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1 | INTRODUCTION

After cataracts, glaucoma and age-related macular degeneration,
corneal blindness is one of the major causes of visual impairment

worldwide.! To restore vision, transplantation of donor corneas is

Mathias Miisken? | Sonja Mertsch® | Stefan Schrader® |

Abstract

The in vitro reconstruction of stromal tissue by long-term cultivation of corneal
fibroblasts is a smart approach for regenerative therapies of ocular surface diseases.
However, systematic investigations evaluating optimized cultivation protocols for the
realization of a biomaterial are lacking. This study investigated the influence of sup-
plements to the culture media of human corneal fibroblasts on the formation of a cell
sheet consisting of cells and extracellular matrix. Among the supplements studied are
vitamin C, fetal bovine serum, L-glutamine, components of collagen such as L-proline,
L-4-hydroxyproline and glycine, and TGF-p1, bFGF, IGF-2, PDGF-BB and insulin.
After long-term cultivation, the proliferation, collagen and glycosaminoglycan content
and light transmission of the cell sheets were examined. Biomechanical properties
were investigated by tensile tests and the ultrastructure was characterized by elec-
tron microscopy, small-angle X-ray scattering, antibody staining and ELISA. The syn-
thesis of extracellular matrix was significantly increased by cultivation with insulin or
TGF-p1, each with vitamin C. The sheets exhibited a high transparency and suitable
material properties. The production of a transparent, scaffold-free, potentially autolo-
gous, in vitro-generated construct by culturing fibroblasts with extracellular matrix
synthesis-stimulating supplements represents a promising approach for a biomaterial
that can be used for ocular surface reconstruction in slowly progressing diseases.

KEYWORDS
corneal tissue engineering, growth factors, keratocytes, ocular surface reconstruction,
vitamin C

indicated in numerous cases. Due to the lack of tissue donations, the
need cannot meet the demand. Therefore, alternatives are being
researched. One promising approach is corneal tissue engineering.>®
The epithelium, Bowman's layer, the stroma, Dua's layer, Descemet's
membrane and the endothelium are the six layers of the cornea, with
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the stroma accounting for approximately 90% of the corneal thick-
ness. Embedded in the extracellular matrix (ECM) are stromal cells,
keratocytes, which make up 3-5% of the stromal volume*® Ker-
atocytes are quiescent cells that appear thin and flat and show a low
proliferation rate as well as ECM synthesis. After an injury, the cells
become activated spindle-shaped fibroblasts, which increasingly form
ECM or differentiate further into myofibroblasts, which show a high
synthesis rate and are responsible for wound contraction.*¢"® The dif-
ferentiation of quiescent keratocytes into proliferating, ECM-
producing fibroblasts or myofibroblasts is induced by various growth
factors.>?*? The stroma has a unique structure that determines the
properties of the cornea. The stromal ECM consists of collagen,
mainly collagen type |, which forms heterofibrils with type V colla-

