes of five different layers with distinguishable
structure and composition. The basement membrane of RPE forms
the outermost layer of the Bruch's membrane, and it mainly con-
sists of collagen type IV, laminin, fibronectin, hyaluronic acid,
heparan sulfate and chondroitin/dermatan sulfate whereas the
inner collagenous layer comprises of collagen type I, III, and V [15].

Collagen has been extensively examined as a supportive struc-
ture for a variety of tissues such as skin, cartilage, bone, corneal and
nerve tissues [16e18]. Human primary RPE cells and the immor-
talized ARPE-19 cell line have been previously cultured on equine,
bovine and rat collagen type I membranes [19e22] as well as on
human collagen type I thin films [23]. Furthermore, porcine
collagen type I gels have been used for the maturation of hiPSC-RPE
cells in studies aiming for clinical applications [14]. In addition,
gelatin, which is collagen that has been processed to remove its
higher organized structure, has been widely studied with RPE
[24e26]. To the best of our knowledge, collagen type IV has been
assessed with RPE cells and hESC-RPE cells merely in the form of
protein coating [27e29]. Despite the success with collagen in
biomedical applications, mimicking the natural fiber orientation
and structure remains a major challenge [30e32].

The LangmuireBlodgett (LB) technique is an attractive
approach for obtaining artificial biomimetic models with a well-
characterized molecular organization without the use of addi-
tives and bio-incompatible materials [30,33,34]. This approach is
based on the presence of collagen in its molecular form in acidic
solution and its ability to form fibers resulting from the increase of
the solvent pH when it is spread onto the subphase surface [35]. In
the LB technique, this process is forced to take place at the air-
subphase interface in a Langmuir trough. The interface is subse-
quently compressed to obtain oriented collagen fibers and
deposited onto a solid substrate [34]. When the deposition of the
floating monolayer from the subphase surface onto a solid support
occurs horizontally, the technique is referred to as Langmuire-
Schaefer (LS) deposition [36]. In previous studies, human fibro-
blasts, 3T3 mouse fibroblastic cells and adipose-derived stem cells
have been shown to respond favorably to the oriented rat and calf
collagen I films prepared with LB technique [34,37]. Along with
collagen I, laminin, fibronectin and vitronectin thin LB films have
been previously manufactured [38].

In this study, we have applied the LS technique to fabricate a
biomimetic microenvironment mimicking the structure and orga-
nization of native Bruch's membrane for the production of the
clinically relevant hESC-RPE cells. A layered and oriented collagen
film from human collagen types I and IV was manufactured only
based on human origin biomaterials. The constructed film had two
separate layers, collagen type I layer underneath and collagen type
IV layer above corresponding the inner collagenous layer and the
basement membrane of Bruch's membrane, respectively. Here, we
demonstrate that the prepared LS films have layered structure with
oriented fibers and result in increased barrier properties and
functionality of hESC-RPE cells as compared to commonly used dip-
coated controls.

2. Experimental methods

2.1. Preparation of collagen solutions

The human collagen I (Col I) and human collagen IV (Col IV) from
human placenta (SigmaeAldrich St. Louis, MO, USA) were treated
according to the protocol described by Goffin et al. [34]. Briefly,
both collagens were dissolved into dilute acetic acid (Merck, Ger-
many) to obtain a solution of 1 mg ml�1 and pH ~ 3. Prior to
Langmuir-film preparation, collagen solutions were sonicated in
water bath on ice for two 10 min periods with a 10 min rest period
in between. These solutions were prepared fresh right before use.
2.2. Langmuir isotherms and Brewster angle microscopy (BAM)

The full isotherms and Brewster anglemicroscopy (BAM) images
were measured simultaneously with a KSV OPTREL BAM300
mounted on a KSV minitrough Langmuir film balance (KSV In-
struments) equipped with a double barrier system. Dulbecco's
phosphate buffered saline (DPBS) (Lonza Group Ltd., Basel,
Switzerland) was used as a subphase: two-fold DPBS solutions
were prepared in Milli-Q water. The temperature of the subphase
was 20.8 ± 0.5 �C and the compression speed for the isotherms and
Langmuir-film preparation was 65 mm min�1 i.e. 48.75 cm2 min�1

180 ml of the 1 mg ml�1 collagen solution was spread drop-wise
onto the subphase using a glass microsyringe. The film was
allowed to equilibrate for 30 min before compression. The BAM
instrument was equipped with a 10 mW HeNe laser (633 nm)
linearly polarized in the plane of incidence by a Glan-Thompson
polarizer. The reflection from the interface passes through a second
Glan-Thompson polarizer and was collected by a CCD camera. The
microscope was adjusted so that the background reflection from
the bare airewater interface was minimal. The spatial resolution of
the system was approximately 2 mm.
2.3. LangmuireSchaefer (LS) films

The LS films were prepared using the KSV minitrough system.
The Langmuir-film was prepared as described above. The film was
compressed to the deposition pressure of 12 mN m�1 for Col I and
30 mN m�1 for Col IV and allowed to stabilize for 15 min before
deposition on substrates. The compression of the LS films took
place symmetrically and horizontally. Several types of substrates
were used for LS-transfer: silicon wafers for scanning electron
microscopy (SEM) studies, freshly cleaved mica for atomic force
microscopy (AFM) measurements, SPR sensor substrates (ca. 50 nm
gold with a chromium adhesion layer of ca. 2 nm coated on glass
slides) for SPR, borosilicate glass coverslips (0.13 mm thickness,
VWR Collection, VWR, Finland) for immunofluorescence stainings
and commercial polyethylene terephthalate (PET) cell culture in-
serts with 5 mm pore size (Millipore) for cell culture and perme-
ability studies. Prior to the deposition the glass substrates were
cleaned by 10 min sonication in chloroform and chromic sulfuric
acid. After careful rinsing with water the glass substrates were kept
30 min in 1 mM NaOH (Merck KGaA, Germany) and subsequently
dried in an oven at 120 �C. The silicon wafers were cleaned by
sonicating 1 min in isopropanol and rinsing with chloroform fol-
lowed by drying in nitrogen flow. Before deposition, the SPR sensor
substrates were first cleaned by boiling them in the cleaning so-
lution of NH4OH (30%) (Merck KGaA): H2O2 (30%) (Merck Schu-
chardt OHG, Germany): Milli-Q H2O (1:1:5) for 10 min. The LS films
were transferred onto substrates manually by touch-and-lift
method. Thereafter, the deposited LS films were dried in a desic-
cator for a minimum of 24 h to evaporate any remaining of the
subphase. Subsequently, the samples were washed twice with
Milli-Q H2O to remove the formed salt crystals and dried again
before measurements or the deposition of a second layer. For the
double layer Col I and Col IV LS films, Col IV LS film was deposited
on top of a dried Col I LS film as described above. The
manufacturing process of the LS films is illustrated in
Supplementary Fig. 1.
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2.4. Dip-coating

For control samples, substrates were dip-coated with collagen
protein solutions as described previously [11,27]. Briefly, substrates
were rinsed with DPBS, and immersed in collagen protein solution
at a concentration of 5 mg cm�2 for 3 h at þ37 �C. The following
substrates were used for dip-coating: freshly cleaved mica for AFM
measurements, SPR sensor substrates for SPR, borosilicate glass
coverslips for immunofluorescence stainings and commercial PET
cell culture inserts with 1 mm pore size for cell culture studies. The
pH of collagen solution during coating procedure was 7. Prior to
material characterization and cell seeding, the dip-coated control
samples were rinsed twice with DPBS to remove any remaining of
unbound protein.

2.5. Scanning electron microscopy (SEM)

The microstructure of the LS films deposited on silicon sub-
strates was observed using field-emission scanning electron mi-
croscope (FE-SEM, Carl Zeiss Ultra 55).

2.6. Atomic force microscopy (AFM)

A MultiMode 8 atomic force microscope (Bruker Corporation,
Massachusetts, USA) equipped with a J scanner and Nanoscope V
controller was used to characterize the nanostructure of different
collagen LS films. Images were obtained in air using silicon NSC15/
AlBS cantilevers (MicroMasch, Tallinn, Estonia) with a tip radius
below 10 nm, operating in tapping mode. Research NanoScope 8.15
software (Bruker Corporation) was utilized for image analysis.

2.7. Surface plasmon resonance (SPR)

Surface plasmon resonance (SPR) measurements were per-
formed with an MP-SPR Navi 200-L instrument equipped with two
light source pairs providing 654 and 782 nm, as well as 668 and
783 nm, wavelengths (BioNavis Ltd., Tampere, Finland). Before the
deposition of the collagen films, all pre-cleaned MP-SPR sensors
were measured in air and water to acquire the backgrounds.
Thereafter, the MP-SPR sensor substrates with deposited collagen
layers were measured in water and then in air. All SPR measure-
ments were performed at the wavelengths of 654 and 782 nm, and
668 and 783 nm at 20 �C. The original SPR data were processed
using the BioNavis Data viewer software. The measured MP-SPR
spectra for pure SPR sensors were fitted with a free Fresnel equa-
tion based program Winspall 3.02 in order to extract the thickness
(d) and refractive index (n). During the fitting, the optical param-
eters from the pure gold fitting were used as backgrounds for
multilayermodeling. The refractive indexwas kept constant but the
thickness of the layers was fitted. This fitting procedure was
repeated for the n-values with an increment of 0.2 between 1.4 and
1.6. Thus, the d-n continuum solutions were acquired. In order to
investigate the stability of deposited collagen LS layers on the gold
surface theyweremonitored in real timewith SPR at 782 nm under.
The water flow flush was running at 30 ml/min at 20 �C for up to
10 h. The measured SPR sensograms were processed using the
BioNavis Data viewer software.

2.8. Human embryonic stem cell derived retinal pigment epithelial
cells

In this study, we investigated two hESC lines, Regea 08/023
(46, XY) and Regea 11/013 (46, XY), which were previously
derived in our laboratory [39]. The undifferentiated hESCs were
maintained on Mitomycin C-treated (SigmaeAldrich) mitocally
inactivated human foreskin fibroblast feeder cells (CRL-2429TM,
ATCC, Manassas, VA, USA) in serum-free conditions and enzy-
matically passaged using TrypLE Select (Invitrogen, UK) onto
fresh feeder cells at ten-day intervals. Undifferentiated hESCs
were differentiated into RPE cells as described previously [11].

After 55e132 days of differentiation in suspension culture, the
pigmented areas of the floating aggregates were manually selected
and cut with a lancet, dissociated with TrypsineEDTA (Lonza,
Walkersville, MD) and replated to Col IV-coated 24-well culture
plates (Corning® CellBIND®, Corning Inc., NY, USA). Thereafter, the
pigmented cells were enriched in adherent cultures for 180e209
days. The hESC-RPE maturation and functionality was investigated
on Col I-Col IV double layer LS films. The double layer LS films were
sterilized under ultra violet light for 10min per each side of the film
and hydrated in culture medium for 1 h before cell seeding. For
plating cells on LS films, the hESC-RPE cells were dissociated with
TrypLE Select (Invitrogen), filtered through BD Falcon cell strainer
(BD Biosciences) and seeded on LS films at density of
1.2� 105 cells cm�2. Commercial cell culture inserts with 1 mmpore
size (Millipore) dip-coated with collagen IV (5 mg cm�2) were
selected as control in cell culture studies as we have previously
used Col IV for enrichment and maturation of hPSC-RPE cells
[11,27].

2.9. Gene expression analysis

After 42 days of culture, the gene expression of RPE-specific
proteins bestrophin (BEST), microphthalmia-associated transcrip-
tion factor (MITF), pigment epithelium-derived factor (PEDF),
retinal pigment epithelium specific protein 65 kDa (RPE65) and
tyrosinase (TYR) as well as pluripotency marker octamer-binding
transcription factor (OCT)3/4 was assessed with reverse tran-
scriptionepolymerase chain reaction (RT-PCR). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as an endogenous
control. RNAwas extracted using NucleoSpin RNA II kit (Macherey-
Nagel, GmbH & Co) according to the manufacturer's instructions.
Water was used as a negative control in RT-PCR analysis to detect
any impurities in the reagents and procedure. The gene expression
of pluripotency markers OCT3/4 and Nanog and RPE-specific pro-
teins RPE65 and TYRwere also examined for undifferentiated hESCs
in both investigated cell lines. Detailed RT-PCR protocol and primer
sequences have been previously reported [11].

Differences in relative expression level of RPE65 gene were
studied further with quantitative real-time PCR (qPCR) as
described previously [27]. Samples were collected from two in-
dividual experiments. TaqMan® Gene Expression Assays (Applied
Biosystems Inc.) with FAM-labels were used for PCR reaction:
RPE65 (Hs01071462_m1) and GAPDH (Hs99999905_m1). The re-
sults were analyzed using 7300 System SDS Software (Applied
Biosystems Inc.). The relative quantification of RPE65 was calcu-
lated using the 2-DDCt method [40]. The values for each sample
were normalized to expression levels of GAPDH. The expression
level of cells on dip-coated control was set as the calibrator in
both investigated cell lines (fold change equals 1).

2.10. Immunocytochemistry

The fiber-like structure of Col I, Col IV and double layer Collagen
LS films as well as the protein expression and localization of hESC-
RPE cells on double layer LS films was examined with immuno-
fluorescence (IF) staining. In addition, the expression of pluripo-
tency marker OCT3/4 was investigated for the undifferentiated
hESCs. Samples were washed twice with DPBS, fixed with 4%
paraformaldehyde (SigmaeAldrich) for 10 min at room tempera-
ture (RT), washed with DPBS and permeabilized with 0.1% Triton X-
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100 in DPBS (SigmaeAldrich) at RT for 10 min. Next, unspecific
binding sites were blocked with 3% BSA (SigmaeAldrich) at RT for
1 h. Thereafter, samples were incubated with primary antibodies
overnight in 4 �C: rabbit anti-bestrophin 1:400, mouse anti-CRALBP
1:600, mouse anti-Naþ/KþATPase 1:100, rabbit anti-MITF 1:350 (all
from Abcam, Cambridge, UK), mouse anti-collagen IV, rabbit anti-
collagen I 1:200 (both from Millipore), mouse anti-MERTK 1:50
(Abnova), mouse anti-zonula occludens 1 (ZO-1) 1:250 (Invitrogen)
and goat anti-OCT3/4 1:200 (R & D Systems Inc., Minneapolis, MN).
Cells were washed several times with DPBS. Secondary antibodies
were diluted in ratio of 1:800with 0.5% BSA-DPBS: Alexa Fluor 568-
conjugated goat anti-mouse IgG and goat anti-rabbit Ig G, and Alexa
Fluor 488-conjugated donkey anti-rabbit IgG, donkey anti-mouse
IgG and donkey anti-goat IgG (all from Molecular Probes, Life
Technologies). In addition, PhalloidineTetramethylrhodamine B
isothiocyanate 1:400 (SigmaeAldrich) was used for labeling fila-
mentous actin. Samples were incubated in secondary antibody di-
lutions for 1 h in RT following repeated washes in DPBS. 40,60

diamidino-2-phenylidole (DAPI) included in the mounting media
was used for staining the nuclei (Vector Laboratories Inc., Burlin-
game, CA). To verify that the fiber-like organized structure of the LS
films is due to the organization of collagen to the air-subphase
interface and compression of the surface, we carried out immu-
nostainings of Col I- and Col IV-dip-coated samples (coating con-
centration for both 5 mg cm�2). Images were taken with Olympus
BX60 microscope (Olympus, Tokyo, Japan) or LSM 700 confocal
microscope (Carl Zeiss, Jena, Germany) using a 63� oil immersion
objective. Images were edited using ZEN 2011 Light Edition (Carl
Zeiss) and Adobe Photoshop CS4.

2.11. Western blotting

The RPE65 protein expression was studied further after 42 days
of culture on double layer LS films with Western blotting as pre-
viously described [27]. Mouse anti-RPE65 (1:5000, Millipore) and
mouse anti-b-actin (1:5000, Santa Cruz) primary antibodies were
used. The RPE65 protein expression was quantified with band area
calculation in Image J Image Processing and Analysis Software and
compared to the loading control b-actin from the same lane in the
membrane. These RPE65/b-actin ratios were calibrated against dip-
coated control samples in both investigated cell lines (RPE65/b-
actin ratio for controls equals 1) in order to carry out relative
comparison between controls and LS films.

2.12. Transepithelial resistance

The integrity and barrier function of the forming hESC-RPE on LS
films were studied with transepithelial resistance (TER) measure-
ments after 42 days of culture. Samples were tightly clamped to a
P2307 slider (Physiologic Instruments, San Diego, CA), and assem-
bled to a custom-made Teflon chamber as previously described
[41]. Measurements were carried out in DPBS with a Millicell
electrical resistance system volt-ohm meter (Merck Millipore,
Darmstad, Germany). TER-values (U cm2) were calculated by sub-
tracting the value of empty material sheet without cells from the
result, and by multiplying the result by the surface area of the
substrate. Calculated TER-values were normalized against the dip-
coated controls in both investigated cell lines. TER-values were
obtained from three individual experiments with four parallel
samples for each condition.

2.13. Permeability study

The ability of LS films to act as semipermeable barrier and the
integrity of hESC-RPE monolayer on double layer LS films was
assessed by measuring the flux of a small molecular weight
(700 Da) Alexa Fluor® 568 Hydrazide sodium salt (Life Technolo-
gies) at a concentration of 0.0065 mM. The permeability of hESC-
RPE cells on LS films was studied after 64 days of culture. The
study was carried out in Ussing chamber system (Physiologic In-
struments, San Diego, CA) with P2300 chambers and P2307 sliders
and culture mediumwithout KnockOut™ Serum Replacement (KO-
SR) was used as a diffusion medium. The chambers were main-
tained at 37 �C by using a circulating water bath and gas inflowwas
applied to the chambers. The donor chamber was filled with 2.1 ml
of diffusion medium with fluorescent marker, whereas equal vol-
ume of diffusion medium without fluorescent marker was applied
on the receptor chamber. Volumes of 100 ml were sampled from the
receptor chamber at 60, 120, 180, 240 and 300 min and replaced
with fresh diffusion medium. The fluorescence of the samples was
analyzed in 96-well plates using the Wallac Victor2™ 1420 Multi-
label counter (Perkin ElmereWallace, Norton, OH) at 590 nm
excitation and 642 nm emission wavelengths. The diffusion of
Alexa Fluor® 568 Hydrazide sodium salt across the LS films and
hESC-RPE monolayers was characterized by calculating the
apparent permeability coefficient (Papp, cm2 s�1) as Papp ¼ dC/dt/
(60C0A), where dC/dt is the slope of the linear portion of the
permeability curve, C0 is the initial concentration in the donor
chamber, and A is the exposed surface area of the RPE monolayer
(0.031 cm2). Furthermore, the data is presented as cumulative
permeability illustrating the percentage of diffused fluorescent
marker in the receptor chamber compared to initial concentration
in the donor chamber over time. Permeability data for hESC-RPE
cells on double layer LS films were obtained from three individ-
ual experiments with four parallel samples for each condition.
2.14. Phagocytosis

The phagocytic properties of hESC-RPE monolayers on double
layer LS films were investigated using isolated porcine photore-
ceptor outer segments (POS) after 56 days of culture. The POS were
isolated as described previously [11]. POS were labeled with fluo-
rescein isothiocyanate (FITC) (0.04 mg/ml; SigmaeAldrich) in 0.1 M

NaHCO3 (pH 9) for 1 h at RT, following washing three times with
PBS and resuspended in culture medium supplemented with 10%
fetal bovine serum (FBS, SigmaeAldrich). HESC-RPE cells on LS
films were incubated with POS for 2 h at 37 �C. Thereafter, the cells
were washed twice with PBS and fixed with 4% paraformaldehyde
for 10 min at RT following repeated PBS washings. Subsequently,
the cells were permeabilized using 0.1% Triton X-100 for 10 min at
RT followed by repeated PBS washings. Filamentous actin was
stained with phalloidin (SigmaeAldrich) by incubating for 30 min
at RT following several PBS washings. The nuclei were counter-
stained with DAPI that was in the mounting media. The images of
the hESC-RPE cells with internalized POS fragments were taken
using a confocal microscope (LSM 700, Carl Zeiss, 63� oil immer-
sion objective).
2.15. Enzyme-linked immunosorbent assay

The functionality of hESC-RPE cells on LS films was evaluated by
their PEDF secretion after 21 days of culture. Culture medium was
conditioned with hESC-RPE cells on double layer LS films and dip-
coated controls for 24 h before collecting samples for analysis. PEDF
concentrationwas determined from the conditionedmedium using
Chemikine PEDF Sandwich ELISA Kit (Millipore) according to the
manufacturer's instructions. Cell density on LS films and controls at
day 21 was taken into consideration in PEDF concentration
calculations.



A.E. Sorkio et al. / Biomaterials 51 (2015) 257e269 261
2.16. Ethical issues

The National Authority for Medicolegal Affairs Finland has
approvedour researchwithhumanembryos (Dnro1426/32/300/05).
We also have a supportive statement from the local ethics committee
of the Pirkanmaa hospital district Finland to derive and expand
hESC lines from surplus embryos not used in the treatment of
infertility by the donating couples, and to use these cell lines for
researchpurposes (R05116).Nonewlineswerederived for this study.

2.17. Statistical analysis

ManneWhitney U-test and IBM SPSS Statistics software were
used for determining statistical significance. Average (median)
values of relative TER, Papp, and PEDF secretion on LS films were
compared to average (median) values obtained on dip-coated
controls with ManneWhitney U-test. P-values � 0.05 were
considered statistically significant.

3. Results

3.1. Surface pressure-area isotherms

Isotherms of Col I and Col IV were measured to investigate
whether the collagen molecules remain on the DPBS air-subphase
interface or enter the subphase instead. During the 30 min stabi-
lization period, the surface pressure increased 0.4 ± 0.2 mNm�1 for
Col I and 1.4 ± 0.4 mN m�1 for Col IV (Fig. 1(a)). The initial surface
pressure after spreading of the collagen solution was 1 mN m�1

higher for Col IV compared to Col I although the same amount (in
mass) of collagens were used. The pressure versus surface area
isotherms for Col I and Col IV are illustrated in Fig. 1(b). For Col I the
surface pressure did not reach 20 mN m�1 before the trough space
between the barriers ran out. Instead, the surface pressure of
40 mNm�1 was attained for Col IV. Spreading more Col I only led to
a shift of the isotherm to higher areas per gram. For both collagens,
a steady increase in surface pressure was detected upon compres-
sion of the interface between the barriers. For deposition of LS films
and for further analysis and cell culture studies, the surface pres-
sures of 12 and 30 mN m�1 were used for Col I and Col IV,
respectively.