gen®®15 and proteoglycans that are located between the collagen

fibrils and modulate their diameter and the interfibrillar distance.'¢”
The collagen fibrils have a uniform diameter and are aligned parallel to
each other in a lamella. In the stroma, several lamellae are sup-
erimposed, with the collagen fibrils in one lamella having a different
directional orientation than the collagen fibrils in the adjacent lamella.
This regular arrangement of collagen fibrils results in the mechanical
strength and transparency of the cornea.'®?° The challenge in tissue
engineering is to imitate the properties of the tissue so that the
engineered tissue obtains the ordered structure of collagen fibrils and
the transparency of the native stroma. Ideally, the engineered tissue is
well tolerated and does not induce an immune reaction after trans-
plantation. There are essentially two different approaches to develop
a tissue-engineered stroma: the cell-based method and the scaffold-
based method. Matthyssen et al. provided an overview of these
approaches in their review, with a focus on scaffold-based systems.?!
The scaffolds usually consist of collagen, but research is also being
conducted on alternatives such as silk, gelatin, for example gelatin/
ascorbic acid cryogels?? or carbodiimide cross-linked porous gelatin®®
and other polymers.?! In their review, Brunette et. al summarize various
approaches and associated challenges to generate a stromal or corneal
substitute.2* In the cell-based method, stromal fibroblasts are cultured
for several weeks without scaffolds and synthesize ECM, resulting in a
sheet that is detachable from the culture surface.>>2>28 Microscopic
images show that the synthesized collagen fibrils have a relatively regu-
lar arrangement, which, however, does not completely correspond to
the regularity of the fibrils in the corneal stroma. This regularity has
been optimized with various approaches, for example, with the help of
microstructured substrates on which cells were seeded.??? The synthe-
sis and composition of the ECM can be influenced by supplements such
as growth factors, hormones and vitamins. The effect of these supple-
ments on stromal cells has been investigated in various studies. The
influence of growth factors on keratocytes is mainly investigated in
wound healing studies®® and studies investigating the composition of
the ECM?2 or the phenotype of the cells.”1%3032 | these studies, the
cells are cultivated for a maximum of a few days with the respective
media. To obtain tissue-engineered stroma without the use of scaffolds,
cultivation for several weeks would be necessary. In previous studies,
the influence of vitamin C on the formation of a cell sheet of primary

and immortalized corneal stromal fibroblasts was investigated.?® Since

vitamin C showed a great influence on the properties of the sheet of
primary fibroblasts, the question arose whether the cell sheet proper-
ties can be optimized by further supplements. To our knowledge, the
effect of media supplements on the formation of a cell sheet with
regard to tissue engineering has not yet been systematically investi-
gated. Therefore, this study examined the effect of transforming
growth factor beta 1 (TGF-B1), platelet-derived growth factor BB
(PDGF-BB), basic fibroblast growth factor (bFGF), insulin-like growth
factor 2 (IGF-2) and insulin with and without vitamin C on the prolifera-
tion, collagen synthesis and glycosaminoglycan-(GAG)-synthesis of
human stromal fibroblasts under long-term cultivation and on the light
transmission, material and ultrastructural properties of the resulting cell
sheet. In addition, the influence of glycine, L-proline, L-4-hydroxypro-
line, L-glutamine, cell seeding density, and the vitamin C and fetal
bovine serum (FBS) concentrations on proliferation and collagen syn-
thesis was investigated. The aim of this study was to develop and char-
acterize an in vitro-cultivated stroma substitute for ocular surface
reconstruction.

2 | MATERIAL AND METHODS

2.1 | Material

Cell culture flasks and 8-well chamber slides were purchased from
Sarstedt (Nuembrecht, Germany). Costar® 6-well plates from Corning
(New York) and 24- and 96-well plates from TPP (Trasadingen, Switzer-
land) were used for cell cultivation. Dulbecco's modified Eagle's medium
(DMEM; F0O445; 4,5 g/L glucose, without L-glutamine) and L-glutamine
were purchased from Biochrom (Berlin, Germany). Antibiotic anti-
mycotic solution, bovine serum albumin (BSA), chondroitin sulfate,
dimethylmethylene blue, FBS, Hoechst 33342 (2'-[4-ethoxyphenyl]-
5-[4-methyl-1-piperazinyl]-2,5’'-bi-1H-benzimidazol-trihydrochlorid-
trihydrate), human insulin solution, hydrochloric acid, papain from
papaya latex, phosphate-buffered saline (PBS), L-proline, saturated
aqueous picric acid, Sirius red and sucrose were obtained from Sigma
Aldrich (Munich, Germany). NEG-50 and trypsin-EDTA (0.5/0.2 g/L)
solution were obtained from Thermo Fisher Scientific (Waltham).
Ascorbic acid, L-cysteine hydrochloride monohydrate, ethylenediamine
tetraacetic acid disodium salt dihydrate, 35% formaldehyde, glacial
acetic acid, glycine, HEPES, osmium tetroxide, paraformaldehyde (for
transmission electron microscopy), polysorbate 20, sodium acetate,
sodium chloride, sodium lauryl sulfate (SDS), TRIS base and Triton-X
from Carl Roth
4-hydroxyproline was purchased from Fluka (Seelze, Germany). The
growth factors bFGF, IGF-2, PDGF-BB and TGF-p1 were provided by
PeproTech (Hamburg, Germany). The sterile instrument wipes were