3.2. Fiber formation, orientation and structure of collagen LS films

BAM was used to detect the Col I and Col IV Langmuir film
formation and fiber orientation in the DPBS-air interface during
compression. Both Col I and Col IV covered the surface evenly and
no pure subphase surface was observed after spreading. At low
surface pressures the collagen molecules floated loosely on the
surface, and neither orientation nor fiber-like structures were
observed. As the surface pressure increased, during both stabili-
zation and compression periods, the images got brighter as the
density of collagen on the air-subphase interface increased. For Col
I, the fiber formation was clearly observed during compression as
nearly vertical 10 mm thick and 50 mm long structures were visible
already 27 s after the compression was started (Fig. 1(c)). At this
point, the pressure had increased only 1 mN m�1 from that
measured after the 30 min stabilization period. For Col IV, darker
domains with lower collagen density or thickness were observed
(Fig. 1(d)). The domains differed in size from small nearly circular
areas with 10 mm diameter to larger 200 mm � 100 mm areas. At
10e20mNm�1 the shape of the domains changed from irregular to
elongated ellipses which were oriented according to the
compression direction. Highly organized structures oriented par-
allel to the barriers were observed with both collagens (Fig. 1(c,d)).
At all pressures the BAM images of Col IV were brighter than those
of Col I.

The microstructure of LS films was assessed with SEM. In the
SEM images, a thin film with a fiber-like structure similar to those
observed in BAM figures were detected (Fig. 1(e,f)). The substrates
were completely covered by both Col I and Col IV LS films. During
deposition of the second layer of the double layer LS film, the angle
of the substrate towards compression directionwas changed. Thus,
the presence of both Col I and Col IV layers can be clearly seen as
ordered structures of different angles (Fig. 1(g)). IF stainings for the
empty substrates were negative for collagen I and collagen IV (data
not shown) confirming that the fiber-like collagen structures seen
in Fig. 1 are deposited collagens and not background from the
substrates.

The fiber formation and structure was studied further with IF
staining. Beautiful oriented fibers were observed with Col I LS films
(Fig. 1(i)) whereas the structure of Col IV LS films appeared more
net-like (Fig. 1(k)). These results are similar to those seen in both
BAM and SEM images. The dip-coated controls had neither fiber-
like nor organized structure (Fig. 1(jel)). The IF images of the
double layer LS film confirmed the presence of both Col I and Col IV
layers (Fig. 1(h)). As detected with SEM, the Col I and Col IV films in
double layer LS films had organized structure and the layers were
oriented at different angles, with Col I LS film deposited underneath
the net-like Col IV LS layer.

The barrier properties of LS films were assessed using a small
molecular weight (700Da) fluorescent marker. The Papp for Col I LS
filmswas 21�10�5± 8� 10�5 cm2 s�1 and for Col IV 26�10�5± 5�
10�5 cm2 s�1, whereas a slightly smaller value of 15 � 10�5 ± 5 �
10�5 cm2 s�1 was detected for double layer LS film (Fig. 1(m)). For
empty PET insert Papp-value of 17 � 10�5 ± 2 � 10�5 cm2 s�1 was
recorded. The cumulative permeability for Col I and Col IV LS films is
shown inFig.1(n) and fordouble layer LSfilmandemptyPET insert in
Fig.1(o). Compared to the empty PET insert, Col I LS film did not form
a barrier for the small molecular weight marker. Instead, decrease in
the cumulative permeability of Col IV LS films was detected. How-
ever, after 300 min exposure, this barrier was disturbed. A similar
decrease in cumulative permeability was observed for double layer
LS film as detected for Col IV LS film. Instead, no sudden changes and
disturbance inbarrierpropertywasnoticedduring300minexposure
time for the double layer LS film.

3.3. Nanostructure and the stability of the collagen LS films

The nanostructure of the collagen LS films was investigatedwith
AFM (Fig. 2(aeh)). The width of the collagen fibers was determined
from the analysis of the height topographic profiles of AFM images
(Fig. 2(iel)) Average values of about 4.5 nm and 12.5 nm were
obtained for the fibrils of Col I and Col IV LS films, respectively.
Widths up to 65 nm and 140 nmwere also observed for larger fibers
of collagen I and IV, respectively. The Col IV LS films had more of a
net-like structure. Interestingly, the surface topography of the
double layer LS filmwas different from themonolayer Col IV LS film
even though Col IV LS film was the uppermost layer of both
samples.

The deposited LS films were further characterized with two-
media (air and water) MP-SPR measurements in order to extract
the unique solution of refractive index (d) and thickness (n) [42].
Examples of the Winspall fitting in air and water at 782 nm for
washed collagen LS films are shown in Fig. 3(a) and for unwashed
films in Supplementary Fig. 2. Good fits and clear angle shifts be-
tween the collagen layers and the background were observed both
in air and inwater. The gathered d and n continuum solutions were
then plotted in order to find the intersection of air and water, which
is the actual thickness and refractive index (an example illustrated



Fig. 1. Fiber formation, orientation and structure of collagen Langmuir and LS films. a) Surface pressure during stabilization after spreading of collagen on subphase and b) surface
pressure-area isotherms for Col I and Col IV. BAM images demonstrating the fiber formation during compression of c) Col I and d) Col IV Langmuir films. Scale bars ced) 100 mm.
SEM images of e) Col I, f) Col IV and g) double layer LS films show the microstructure and orientation of prepared LS films. Scale bars e) 40 mm and f-g) 20 mm. Immunofluorescence
images of h) double layer LS film, i) Col I LS films, j) Col I dip-coated control, k) Col IV LS film and l) Col IV dip-coated control. Collagen I (green) and collagen IV (red). Scale bars h)
20 mm and iel) 50 mm. (m) The apparent permeability coefficient Papp and the cumulative permeability of small molecular weight fluorescent marker for n) Col I and Col IV LS films
and o) for double layer LS film.
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in Fig. 3(b)). Thicknesses of different collagen LS films measured by
MP-SPR are summarized in Fig. 3(c). The average thickness of the
unwashed Col I LS films was less than 11 nmwhereas the Col IV LS
films showed much higher values reaching up to 31 nm. The
thickness of the double layer LS film, 27 nm, was significantly lower
than the sum of Col I and Col IVmonolayer LS films. The thickness of
Col I LS film reduced during washing procedure down to 7 nm.
Instead, for Col IV and double layer LS films the difference between



Fig. 2. AFM height images illustrating the nanostructures of different collagen films: a,e) control sample; b,f) Col I LS film; c,g) Col IV LS film; d,h) double layer collagen LS film. eeh)
Demonstrate representative higher magnification images of the prepared samples. iel) Show the height topographic profiles corresponding to the lines marked in panels eeh),
respectively.
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unwashed and washed samples was insignificant. The thickness of
the dip-coated collagen IV control was only 5 nm.

The stability of the deposited collagen layers in the water flow
was evaluated by monitoring the real-time signal change with MP-
SPR. Merely small changes in the angle were observed
(Supplementary Fig. 3): the highest angle decrease was 0.08�,
which is much less than the angle shifts induced by the deposited
layers (between 0.9 and 2.7�, Supplementary Table 1). Furthermore,
the SPR signals became constant after about 6000 s. In all cases, the
largest shifts were detected for unwashed samples and the highest
changes were observed for Col IV LS films.

3.4. Human ESC-RPE growth on collagen LS films

Undifferentiated hESCs of both cell lines grew as colonies with
defined borders (Supplementary Fig. 4(a)), were positive for plu-
ripotency marker OCT3/4 in IF stainings (Supplementary Fig. 4(b))
and also expressed pluripotency markers OCT3/4 and Nanog on
gene expression level. The expression of RPE-specific proteins
RPE65 and TYR was negative for the undifferentiated cells
(Supplementary Fig. 4(c)). hESC-RPE cell adhesion and maturation
on LS films was evaluated with light microscopy imaging, immu-
nofluorescent staining, gene expression analysis and western
blotting after 42 days of culture (Fig. 4). By this time point, polar-
ization and correct localization of RPE specific proteins is usually
achieved [27]. Both investigated hESC-RPE cell lines had formed
confluent and uniform RPE monolayer throughout the entire dou-
ble layer LS films with abundant pigmentation and typical hexag-
onal RPE cell morphology (Fig. 4(a,b)). Furthermore, the hESC-RPE
cells on LS films formed more uniform and smoother epithelium
compared to the dip-coated controls (Supplementary Fig. 5). hESC-
RPE cells from both used cell lines showed expression of Naþ/
KþATPase on the apical membrane, demonstrating polarization of
the formed epithelia (Fig. 4(c)). Moreover, hESC-RPE cells were
positive for mature RPE-related proteins bestrophin, CRALBP, MITF,
MERTK and RPE65 (Supplementary Fig. 6) on all investigated
substrates.

Gene expression analysis confirmed the expression of mature
RPEmarkersBEST,MITF, PEDF,RPE65 and TYRondouble layer LSfilms
as well as on controls (Fig. 4(d)). Furthermore, there was no
expression of the pluripotency marker OCT3/4 in cells on double
layer LS films and on dip-coated controls (Supplementary Fig. 7).
However, hESC-RPE cells on double layer LS films showed increased
gene expression of RPE65 compared to the dip-coated control sam-
ples in qPCR analysis (Fig. 4(e)). The RPE65 expression on LS films
increased up to 2.1-fold in Regea 08/023 hESC-RPE cells, whereas
2.4-fold expression was seen with Regea 11/013 hESC-RPE cells.
However, the increase in expression level of RPE65was significantly
higher on LS film only with Regea 08/023 hESC-RPE cells (p < 0.05).
Similar trend in RPE65 synthesis was also detected in protein
expression level withwestern blot analysis. In both investigated cell
lines, hESC-RPE cells on LS films showed higher expression of RPE65



Fig. 3. SPR analysis of LS films. a) Measured MP-SPR angle scans (dots) and the fits (lines) in air and water phase (at 782 nm) of the pure MP-SPR sensor background and the washed
deposited collagen LS films on the MP-SPR sensor surfaces. b) Example of the intersection points from the thickness (d) versus refractive index (n) plots for unwashed Col I LS film. c)
Thicknesses of deposited collagen layers determined from the two-media (air and water) MP-SPR measurements. The error bars are the standard deviations (SD) from the
thicknesses at four different wavelengths.
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compared to cells on the dip-coated controls (Fig. 4(f,g)); 3.6- and
1.3-fold expression levels were confirmed for Regea 08/023 and
Regea 11/013 hESC-RPE cells on double layer LS films, respectively.

3.5. Barrier properties of hESC-RPE cells on layered collagen LS films

The barrier properties of hESC-RPE cells on double layer LS films
were examined with IF staining, TER measurements and perme-
ability studies. hESC-RPE cells on LS films showed uniform
expression of tight junction protein ZO-1, while more discontin-
uous and heterogeneous labeling against ZO-1 was detected on the
dip-coated controls (Fig. 5(a,b)). The integrity of hESC-RPE epithelia
on double layer LS films was investigated further with TER-
measurements following 42 days of culture. In both studied
hESC-lines, the TER-values were significantly higher (P < 0.005) on
LS films compared to hESC-RPE cells grown on dip-coated controls
(Fig. 5(c)). With Regea 08/023 hESC-RPE cells, measured TER-values
reached 2.4 ± 0.6 efold on LS films compared to the controls.
Similar increase in TER-values was seen with Regea 11/013 hESC-
RPE cells with 2.0 ± 0.4-fold higher relative TER on LS films.

Junctional integrity of hESC-RPE cells was assessed by
measuring the flux of 700 Da fluorescent markers at the concen-
tration of 0.0065 mM (Fig. 5(def)) after 64 days of culture when
hESC-RPE at control conditions have usually reached highly polar-
ized structures with tight junctions [27]. In both investigated cell
lines, the hESC-RPE on double layer LS films resulted in significantly
lower permeability (p < 0.05) compared to dip-coated controls,
with Papp-values of 1.76 � 10�6 ± 5.78 � 10�7 cm2 s�1and 2.48 �
10�6 ± 1.99 � 10�6 cm2 s�1for Regea 08/023 and Regea 11/013
hESC-RPE cells, respectively (Fig. 5(d)). Papp-values for dip-coated
control samples reached for 3.86 � 10�6 ± 2.49 � 10�6 cm2 s�1

for Regea 08/023 hESC-RPE cells and 4.93 � 10�6 ± 2.09 �
10�6 cm2 s�1 for Regea 11/013 hESC-RPE cells. After 5 h exposure
time, the cumulative permeability for 700 Da molecules on double
layer LS films was 0.10 ± 0.03% for Regea 08/023 hESC-RPE cells and
0.13 ± 0.06% for Regea 11/013 hESC-RPE cells, whereas 0.23 ± 0.04%
and 0.28 ± 0.07% were measured for Regea 08/023 and 11/013
hESC-RPE cells on dip-coated controls (Fig. 5(e,f)).

3.6. Functionality of hESC-RPE cells on double layer collagen LS
films

The functionality of hESC-RPE cells on double layer LS films was
assessed with in vitro phagocytosis assay after 56 days of culture.
Internalized POSwere seen in both investigated cell lines on double
layer LS films as well as on dip-coated controls, confirming that the
hESC-RPE cells on studied collagen films possess phagocytic ac-
tivity (Fig. 6(a,b)). It is known that PEDF secretion starts very early
phase of RPE maturation [43]. Therefore, the PEDF secretion of
hESC-RPE cells grown on double layer LS films was evaluated after
21 days of culture. Major differences were found in PEDF secretion
of hESC-RPE cells on double layer LS films compared to the dip-
coated controls. hESC-RPE cells on LS films showed highly signifi-
cant (p < 0.005) increase in PEDF secretion with both studied cell
lines after 21 days of culture (Fig. 6(e)). PEDF secretion was
1682 ± 167 ng ml�1 for Regea 08/023 hESC-RPE cells and
853 ± 146 ng ml�1 for Regea 11/013 hESC-RPE cells on LS films,
whereas lower PEDF concentrations of 274 ± 118 ng ml�1 and



Fig. 4. Human ESC-RPE growth on collagen LS films after 42 days of culture. (a) Bright field images illustrating the degree of pigmentation of hESC-RPE cells on double layer collagen
LS films. Immunofluorescent staining of (b) phalloidin (red) showing cell morphology and uniformity of the epithelium on collagen films and (c) NaþKþATPase (red) confirming
correct polarization of the epithelial monolayers with both investigated cell lines. The nuclei were counterstained with DAPI (blue). (d) Gene expression of mature RPE markers BEST,
MITF, PEDF, RPE65 and TYR on LS films. (e) Relative quantitative real-time polymerase chain reaction (qPCR) analysis of RPE65. (feg) Western blot analysis of RPE65 protein
expression of hESC-RPE cells on collagen double layer LS films. *P < 0.05 compared to the dip-coated sample. Scale bars (a) and (b) 100 mm and (c) 20 mm.
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Fig. 5. Barrier properties of hESC-RPE cells on double layer collagen LS film. Expression of tight junction protein zonula occludens 1 (ZO-1) (green) in (a) Regea 08/023 hESC-RPE
cells and (b) Regea 11/013 hESC-RPE cells. The nuclei were counterstained with DAPI (blue). Scale bars 50 mm. (c) Relative transepithelial resistance (TER) of hESC-RPE cells on
double layer LS films after 42 days of culture. The apparent permeability coefficient Papp (d) and the cumulative permeability of small molecular weight fluorescent marker for (e)
Regea 08/023 hESC-RPE cells and (f) Regea 11/013 hESC-RPE cells after 64 days of culture. (d) *P < 0.05 and ***P < 0.005 compared to the dip-coated Col IV control sample.
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207 ± 155 ng ml�1 were measured for Regea 08/023 hESC-RPE cells
and Regea 11/013 hESC-RPE cells on controls, respectively.

4. Discussion

The microenvironments where the cells reside in tissues affect
the characteristics of cells including cell morphology, polarity and
function [44]. Microenvironment of the cells in vivo is a combina-
tion of multiple complex factors. The surrounding extracellular
matrix and the structural environment of the cells is one of them
[45]. However, the classic cell culture substrates do not provide the
natural environment for the cultured cells in vitro, potentially
affecting the clinical outcome of cells in tissue engineering appli-
cations [7,44]. Furthermore, it is difficult to generate a substrate
that possesses similar properties to the tissue environment and
that can be produced in a reproducible manner [46]. In this study,
we manufactured a microenvironment mimicking the layered
structure and composition of the Bruch's membrane from human
sourced collagens I and IV for the production of functional hESC-
RPE cells. To our awareness, the present study is the first to
demonstrate the preparation of oriented and fiber-like collagen
type IV LS films as well as culture of hESC-RPE cells on thin layer by
layer deposited double layer collagen films with oriented fiber-like
structure.

Collagenmolecules precipitate out of solution and form fibers at
neutral pH [35]. Here, we demonstrated a steady increase in surface
pressure upon compression of the interface between the Langmuir
trough barriers for both Col I and Col IV LS films. This steady in-
crease in surface pressure during compression indicates that both
collagens resided at the air-subphase interface. These results are in
good agreement with those previously reported for Col I LB films
[30,34,47]. With both collagens, a clear increase in surface pressure
was detected after the spreading of the collagens initially dissolved
in acidic solution onto the neutral subphase. This increase in sur-
face pressure during stabilization period could be caused by the
potassium and phosphate ions in the DPBS subphase, both of which
have been shown to affect the fiber formation and structure of the
forming collagen fibrils [48]. Based on our observations, this self-
assembly of collagens on the air-subphase interface was not an
instant process. However, equilibrium was reached after 30 min
stabilization period. The higher surface pressure of Col IV after the
stabilization period as well as the brighter images seen with BAM
during compression indicates that more Col IV remains at the air-
subphase interface than that of Col I.



Fig. 6. Functionality of hESC-RPE cells on double layer collagen LS films. The phago-
cytosis of photoreceptor outer segments (POS) after 56 days of culture (aed): Regea 08/
023 hESC-RPE cells on (a) control and (b) LS film. Regea 11/013 hESC-RPE cells on (c)
control and (d) LS films. Filament actin was visualized with phalloidin (red), and the
nuclei were counterstained with DAPI (blue). Vertical confocal sections show inter-
nalization of POS (green) by hESC-RPE cells on LS films after 2 h culture with porcine
POS. Scale bars 10 mm. (e) PEDF secretion of Regea 08/023 and Regea 11/013 hESC-RPE
cells on layered LS films after 21 days of culture. ***P < 0.005 compared to the dip-
coated Col IV control sample.
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BAM analysis confirmed the formation of oriented structures
during compression. Previously, the collagen type I fibers have been
shown to orient parallel to the Langmuir trough barriers [34]. This
is in accordance with our findings with Col I as well as with Col IV
LS films. In contrast to LS films, no fiber-like oriented networks
were detected with Col I and Col IV dip-coated controls in IF
stainings, implying that the fiber-like organization of the collagen
networks is due to the application of the collagen solution on the
air-subphase interface and subsequent compression [33]. The
presence of the Col I and Col IV LS films in double layer LS structures
was confirmed with SEM and IF analysis, in which the two oriented
collagen layers could be distinguished by the different angle be-
tween the oriented fiber layers. This is in line with previously re-
ported results for layered Col I LB films [30].

High resolution AFM images allowed detailed analysis of the
assembly of collagen molecules into fibrillar structures. The inner
collagenous layer of Bruch's membrane consists of 60 nm thick
striated fibers of collagen I, III and V [15]. In the present study, the
average thickness for the fiber-like structures detected with AFM
for Col I LS films was 4.5 nm, suggesting that the prepared film
mainly consists of tropocollagen triple-helix structures with
collagen I microfibrils [32]. The larger microfibril structures
detected with AFM had the diameter of 65 nm, indicating that the
manufactured Col I LS films had similar fiber-like structures
compared to the native inner collagenous layer of Bruch's mem-
brane. The collagen I diameter reported here is closer to its native
equivalent compared to a previous study mimicking the inner
collagenous layer of human Bruch's membrane, where electrospun
collagen I fibers with diameters ranging from 200 to 500 nm were
gained [22]. By comparison, the suprastructure of Col IV LS film
resulted in a net-like structure formed by smaller 12.5 nm and
larger 140 nm thick fibrils, resembling the sheet-like networks of
Col IV found in basement membranes [49].

One important function of Bruch's membrane is allowing the
reciprocal flow of small molecular substances through its layered
structure [15]. Col I LBfilmshave beenpreviously reported to benon-
porous and free of holes [30]. In contrast in the present study, both
individual collagen LS layers as well as the double layer LS filmwere
permeable for small molecular weight fluorescent marker. Interest-
ingly, the barrier function was mainly formed by the Col IV LS layer,
but the presence of Col I LS layer was clearly required in the double
layer LS film to make the structure mechanically durable enough.

In theory, the thickness of the layered LS film should be equal to
the sum of the thickness of the washed Col I and Col IV LS films, i.e.
38e39 nm. However, the measured thicknesses of the layered LS
films in this study were almost 10 nm lower. Similar result has been
established previously in a study for layered Col I LB films, where
themean thickness of monolayer Col I LB films was 20 nm, whereas
ten-layer were reported to be 100 nm thick [30]. Likewise, the
thicknesses of the washed Col I LS films were lower than the un-
washed films. This reduction in expected thickness could be due to
a lower binding affinity of the subsequent layers onto the preceding
collagen layer governed by differences between the colla-
genecollagen interactions and those between collagen and the
substrate [33,50]. Furthermore, loss of collagen during washing
steps between the layer depositions as well as desorption of the salt
crystals of the subphase during washing procedure could have also
reduced the film thickness. In addition to the change in expected
thickness, differences were also seen in the surface topography of
the Col IV in the double layer LS film compared to the Col IV
monolayer LS film. This indicates that the layer by layer deposited
collagens influence the order of them, while deposited as Col I and
IV, as is the case in the natural Bruch's membrane. Thus, our study
confirms that the first layer affects the structure of the next layer,
which is a well-known phenomenon in the field of LB films [51].