were purchased (Karlsruhe, Germany). L-

acquired from Bess Medizintechnik GmbH (Berlin, Germany). Normal
goat serum (NGS) was purchased from Vector Lab (Peterborough, UK).
Rat tail collagen was acid-extracted from rat tail tendons according to a
standard protocol. The primary antibodies rabbit anti-collagen type |,
type Il and V; rabbit anti-keratocan; and mouse anti-alpha-smooth-

muscle-actin (a-SMA) and the secondary antibodies goat anti-mouse
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antibody conjugated with Alexa-Fluor and goat anti-rabbit antibody
conjugated with FITC were acquired from Abcam (Cambridge, UK). Cal-
cium chloride, FluorSave reagent, glutaraldehyde, magnesium chloride
and uranyl acetate were purchased from Merck (Darmstadt, Germany).
Noble agar was obtained from Difco Laboratories (Detroit, Ml), and lead
citrate and LR White resin were obtained from Agar Scientific
(Stansted, UK). The Collagen Type | ELISA kit was purchased from
Chondrex (Redmond, WA), and the Type Ill and Type V kits were pur-
chased from Cloud Clone Corp. (Houston, TX). Pepsin was obtained
from Chondrex. Coverslips with a diameter of 15 mm (Carl Roth) were
used for 24-well plates, and coverslips with a diameter of 32 mm
(Heinz Herenz, Hamburg, Germany) were used for 6-well plates.

2.2 | Cell culture

Primary corneal stromal cells were isolated from human corneas that
were not suitable for transplantation (due to poor endothelial cell qual-
ity) and that were provided by the German Society for Tissue Transplan-
tation (DGFG, Hannover). The isolated cells were cultured in DMEM
containing 10% FBS, 4 mM L-glutamine and 1% antibiotic/antimycotic
solution. After removal of the sclera, the epithelium and endothelium of
the cornea were mechanically removed with a scalpel. The stroma was
cut into small pieces, each of which was placed in a 6-well plate with a
drop of medium. After 30 min of incubation at 37°C, 2 ml of medium
was carefully added to each well. After 2-4 weeks, cells grew from the
stromal explants. To minimize effects based on donor variability, cells
from 3-4 donors were pooled and plated at a density of 2,682 cells/cm?
(2 5,000 cells/well in a 24-well plate) for proliferation, collagen and
GAG synthesis studies and at a density of 10,000 cells/cm? for light
transmission, transmission electron microscopy (TEM) and tensile testing
studies. The cells were cultivated for 6 and 8 weeks, respectively. Cells
from passages 3 to 6 were used because the ability to synthesize colla-
gen decreases with increasing numbers of passages.?® DMEM with 10%
FBS, 4 mM L-glutamine and 1% antibiotic/antimycotic solution is here-
inafter referred to as basal medium (BM) and was utilized with and with-
out vitamin C (50 ug/ml) in each test for comparison.

The supplements investigated were added to the respective
medium in the following concentrations: glycine, L-proline, and L-
4-hydroxyproline at 112.5 mg/L, 150 mg/L, and 225 mg/L for each
amino acid; L-glutamine at 0 mM, 2 mM, and 8 mM; FBS at 1%, 5%,
and 20%; TGF-p1 at 1 ng/ml; PDGF-BB at 20 ng/ml; IGF-2 at 10 ng/ml;
bFGF at 10 ng/ml and insulin at 10 pug/ml. Cell cultivation with medium
containing TGF-p1 was carried out on coverslips with a diameter of

15 mm or 32 mm inserted into 24- and 6-well plates, respectively.