The arrangement and orientation of ECM dictate cell size,
spreading and cell morphology [52]. LS technique enables low-cost
and simple method to produce controlled and oriented substrates
for tissue engineering applications [30,34]. In the present study, we
hypothesized that the double layer LS films would be superior in
supporting the hESC-RPE maturation and functionality compared
to the conventional dip-coated controls. The hESC-RPE cells on LS
films displayed RPE specific cobblestone morphology, pigmenta-
tion, gene expression, correct localization of RPE specific proteins,
high degree of polarity, as well as phagocytic activity. Importantly,
the hESC-RPE cells showed more homogenous epithelium on
double layer LS films compared to the dip-coated controls. More-
over, hESC-RPE cells on LS films demonstrated increased expression
of RPE specific protein RPE65 on both gene and protein level in
comparison to the dip-coated controls, indicating that the double
layer LS films provide more optimal cues for hESC-RPE cell matu-
ration. Previous investigations have found that collagen nanofibers
show improved degree of maturation for neural cells against
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collagen protein coating [53]. Furthermore, Warnke et al. reported
that human primary RPE cells cultured on nanofibrous bovine
collagen type I membranes resemble the native human RPE [22].
Surprisingly, even though fibroblasts have been shown to align
parallel to the Col I LB films [34,37], such orientation was not
detected with hESC-RPE cells on double layer LS films. This data
suggests that while Col IV LS films showed oriented structure seen
in BAM, the netlike supramolecular organization of the Col IV LS
films observed with AFM mimic the native organization of the
basement membrane and promotes the formation of homogenous
epithelium. Therefore, this study shows that LangmuireBlodgett
technology is a convenient method for the preparation of sophis-
ticated biomimetic structures with intricate architecture, and has a
potential in tissue engineering applications.

The principal function of RPE is to form a dynamic barrier be-
tween the neural retina and the choroid [54]. Previously, it has been
shown that the ECM protein coating affects the barrier properties of
the forming hESC-RPE epithelium [27]. The hESC-RPE cells on
double layer LS films showed significantly increased TER-values as
well as clear reduction in the permeability of small molecular
weight particles, indicating that the double layer LS films provide a
more favorable microenvironment for the development of barrier
properties of hESC-RPE cells compared to the dip-coated controls.
Moreover, a significant increase in PEDF secretion, another impor-
tant hallmark of RPE functionality [55,56], was measured for hESC-
RPE cells cultured on LS films against dip-coated controls. In a
previous study, NB1-RGN cells grown on collagen-blended LB
membranes showed increased interferon-b production [38].

In this study, variation in the functionality of hESC-RPE cells on
double layer LS films was detected between the two investigated
cell lines. Previously, it has been shown that there are differences
between the individual hESC and hiPSC lines [57]. The Regea 08/
023 hESC line produces pigmentation faster compared to the Regea
11/013 hESC line, and thus might reach the maturated state of the
epithelium slightly earlier. This is the most obvious reason that
might cause the differences seen between these two cell lines in
this study. Although cell line dependent differences were seen in
the maturation state of hESC-RPE cells on double layer LS films,
hESC-RPE functionality was superior on the double layer LS films
compared to the dip-coated controls regardless of the cell line.
Hence, the results reported here demonstrate that double layer
collagen LS films offer a more natural and appropriate environment
for the production of mature and functional hESC-RPE cells.
Extensive cell characterization results in this study suggest that
hESC-RPE cells maturated on double layer LS films could be more
suitable for sheet transplantation than cells cultivated in standard
conditions. However, to be able to conclude the suitability of the
double layer LS film for implant production and transplantation
purposes, in vivo studies need to be conducted in the future.

5. Conclusions

In this study, we demonstrated a LS fabrication technique for
generating a biomimetic microenvironment mimicking the struc-
ture and organization of native Bruch's membrane from human
derived collagens without the use of bioincompatible substances.
The prepared thin films showed layered structure with oriented
fibers resembling the architecture of the inner collagenous layer
and basement membrane of the Bruch's membrane. This study is
the first to show successful preparation of organized collagen IV
films with fiber-like networks using LS technique as well as the first
study to successfully mimic the organized structure and composi-
tion of the two uppermost layers of the Bruch's membrane.
Furthermore, the prepared double layer collagen LS films were
superior in supporting the hESC-RPE maturation and functionality
compared to the dip-coated collagen control. Hence, this study
demonstrates that the prepared double layer collagen LS films
provide a biomimetic microenvironment for the efficient produc-
tion of hESC-RPE cells in vitro potentially increasing their func-
tionality in tissue engineering applications.
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ORIGINAL ARTICLE

Surface Modified Biodegradable Electrospun Membranes
as a Carrier for Human Embryonic Stem Cell-Derived
Retinal Pigment Epithelial Cells

Anni Sorkio, MSc,1,* Patrick J. Porter, PhD,2,* Kati Juuti-Uusitalo, PhD,1 Brian J. Meenan, PhD,2

Heli Skottman, PhD,1 and George A. Burke, PhD2

Human embryonic stem cell-derived retinal pigment epithelial (hESC-RPE) cells are currently undergoing clinical
trials to treat retinal degenerative diseases. Transplantation of hESC-RPE cells in conjuction with a supportive
biomaterial carrier holds great potential as a future treatment for retinal degeneration. However, there has been no
such biodegradable material that could support the growth and maturation of hESC-RPE cells so far. The primary
aim of this work was to create a thin porous poly (L-lactide-co-caprolactone) (PLCL) membrane that could
promote attachment, proliferation, and maturation of the hESC-RPE cells in serum-free culture conditions. The
PLCL membranes were modified by atmospheric pressure plasma processing and coated with collagen IV to
enhance cell growth and maturation. Permeability of the membranes was analyzed with an Ussing chamber
system. Analysis with scanning electron microscopy, contact angle measurement, atomic force microscopy, and
X-ray photoelectron spectroscopy demonstrated that plasma surface treatment augments the surface properties of
the membrane, which enhances the binding and conformation of the protein. Cell proliferation assays, reverse
transcription–polymerase chain reaction, indirect immunofluoresence staining, trans-epithelial electrical resistance
measurements, and in vitro phagocytosis assay clearly demonstrated that the plasma treated PLCL membranes
supported the adherence, proliferation, maturation and functionality of hESC-RPE cells in serum-free culture
conditions. Here, we report for the first time, how PLCL membranes can be modified with atmospheric pressure
plasma processing to enable the formation of a functional hESC-RPE monolayer on a porous biodegradable
substrate, which have a potential as a tissue-engineered construct for regenerative retinal repair applications.

Introduction

Irreversible damage of the retinal pigment epithelium
(RPE), the polarized cellular monolayer between the ret-

ina and the underlying choroidal vasculature, is a funda-
mental factor in the pathophysiology of age-related macular
degeneration (AMD). AMD is the leading cause of blindness
in the elderly population worldwide1 and phenotypically it
can be divided into two main forms: dry (atrophic) and wet
(exudative) type.2 Currently, there are no effective preven-
tative drug therapies nor cure for the dry form of AMD.3

A potential alternative therapeutic strategy for the treat-
ment of AMD is the replacement of the dysfunctional RPE
cells with a population of healthy cells.4–6 Human embry-
onic stem cells (hESCs) represent an attractive cell source

for these transplantation therapies owing to their limitless
supply and ability to differentiate toward functional RPE
cells.7–10 Cell transplants of hESC-derived RPE (hESC-
RPE) cells are currently used in clinical trials for the
treatment of the dry AMD and related conditions such as
Stargardt’s disease.5,6

Bruch’s membrane is a complex semi-permeable barrier
located between the RPE and the choroid that ensures the
healthy homeostasis of the retina and provides a structural
support for the attachment, migration, and differentiation of
RPE cells.11 The natural aging process and the pathology of
retinal diseases, such as AMD, have been shown to have a
detrimental effect on the structure and function of the Bruch’s
membrane.12 Previous studies have demonstrated that a po-
tential treatment for AMD involving the delivery of RPE cells
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in suspension into the subretinal space on an aged or damaged
Bruch’s membrane showed poor RPE cell functionality and
viability.13,14 Hence, the use of a ‘‘tissue engineering’’ ap-
proach, whereby a biomaterial polymer substrate provides a
support for the delivery of functional RPE to subretinal space,
could improve surgical handling and cell survival and enhance
cellular function and organization.15,16

A number of natural and synthetic biomaterials have been
examined previously as potential delivery systems for the
transplantation of RPE cells.17–23 An approach where
hiPSC-RPE cell sheets have been developed without an
artificial scaffold has been also introduced.24,25 Yet, it still
needs to be proven that better integration and survival of the
cells is achieved using this technique. The choice of syn-
thetic carrier material to direct growth and maturation of
human pluripotent stem cells (hPSCs) toward functional
RPE is still poorly studied: only inert materials parylene-C
and polyimide have been assessed for use as delivery sys-
tems with hPSC-RPE cells.15,26–28

By using a biodegradable scaffold with a slow in vivo
degradation period, the scaffold provides physical support
during the surgical procedure. While the polymer scaffold
slowly degrades, the transplanted cells can conceivably
generate their own matrix to replace the defects in the
damaged Bruch’s membrane. Candidate polymers for the
fabrication of biodegradable membranes for RPE cell de-
livery include poly-a-hydroxy-acid-based polymers, such as
poly(L-lactide acid) (PLLA) and poly(caprolactone) (PCL),
with tunable properties that include mechanical strength and
degradation rate.29 The combination of both materials as a
co-polymer poly(L-lactide-co-caprolactone) (PLCL) there-
fore offers a range of important features.

Electrospun membranes have been shown to mimic the
cues and properties of the extracellular matrix (ECM), pro-
viding for transportation of nutrients and metabolic waste.30

In a previous study, an electrospun PLCL fiber sheet showed
elastic properties,31 which are in a similar range as reported
for native Bruch’s membrane32 therefore making it an at-
tractive choice as a scaffold for subretinal implantations.
Human RPE cells,18,19 human fetal RPE cells,21,33 and the
immortalized cell line, ARPE-1916 have been previously
cultured on various polymeric electrospun membranes. To
our knowledge, the culturing of clinically relevant hESC-
RPE cells on a biodegradable porous carrier for cell trans-
plantation therapies has not been previously assessed.

In this work we studied a thin electrospun PLCL mem-
brane surface modified with dielectric barrier discharge
(DBD) plasma processing technique as a carrier for the
hESC-RPE cells for retinal repair applications in serum-free
conditions. The structure and properties of the membranes;
effects of DBD plasma treatment on the chemical and
physical surface properties of the thin electrospun PLCL
membranes; and the nature and scale of hESC-RPE cell
attachment, proliferation, and maturation on various sam-
ples are reported.

Materials and Methods

Fabrication of PLCL polymer fibers

A 10% (w/v) solution of PLCL (PURAC) was prepared
as a 9:1 v/v chloroform/dimethylformamide (DMF; Sigma-
Aldrich) solution. Fibrous membranes were produced in an

electrospinning chamber (IME Technologies). The polymer
solution was fed into the system at a flow rate of 1 mL per
hour and a high voltage DC current (18 kV) was applied to
the 21 G dispensing needle to achieve the Taylor cone
condition. The PLCL fiber membranes were deposited onto
glass coverslips mounted on the collector at distance of
15 cm from the syringe tip. The chemical composition of the
resulting fibers was confirmed as PLCL by Fourier Trans-
form Infrared Spectroscopy (FTIR) and the (solvent free)
purity checked by thermogravimetric analysis (TGA) (data
not shown).

DBD plasma treatment

The DBD processing methodology has been described in
detail elsewhere.34–37 In this work two different plasma
powers, 500 W and 750 W, were used. The transit speed of
all the samples through the active plasma zone was fixed at
0.48 m/s and the number of cycles was 10. The processing
conditions employed here are denoted: ES 5/10 for the
500 W, 10 cycle, 0.48 m/s condition, which results in a
power density (Pd) of 52.91 W/cm2, residence time (R) of
0.19 s, and a total dose (D) of 9.92 J/cm2 and ES 7/10 for the
750 W, 10 cycle, 0.48 m/s condition, which results in a
power density (Pd) of 79.37 W/cm2, residence time (R) of
0.19 s, and a total dose (D) of 14.88 J/cm2.