2.3 | Cell proliferation

After 6 weeks of incubation, cells were washed with PBS,
detached from the culture surface with trypsin-EDTA solution
and counted with a Z2 Coulter counter (Beckman Coulter, Kre-

feld, Germany).
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24 | Collagen amount

The amount of collagen was quantified using Sirius red, a dye that
quantitatively binds to collagen type | and type 111.3% Cells were fixed
with Bouin's fluid, which consists of 10 ml of glacial acetic acid,
150 ml of saturated aqueous picric acid solution and 50 ml of 35%
formaldehyde. After washing under running tap water, the cells were
incubated with 0.1% Sirius red in saturated picric acid solution for 1 h.
Unbound dye was removed by washing three times with 0.01 N
hydrochloric acid. The bound fraction was dissolved in 0.1 N sodium
hydroxide solution and photometrically measured at 550 nm with a
Tecan Infinite 200 PRO plate reader (Tecan, Mannedorf, Switzerland).
Calibration was performed with rat tail collagen. Specifically,
0.05 mg/ml to 0.6 mg/ml rat tail collagen solutions in 0.05% acetic
acid were prepared, and 100 pl of each solution per well was dried
overnight in a 96-well plate. On the following day, the calibration

samples were treated in parallel with the samples as described above.

2.5 | Glycosaminoglycan content

GAGs were quantitatively determined with dimethylmethylene blue.3*
The binding of this cationic dye to negatively charged GAGs shifts its
absorption maximum. The formed complex of GAGs and the dye pre-
cipitates after a short time. The method developed by Farndale et al.
was further developed by preliminary work in our research group, in
which the precipitate was centrifuged after 30 min, the complex was
dissolved and the free dye was photometrically measured.3> After
washing twice with PBS, 1 ml of papain reagent was added to the well,
and the plate was incubated at 65°C for 3 h. The papain reagent con-
sists of 100 ml of phosphate buffer (pH 6.4), 0.01 M sodium edetate,
0.1 M sodium acetate, 0.005 M cysteine hydrochloride and 80 pl of
papain suspension. For each well, 100 ul was taken and mixed with
1 ml of dye solution. The dye reagent comprises 4 mg of
dimethylmethylene blue, 0.474 g of sodium chloride, 0.608 g of glycine,
19 ml of 0.1 N hydrochloric acid and 181 ml of demineralized water.
After 30 min, the resulting precipitate was centrifuged at 20,000 rpm
(Allegra 64R, Beckman Coulter) for 10 min, and 1 ml of lysis solution
was added to the precipitate. The lysis solution consists of 2.73 g of
SDS, 3.64 g of hydrochloric acid, 88.18 g of distilled water and
905.45 g of isopropanol. The absorption measurement at 656 nm was
performed on 200 pl aliquots using 200 pl of lysis solution as a blank.
Quantification was performed with a dilution series of chondroitin sul-

fate in papain reagent, which was treated in parallel with the samples.

2.6 | Light transmission

The cell sheets were mechanically detached from the cultivation sur-
face by removing the edges from the vessel with tweezers. After the
cell sheets were detached from the cultivation surface, they were
placed between a two-ring arrangement, consisting of an outer metal
(stainless steel) and inner plastic (polyamide) ring (Figure 4(c),(d)). The
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optical density was determined photometrically. The sheets, clamped
into the rings, were placed in 1 ml of PBS in 24-well plates, and an
absorption spectrum was recorded using a Tecan Infinite 200 PRO
plate reader. Empty rings were measured as a blank. The light trans-
mission was calculated in the wavelength range from 400 to 800 nm.
In addition, transparency was assessed macroscopically by placing the

sheets, clamped in the rings, on a sheet with the letter 'A'.