Collagen IV coating of electrospun PLCL membranes

Col IV is a major component of Bruch’s membrane11 and
has previously been used for the enrichment and maturation
of hPSC-RPE.7,38 In this work, electrospun PLCL mem-
branes were rinsed with Dulbecco’s Phosphate Buffered
Saline (DPBS) (Lonza Group Ltd.), and immersed in a so-
lution of human placenta Col IV (Sigma-Aldrich) in DPBS
at a concentration of 10 mg cm-2 over night at 4�C. Before
cell seeding, the samples were rinsed twice with DPBS to
remove any unbound protein.

Scanning electron microscopy

The diameter and morphology of electrospun PLCL fibers
and the membrane thickness were determined by scanning
electron microscopy (SEM) (Quanta 3D, FEI) operating at
5 kV. Samples were sputter coated with a thin (*20 nm)
layer of gold, using an Emitech K500X (Quorum Technol-
ogies) to reduce charging and image distortion.

Contact angle analysis

Static contact angle (CAM2000, KSV Instrument Ltd.)
was used to determine changes in the surface wettability
after atmospheric pressure DBD plasma processing. Mea-
surements were taken using glycerol39 at time points 0.5,
168, and 336 h following treatment. Twenty readings were
performed per sample type.

Atomic force microscopy

Atomic force microscopy (AFM) (Nanoscope Dimension
3100; Vecco) was used to analyze topographical changes on
individual electrospun PLCL fibers before and after atmo-
spheric pressure DBD plasma treatment. The instrument was
equipped with a TESPA silicon tip (Vecco) mounted on a
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cantilever of stiffness of 40 N/m-1, operating at a resonance
of 300 Hz and a scan rate of 1 Hz. Images were acquired in
tapping mode and all samples were analyzed over a scan
area of 2mm · 1 mm at a resolution of 512 · 512 pixels.
Pseudo–3D false color images and associated line profiles
were acquired using the Nanoscope 6.11r1 Software (Vee-
co). Three scans of each individual fiber were obtained for
each experimental group and root mean square average (Rq)
values were calculated.

X-ray photoelectron spectroscopy

A Kratos Axis Ultra DLD spectrometer (Kratos) was used
to obtain X-ray photoelectron spectroscopy (XPS) spectra
from the various sample surfaces of interest before and after
atmospheric pressure DBD plasma treatment and after Col IV
adsorption. Spectra were collected using monochromated
AlKa X-ray source generating photons of energy 1486.6 eV.
The vacuum condition was maintained at <5 · 10-8 torr during
spectral analysis. Three separate areas of *300mm · 700mm
were analyzed per sample. Wide energy survey scans (WESS)
were obtained in the binding energy range 0–1300 eV, at pass
energy 160 eV. Corresponding high resolution spectra of the
C1s, O1s, and as appropriate N1s regions were collected at
pass energy 20 eV. Binding energies were corrected for sur-
face charging by setting the adventitious hydrocarbon C1s
peak to 285.0 eV.

The Kratos vision processing software was used to obtain
quantitative data from the high resolution spectra and to
carry out spectral peak fitting. In all cases, a linear back-
ground subtraction was applied to the spectra. Peak fitting of
the C1s spectral envelope was carried out to take account of
the 70PLA/30PCL co-polymer percentage ratio.

Permeability study

The ability of electrospun PLCL membranes to act as
semipermeable barrier was assessed by measuring the flux of
a small molecular weight (700 Da) Alexa Fluor� 568 Hy-
drazide sodium salt (Life Technologies) at a concentration of
0.0065 mM. The study was carried out in an Ussing chamber
system (Physiologic Instruments) with P2300 chambers and
P2307 sliders and in culture medium without KnockOut�
Serum Replacement (KO-SR). Samples were taken from the
receptor chamber at 60, 120, 180, and 240 min. The fluo-
rescence of the samples was analyzed using the Wallac
Victor2� 1420 Multilabel counter (Perkin Elmer-Wallace)
at 590 nm excitation and 642 nm emission wavelengths.

The diffusion was characterized by calculating the ap-
parent permeability coefficient (Papp, cm2s-1) as Papp = dC/
dt/(60C0A), where dC/dt is the slope of the linear portion of
the permeability curve, C0 is the initial concentration in the
donor chamber, and A is the exposed surface area of the
RPE monolayer (0.031 cm2).

Human embryonic stem cell-derived
retinal pigment epithelium cells

Two hESC lines, Regea 08/023 (46, XY) and Regea 11/
013 (46, XY), were used in this study. Cell lines were de-
rived as described previously.40 Undifferentiated hESCs
were maintained and differentiated into RPE cells in serum-
free culture conditions as also previously described, with the

modification of enzymatically passaging the undifferenti-
ated hESCs using TrypLE Select (Invitrogen) onto fresh
feeder cells at 10-day intervals.7,41

After 50–98 days of differentiation in suspension culture,
the pigmented areas of the floating aggregates were manu-
ally cut. These pigmented cell clusters were dissociated with
1· Trypsin-EDTA (Lonza) and replated into Col IV coated
24-well culture plates (Corning� CellBIND�, Corning, Inc.)
for enrichment. The pigmented cells were grown in adherent
cultures for 180–210 days, during which the cells were re-
plated once more onto fresh Col IV coated 24-well plates.

Electrospun PLCL films were cleaned in 70% ethanol for
1 h at room temperature and repeatedly washed with DPBS.
For seeding on electrospun PLCL membranes, with and
without Col IV coating, the cells were dissociated with
TrypLE Select (Invitrogen). The cells were filtered through
BD Falcon cell strainer (BD Biosciences) and seeded onto
the fiber membranes at a density of 1.5 · 105 cells cm2.

Analysis of cell number

The attachment and proliferation of hESC-RPE cells on un-
treated and DBD plasma-treated electrospun fibers with the Col
IV adlayer were determined by cell counts after 7 and 42 days in
culture. To get an objective estimation of the cell numbers on
the samples four randomly chosen areas of each sample with
DAPI-stained nuclei were captured with AxioScope A1 fluo-
rescence microscope using a 10· objective lens. Two samples
were analyzed for each experimental condition at both time
points. The data for the cell number analysis was collected from
two individual experiments, that is, a total 4 samples and at least
16 low magnification images. Representative low magnification
images used for cell count analysis for each sample are shown in
Supplementary Fig. S1 (Supplementary Data are available on-
line at www.liebertpub.com/tea). The number of cells in each
image was determined using Image J Image Processing and the
Cell Counter plugin.

Proliferation assay

The proliferation of hESC-RPE cells on the various PLCL
surfaces was studied after 21 days in culture using the ala-
marBlue� assay (Invitrogen) according to the manufactur-
er’s instructions. The measured values were normalized
against the untreated samples (relative cell proliferation for
untreated samples equals 1).

Transepithelial resistance measurements

Transepithelial resistance (TER) of hESC-RPE monolayers
formed after 42 days in culture on the Col IV coated untreated
and plasma-treated PLCL membranes was determined as a
measure of the integrity and barrier properties of the epithe-
lium. Samples were clamped to a P2307 slider (Physiologic
Instruments) before being placed in a custom-made Teflon
chamber, as described previously.41 Measurements were car-
ried out in DBPS with a Millicell electrical resistance system
equipped with a volt-ohm meter (Merck Millipore). TER
values were calculated by subtracting the value for a similarly
treated substrate without cells from the results. Values are
reported in ohms per unit area (O cm2). TER values were
obtained as an average of three samples of each membrane
from three individual experiments. The data presented were
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normalized to the value determined for the untreated PLCL
fiber membranes.

Gene expression analysis

The expression of genes coding for the RPE-specific pro-
teins bestrophin (BEST), microphthalmia-associated tran-
scription factor (MITF), pigment epithelium-derived factor
(PEDF), retinal pigment epithelium specific protein 65 kDa
(RPE65), tyrosinase (TYR), and pluripotency marker octamer-
binding transcription factor (OCT)3/4 was assessed with re-
verse transcription–polymerase chain reaction (RT-PCR) for
hESC-RPE cells on the Col IV-coated PLCL fibers surfaces
after 42 days in culture. Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was used as an endogenous control.

RNA was extracted using NucleoSpin RNA II kits (Ma-
cherey-Nagel, GmbH & Co) in accordance with the manu-
facturer’s instructions. hESC-RPE cells grown on Col IV-
coated cell culture inserts (Millipore) were used as a posi-
tive control and water was included as a control in RT-PCR
analysis to detect any impurities in the reagents and pro-
cedure. Undifferentiated hESCs were used as a negative
control. A detailed account of the RT-PCR protocol and
primer sequences have been published previously.7

Immunofluorescence

Protein expression and localization on Col IV coated un-
treated and DBD plasma-treated electrospun PLCL fibers were
further investigated using immunofluorescence staining after
42 days in culture as described previously.38 The following
primary antibodies and concentrations were used: bestrophin
(1:200), cellular retinaldehyde-binding protein (CRALBP)
(1:200), anti-Na+/K+ATPase (1:200), microphthalmia-associ-
ated transcription factor (MITF) (1:350) (all from Abcam),
Mer Tyrosine Kinase (MERTK) 1:50 (Abnova), and zonula
occludens 1 (ZO-1) (1:200) (Invitrogen). Alexa Fluor fluo-
rescent-conjugated secondary antibodies (Molecular Probes,
Life Technologies) were diluted at 1:800.

In addition, phalloidin-tetramethylrhodamine B iso-
thiocyanate (Sigma-Aldrich) was used for labeling fila-
mentous actin. Images of stained cells were taken with an
AxioScope A1 fluorescence microscope (Carl Zeiss) or an
LSM 700 confocal microscope (Carl Zeiss) using a 63· oil
immersion objective lens. Images were edited using ZEN
2011 Light Edition (Carl Zeiss) and Adobe Photoshop CS4.

Phagocytosis

The phagocytic properties of hESC-RPE monolayers on
Col IV coated untreated and DBD plasma-treated electro-
spun PLCL fibers after 92 days in culture were studied using
isolated porcine photoreceptor outer segments (POS). The
isolation of POS has been described previously.7 Human
foreskin fibroblasts (CRL-2429TM; ATCC) were used as a
negative control.

For the in vitro phagocytosis assay, POS were labeled with
fluorescein isothiocyanate (FITC) (0.04mg mL-1; Sigma-Al-
drich) in 0.1 M NaHCO3 (pH 9) for 1 h at RT, washed thrice
with PBS, and resuspended in culture medium supplemented
with 10% fetal bovine serum (FBS; Sigma-Aldrich). The
hESC-RPE cells on the Col IV-coated electrospun PLCL
membranes were then incubated with POS for 2 h at 37�C.

Subsequently, the cells were washed twice with PBS and fixed
with 4% paraformaldehyde for 10 min at RT. Cells were per-
meabilized using 0.1% Triton X-100 for 10 min at RT followed
by repeated PBS washings. Filamentous actin was stained with
phalloidin (Sigma-Aldrich) by incubating for 30 min at RT in
the solution and washing in PBS. The nuclei were counter-
stained with DAPI present in the mounting media.

In addition, Regea 08/023 hESC-RPE cell controls were
blocked with anti-MERTK antibody to demonstrate that the
POS phagocytosis experiment is MERTK dependent and
RPE-specific. For blocking, the samples were incubated
with anti-MERTK antibody (1:40) for 1 h at 37�C prior
applying the POS and POS incubation for 2 h. The images of
the hESC-RPE cells with internalized POS fragments were
taken using a confocal microscope (LSM 700, Carl Zeiss,
63· oil immersion objective lens).

Statistics

The Mann–Whitney U-test was used for determining sta-
tistical significance of cell number counts and TER-values.
One-way analysis of variance (ANOVA) and Tukey’s mul-
tiple comparison test were used to assess whether the data
obtained were significantly different between samples. The
mean values of various data are presented – standard error. p-
values £0.05 were considered statistically significant. All
statistical analysis was carried out using the data analysis
software package Prism (GraphPad Software, Inc.) or IBM
SPSS Statistics software.

Results

Structure and surface morphology
of electrospun PLCL membranes

SEM images for the untreated material showed an average
fiber diameter of 3.1 – 0.14mm and an average pore size of the
upper layer of the matrix of 58.3 – 12mm (Fig. 1A). The mem-
branes had an unaligned fiber orientation over an average
membrane thickness of 43.2 – 1.95mm. The Papp for small mo-
lecular weight (700 Da) molecule was 5.02 · 10-4 – 2.1 · 10-4

cm2s-1 for the untreated electrospun PLCL membrane. Similar
Papp of 4.12 · 10-4 – 2.01 · 10-4 cm2s-1 was measured for the
ES 5/10-treated PLCL membranes, whereas slightly lower Papp

value of 1.82 · 10-4 – 2.87 · 10-6 cm2s-1 was reached for ES
7/10 PLCL membranes.

The untreated PLCL membrane fibers appeared quite
smooth, whereas the treated fibers clearly displayed surface
features (Fig. 1B). In addition, the DBD plasma treatment
had no significant effect on the fiber diameter (Fig. 1C).
AFM data confirmed that the plasma treatment alters the
topography of the PLCL electrospun fiber surface with the
root mean square average surface roughness (Rq) values
increasing from 18.00 – 2.46 nm for the untreated sample to
31.40 – 3.93 nm for the ES 5/10 and 24.93 – 1.13 nm for ES
7/10-treated PLCL membranes (Fig. 1D, E).

A statistically significant reduction in contact angle
( p < 0.001) was recorded at 0.5 h post DBD plasma treat-
ment (Fig. 2A). The lowest average contact angle measured
was 96 – 1� for sample ES 7/10, while the ES 5/10 value was
105 – 1�, which compare to the untreated sample value of
138 – 1�. Relaxation (hydrophobic recovery) occurred for all
DBD-processed samples with contact angle increasing over
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the study period. However, the values did not recover to
those of the untreated PLCL fiber indicating a permanent
change in surface properties. Contact angle measurements of
the Col IV-coated samples showed that DBD plasma treat-
ment before Col IV coating significantly increased fiber
wettability when compared with the equivalent untreated
sample (Fig. 2B).

Surface chemistry of electrospun PLCL membranes

The atomic concentration (% at. conc.) values and O/C
ratios obtained by quantification of the XPS spectral data
(Fig. 3) revealed a decrease in carbon content and a sig-
nificant increase ( p < 0.001) in oxygen content on the PLCL
surfaces after DBD plasma treatment (Table 1). This in-
crease in oxygen content was dependent on the DBD plasma
dose administered. XPS scans for the Col IV-coated plasma-
treated PLCL samples showed an N1s (Nitrogen) peak
associated with the protein layer (Fig. 3B). From the per-
centage atomic concentration values it can be seen that in-
creasing the DBD plasma dose before Col IV adsorption has

a substantial impact on the amount of nitrogen detected with
the Col IV-coated ES 5/10 samples displaying significantly
lower nitrogen content than Col IV-coated ES 7/10 mem-
branes ( p < 0.05) (Table 2). The amount of nitrogen on Col
IV-coated DBD-treated membranes after both plasma doses
was significantly higher compared with Col IV-coated un-
treated membranes (Table 2).

Distribution of collagen IV on electrospun PLCL
membranes

Distribution of Col IV on porous PLCL membranes was
assessed with immunofluorescence staining. Col IV adhered
to the fibers of all the PLCL membranes under investigation,
which was distributed in a uniform manner (Fig. 4).

Cell attachment and proliferation on biodegradable
PLCL electrospun membranes

Without additional Col IV coating, hESC-RPE cells did
not attach on any of the investigated PLCL membranes (data

FIG. 2. Contact angle
measurements of (A) PLCL
electrospun membranes over
time and (B) PLCL electro-
spun membranes coated
with Col IV; p-value-
< 0.001***. Color images
available online at www
.liebertpub.com/tea

FIG. 1. Scanning electron
microscopy (SEM) micro-
graphs of (A) untreated poly
(L-lactide-co-caprolactone)
(PLCL) electrospun mem-
branes, (B) untreated and
dielectric barrier discharge
(DBD) plasma-treated PLCL
fiber topography, (C) SEM-
derived average fiber diame-
ter measurements of PLCL
electrospun membranes,
atomic force microscopy
(D) 3D images, and (E) line
profiles for fiber topography
before and after atmospheric
pressure plasma treatment.
Color images available
online at www
.liebertpub.com/tea
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Table 1. % Atomic Concentration of Untreated (Control) and DBD Plasma-Treated

Electrospun PLCL Membranes

Sample O1s AC% O = C O-C C1s AC% C-C/C-H C-C = O C-O O = C-O O/C ratio

Untreated 31.7 – 0.10 14.5 – 0.27 17.2 – 0.18 68.3 – 0.10 30.5 – 0.16 3.8 – 0.22 17.2 – 0.20 16.8 – 0.42 0.46
ES 5/10 35.5 – 0.27 17.9 – 0.47 17.6 – 0.61 64.5 – 0.61 23.9 – 0.62 2.0 – 0.52 19.8 – 0.58 18.8 – 0.39 0.55
ES 7/10 37.2 – 0.65 17.9 – 0.76 19.3 – 0.30 62.8 – 0.30 23.2 – 0.34 2.4 – 0.19 20.4 – 0.75 16.8 – 0.12 0.59

O1s, oxygen; C1s, carbon; DBD, dielectric barrier discharge; PLCL, poly (L-lactide-co-caprolactone).

FIG. 3. XPS wide energy survey scan (WESS) and high-resolution C1s spectra for (A) electrospun PLCL membranes
before and after DBD plasma treatment and (B) after coating untreated and plasma-treated surfaces with Col IV. Color
images available online at www.liebertpub.com/tea
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not shown). After the 7-day culture period, a significant
( p < 0.005) increase was detected in hESC-RPE cell at-
tachment on the Col IV-coated DBD plasma-treated PLCL
membranes compared with the number on the untreated Col
IV-coated samples in both investigated cell lines (Fig. 5A).
The number of Regea 08/023 hESC-RPE cells present on ES
5/10 Col IV-coated membrane was higher ( p < 0.05) com-
pared with the number on ES 7/10 Col IV-coated membrane,
whereas no significant difference was observed between
the DBD plasma treatments with Regea 11/013 hESC-
RPE cells.

After 42 days in culture, cell numbers were significantly
higher on Col IV-coated DBD plasma-treated PLCL fiber
membranes when compared with the untreated Col IV-
coated sample (Fig. 5B). However, there was no difference
between the numbers detected on the ES 5/10 and ES 7/
10 Col IV-coated DBD plasma-treated membranes at this
time point.

The results obtained from the cell proliferation analysis
with alamarBlue� assay after 21 days in culture were
consistent with the cell count data; higher cell proliferation
was measured for both hESC-derived RPE cell lines on all
of the Col IV-coated DBD plasma-treated samples com-
pared with that on the Col IV-coated untreated membrane
(Fig. 5C).

hESC-RPE cell maturation on biodegradable
electrospun membranes

After 42 days in culture, the hESC-RPE cells on both the
ES 5/10 and ES 7/10 Col IV-coated samples had formed a
confluent and uniform RPE monolayer with abundant pig-
mentation and a typical hexagonal RPE cell morphology (Fig.
5D, E). By contrast, the hESC-RPE cells on Col IV-coated
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FIG. 4. Confocal microscopy images of immunostained
Col IV-coated PLCL electrospun membranes. Scale bar
50mm. Color images available online at www.liebertpub
.com/tea
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FIG. 5. Cell counts of hESC-RPE on electrospun untreated and atmospheric plasma-treated PLCL membranes with Col
IV layer after (A) 7 days and (B) 42 days in culture. (C) Relative cell proliferation after 21 days in culture. (D) Light
microscope images illustrating the degree of pigmentation on electrospun PLCL membranes. (E) Immunofluorescent
staining of phalloidin showing cell morphology and uniformity of the epithelium on investigated substrates. Scale bars
100 mm. (F) Gene expression of mature RPE markers BEST, MITF, PEDF, RPE65, TYR, and pluripotency marker OCT3/4
on studied membranes. (G) Barrier properties of maturate hESC-RPE cells after 42 days on electrospun PLCL membranes
p-value < 0.05* and p-value < 0.005*** compared to untreated electrospun PLCL membrane. Color images available online
at www.liebertpub.com/tea
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untreated membranes grew as raft-like heterogeneous struc-
tures and comprised spherical cell clumps such that confluent
layers were not attained during the 42-day culture period
(Supplementary Fig. S2A). Gene expression analysis dem-
onstrated the expression of mature RPE markers BEST,
MITF, PEDF, RPE 65, and TYR on all investigated mem-
branes (Fig. 5F). Furthermore, there was no expression of the
pluripotency marker OCT3/4 (Fig. 5F).

The hESC-RPE maturation on Col IV-coated DBD plasma-
treated membranes was further examined using immuno-
fluorescence staining.

The hESC-RPE cells on ES 5/10 and 7/10 Col IV-coated
membranes showed homogenous expression of the RPE-
specific markers MITF (Fig. 6A), bestrophin (Fig. 6B),
CRALBP (Fig. 6C), and the tight junction marker ZO-1 (Fig.
6D). hESC-RPE cells on untreated Col IV-coated PLCL
membranes expressed bestrophin, CRALBP, and MITF on
protein level, however, cells failed to form homogenous
monolayer (Supplementary Fig. S2A–D). The tight junction
protein ZO-1 was localized on the apical membrane of hESC-
RPE cells on Col IV-coated DBD plasma-treated PLCL
membranes, which showed positive labeling for CRALBP,

indicating that DBD plasma-treated PLCL membranes sup-
ported the growth of cells as an adherent RPE monolayer
(Supplementary Fig. S3). Furthermore, Na+/K+ATPase was
expressed on the apical membrane of the cells thereby
demonstrating polarization of the epithelium (Fig. 6E).

Functionality of hESC-RPE cells on biodegradable
PLCL electrospun membranes

For both hESC lines, the TER-values after 42 days in
culture were significantly higher ( p < 0.05) on the Col IV-
coated DBD plasma-treated ES 5/10 and ES 7/10 samples
compared with those on the Col IV-coated untreated sample
(Fig. 5G). No notable differences were found between the
ES 5/10 and 7/10 Col IV-coated electrospun PLCL mem-
branes. Functionality of the hESC-RPE cells on the ES 5/10
and ES 7/10 Col IV samples was further assessed with an
in vitro phagocytosis assay after 92 days in culture. Inter-
nalized POS was seen in both hESC-RPE cell lines on each
of the DBD plasma-treated membranes (Fig. 7).

In addition, hESC-RPE cells on the DBD plasma-treated
materials showed positive expression of MERTK at the

FIG. 6. Immunofluorescent (IF)
staining showing expression and
localization of RPE-specific pro-
teins: (A) microphthalmia-associ-
ated transcription factor (MITF),
(B) bestrophin (BEST), (C) cellular
retinaldehyde-binding protein
(CRALBP), and (D) tight junction
protein zonula occludens 1 (ZO-1)
after 42 days of culture. (E) Ver-
tical confocal sections show apical
localization of Na+/K+ATPase
confirming correct polarization of
the epithelial monolayers on Col
IV-coated atmospheric plasma-
treated materials with both inves-
tigated cell lines. Scale bars (A)
20 mm and (B–E) 10 mm. Color
images available online at
www.liebertpub.com/tea
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apical side of the cells (Supplementary Fig. S4a). Inter-
nalized POS was not found in human foreskin fibroblasts,
which were used as negative control (Supplementary Fig.
S4b, c). Moreover, blocking hESC-RPE cells with anti-
MERTK antibody reduced the amount of attached POS in
the apical membrane and the amount of internalized POS
(Supplementary Fig. S4b, c).

Discussion

Replacement of diseased RPE cells and Bruch’s membrane
with a healthy RPE cell layer on a thin membrane that can
mimic the lost structure and function offers a viable regen-
erative transplantation treatment for retinal degeneration.

In this study, thin porous electrospun PLCL membranes
coated with human Col IV were investigated as a carrier for
the formation of a functional hESC-RPE cell monolayer. The
primary aim of this work was to promote attachment, pro-
liferation, and maturation of the hESC-RPE cells toward a
functional RPE monolayer on a biodegradable thin mem-
brane in serum-free culture conditions. Gaseous plasma-
based processing is a widely utilized method for modifying a
polymeric surface to enhance the cellular response thereon.34

The DBD plasma processing technique utilized here
generates a gaseous plasma discharge in air at atmospheric
pressure that is capable of permanently modifying the sur-
face properties in a cost-effective manner. In this regard,

DBD has been previously shown to enhance protein ab-
sorption and cellular responses of human lens epithelial
cells.34–36,42 Here, we assessed the impact of DBD treatment
on the chemical and physical properties of the membranes
and on the cellular response of hESC-RPE cells.

Biodegradable polymeric biomaterials provide the signif-
icant advantage of being able to be broken down or removed
without surgical revision after they have served their 3D
structural function.43 Furthermore, they allow for the incor-
poration of therapeutic agents, such as anti-inflammatory
drugs and growth factors, which can significantly improve
cell survival in transplantation therapy.44

Biodegradable scaffolds fabricated from poly(a-hydroxy
esters) have been investigated as potential substrates for
human RPE cells and ARPE-19 cells19,20 and Liu et al. have
shown that electrospun PLCL fibers also support the growth
of human fetal RPE cells18,21 However, the lack of published
data implies and our own empirical tests have shown that
hESC-RPE cells do not adhere well on biodegradable scaf-
folds in serum-free conditions. Furthermore, comparison to
studies carried out with immortalized RPE cell lines should
be done carefully because hESC-RPE have been shown to
differ, that is, in pigmentation and gene expression.45

hESC-RPE cells produce their own ECM including the
major components of the uppermost layers of the native
Bruch’s membrane.38 By using a biodegradable scaffold
with a slow in vivo degradation time, the transplanted cells
have a physical support during the transplantion. Thereafter,
they can potentially generate their own matrix to replace the
defects in the damaged Bruch’s membrane while the scaf-
fold is degrading.

Previous studies have indicated that electrospun PLCL fi-
brous membranes show no material degradation over 3-month
cell culture period and demonstrate no detrimental effect on
cellular response.46 Our observations are in line with this
study: hESC-RPE cells were cultured on DBD plasma-treated
membranes up to 92 days without evidence of any degrada-
tion or harmful effects in the cells. In a previously reported
in vivo study for highly porous PLCL scaffolds, the mass of
the scaffold decreased to 81% after 15 weeks of subcutaneous
implantation, indicating a slow degradation.47 However, the
in vivo degradation of electrospun PLCL membranes in in-
traocular tissue and subretinal space has not been studied and
therefore in vivo experiments need to be carried out in the
future to determine the suitability of these scaffolds for tissue-
engineered retinal repair applications.

One important function of Bruch’s membrane is allowing
the reciprocal flow of small molecular substances through
its layered structure.11 Here, we showed that the prepared
electrospun PLCL films had porous structure and were
permeable for a small molecular weight fluorescent marker.
The lowest DBD plasma dosage condition ES 5/10 did not
affect the permeability of the electrospun PLCL membrane
compared to the untreated membrane, whereas a slight re-
duction in membrane permeability was seen with the higher
dosage condition ES 7/10.

In previous studies, inert PET carriers have been used as a
support for electrospun poly(lactic-co-glycolic acid) (PLGA)19

and PLCL21 fibers in scaffolds designed for human fetal and
primary RPE cells. In contrast, the manufactured electro-
spun films in this study were easy to handle and mechani-
cally durable as such; no additional support was required for

FIG. 7. The phagocytosis of photoreceptor outer segments
(POS) after 92 days in culture on atmospheric plasma-
treated electrospun PLCL membranes with Col IV layer:
Regea 08/023 hESC-RPE cells on (A) ES 5/10 and (B) ES 7/
10 membranes. Regea 11/013 hESC-RPE cells on (C) 5/10
and (D) ES 7/10 PLCL membranes. Filamentary actin was
visualized with phalloidin, and the nuclei were counter-
stained with DAPI. Vertical confocal sections show inter-
nalization of POS by hESC-RPE cells on surface-treated
membranes after 2 hr culture with porcine POS. Scale bars
10 mm. Color images available online at www.liebertpub
.com/tea
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the scaffold to maintain its porous fibrillar structure during
handling and culture. Previously, a novel shooter instrument
has been shown to enable transvitreal delivery of ultrathin
rigid-elastic-carriers into the subretinal space of rabbits.48

However, the feasibility of the instrument and surgical
procedure with a biodegradable electrospun PLCL scaffold-
hESC-RPE complex introduced in this study needs to be
addressed in future experiments.

The polymers commonly used in tissue engineering ap-
plications are highly hydrophobic, which can hinder cellular
attachment and proliferation.34 The untreated electrospun
PLCL fibers exhibited a highly hydrophobic surface, whereas
atmospheric pressure DBD plasma treatment significantly
increased fiber wettability, that is, increased hydrophilicity.

Moreover, XPS analysis indicated that DBD plasma
treatment significantly increased the O/C ratio on the surface
of electrospun PLCL fiber membranes compared with that
for an untreated sample. This is attributed to the fact that
DBD plasma treatment produces polar oxygen groups on the
surface of the electrospun PLCL fibers and can also increase
surface roughness, both of which effect the surface energy.49

These data are consistent with the previous literature find-
ings that also observed an increase in oxygen content on the
surface of electrospun polymers after plasma treatment.39,50

Analysis by SEM here revealed that there was no thinning
or destruction of the fibers compared between untreated
and DBD plasma-treated PLCL electrospun fiber mem-
branes, a phenomenon previously reported with low pres-
sure (vacuum based) plasma treatment of electrospun
fibers.39 However, AFM analysis confirmed that the DBD
plasma treatment increased the surface roughness of elec-
trospun PLCL fiber membranes. Interestingly, the lower
DBD plasma dosage condition ES 5/10 resulted in higher
surface roughness compared with the larger DBD plasma
dosage condition ES 7/10. These data support previous re-
search, which illustrated that higher doses of plasma treat-
ment produces a lower fiber surface roughness compared
with the lower dose treatment.50

In this study, all the investigated membranes showed a
good level of bound protein immunofluorescence staining,
which uniformly dispersed across the fibers. However, XPS
analysis indicated that the DBD plasma-treated electrospun
PLCL membranes had a significantly higher level of nitro-
gen present, attributed to the introduction of the protein,51

compared with that detected on the untreated membranes.
XPS is a highly surface-sensitive quantitative spectroscopic
technique that has been extensively used to determine the
amount of protein on functionalized surfaces.52 Thus, the
increased nitrogen content reported in this study indicates
enhanced protein binding of Col IV on DBD plasma-treated
PLCL membranes compared with the untreated membranes.
Furthermore, the Col IV-coated untreated electrospun PLCL
membranes had an average contact angle only slightly lower
than that of the untreated PLCL surface, whereas DBD
plasma treatment before Col IV coating had a significant
influence on the contact angle. Previously, Ai et al. observed
a similar trend for plasma-treated poly(hydroxybutyrate-
valerate) fibrous mats coated with collagen.53

In this study, electrospun PLCL fibers that were DBD
plasma treated before deposition of a Col IV adlayer had a
major beneficial effect on hESC-RPE cell attachment, pro-
liferation, and maturation. By comparison, Col IV-coated

untreated fibers failed to support an adequate response from
the same hESC-RPE cells. These results are in line with
previous studies that have investigated the effect of plasma
treatment on immortalized RPE cells.54,55

In this study, the beneficial effects of the DBD plasma
treatment on the hESC-RPE cell attachment and maturation
were significant only with Col IV coating. It is suggested that
the chemical and topographical surface conditions created by
DBD plasma treatment of the PLCL fibers provides a Col IV
protein conformation on the fiber surface that not only pro-
motes attachment but also influences cell division in a way
that results in the formation of a monolayer with mature ep-
ithelial function. It has been established previously that a more
hydrophilic surface condition can induce the adsorption of a
finer network of Col IV that enhances cellular response.56,57

A definite prerequisite for a biomaterial carrier intended
for the clinical use of hESC-RPE cells is that it supports the
formation of homogenous, mature and functional hESC-
RPE monolayer. The Col IV-coated untreated PLCL mem-
branes did not support the formation of a homogenous
monolayer, and thus failed to support proper maturation of
hESC-RPE. Instead, hESC-RPE monolayers on the Col IV-
coated DBD plasma-treated PLCL membranes showed ex-
pression of RPE-specific markers at both gene and protein
levels, abundant pigmentation, high degree of polarity, and
uniform expression of tight junction protein ZO-1. Im-
portantly, TER measurements of the hESC-RPE cells on Col
IV-coated DBD plasma-treated electrospun PLCL mem-
branes supported the formation of a tight and polarized cell
monolayer, indicative of a functional RPE.

In addition, hESC-RPE cells on DBD plasma-treated elec-
trospun PLCL membranes exhibited phagocytic activity. All of
these functions are generally considered to be hallmarks of
mature RPE.4,58 Thus, this study shows that the DBD plasma-
treated porous biodegradable membranes supported the growth
of mature and functional hESC-RPE monolayer in serum-free
culture conditions and are therefore suitable carrier candidates
for retinal repair applications.

Conclusions

In this study, were produced a thin biodegradable elec-
trospun PLCL membranes as a carrier for hESC-RPE cells
for retinal cell therapy applications. The prepared mem-
branes were modified by atmospheric pressure plasma pro-
cessing and coated with Col IV to enhance cell growth and
maturation. The DBD atmospheric pressure plasma treat-
ment changed the surface charasteristics of the PLCL
electrospun membranes, which led to enhanced Col IV
protein binding. These DBD plasma-treated electrospun
PLCL membranes had a porous structure and allowed the
flow of small molecular substance through their structure.
Here, we report for the first time, successful culture of
mature and functional hESC-RPE cells on a porous biode-
gradable electrospun scaffold in serum-free culture condi-
tions, which have potential as a tissue-engineered construct
for regenerative retinal repair applications.
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