2.7 | Tensile testing

The biomechanical properties of the cell sheets, such as the Elastic
Modulus (E-modulus) and maximum stress before specimen breaking
(Fmax), were measured using a zwickiLine Z0.5 static material testing
machine and the corresponding testXpert Il software (Zwick, Ulm,
Germany). The tensile strength was calculated by dividing the maxi-
mum stress before specimen breaking (Fmax) by the original cross-
sectional area of the sample. To prevent the cell sheets from drying
out during sample preparation, they were spread out on an instrument
wipe soaked in PBS. Shoulder samples were punched out and clamped
into the sample holder. Before the measurement was started, the
wipe was cut. The thickness of the cell sheet was determined using
cryosections. The sheets were embedded in NEG-50, and 8 pm sec-
tions were made using a cryomicrotome (Microm HM550, Thermo
Scientific, Dreieich, Germany). These sections were observed using an
inverted Olympus IX50 microscope equipped with an XC30 camera
(Hamburg, Germany), and the thickness of the cell sheets was deter-

mined using the corresponding cellF software.

2.8 | Indirect immunofluorescence

The cells were cultivated for 3 to 4 weeks in 8-well chamber slides at
a cell density of 1,250 cells/cm? in the respective growth medium.
After cultivation, the cells were fixed with ethanol for 1 h at 4°C.
Nonspecific binding sites were blocked with 10% normal goat serum
in PBST (0.1% polysorbate 20 in PBS). After 45 min, the solution was
aspirated, and the cells were incubated overnight at 4°C with the pri-
mary antibody in the appropriate dilution. The following dilutions in
TBST (150 mM sodium chloride, 10 mM Tris, 0.05% Triton-X-100,
0.1% BSA; pH = 8) were used: anti-collagen-type-| 1:100, anti-colla-
gen-type-lll 1:200, anti-collagen-type-V 1:200, anti-keratocan 1:200,
and anti-a-SMA 1:200. After washing three times with PBS, the cells
were incubated with the secondary antibody for 1 h at room tempera-
ture. Goat anti-mouse antibody conjugated with Alexa-Fluor 1:500
and goat anti-rabbit antibody conjugated with FITC 1:200 in PBS
were used. In addition, the cell nuclei were stained with Hoechst
33342 (1 mg/ml in 50% ethanol) 1:50 in PBS solution for 15 min
under light protection. Subsequently, the samples were washed twice
with PBS for 5 min each and covered with FluorSave reagent free of
air bubbles. Cell staining without primary antibodies was performed as
a negative control. As a positive control, cryostat sections of human

cornea were stained as described above.

29 | Enzyme-linked immunosorbent assay

To quantify collagen types |, lll and V, the respective ELISAs were per-
formed. Cells were cultivated for 6 weeks in the respective media, and
collagen was solubilized from the resulting cell sheets according to the
manufacturer's instructions (Chondrex). The respective standard solu-
tions of the kits were treated in parallel with the samples with the solu-
bilizing solution and used in the same buffer as the samples. After
stopping the respective color reaction, the absorption was determined
photometrically. For comparison, 1-2 mg specimens of human corneal

stroma were treated with the same solubilizing solution.

210 | Transmission electron microscopy

The cell sheets were directly fixed in a 6-well plate by adding a fixative
solution. The resulting final aldehyde concentrations in 0.1 M EM-
HEPES buffer (HEPES 0.1 M, 0.09 M sucrose, 10 mM CaCl,, 10 mM
MgCl,, pH 6.9) were 5% paraformaldehyde and 2% glutaraldehyde. The
fixed samples were washed twice with 0.1 M EM-HEPES buffer and
exposed to osmium tetroxide (1% in HEPES buffer) for 1 h at room tem-
perature, followed by a washing step with HEPES buffer. The cell sheets
were crimped and poured into 2% noble agar before dehydration in a
graded series of ethanol (10, 30, 50, 70, and 90%) on ice and in two
steps in 100% ethanol at room temperature, with each step lasting
30 min. The 70% ethanol step was performed overnight with the addi-
tion of 2% uranyl acetate. Samples were subsequently infiltrated with
LR White (LRW) resin (LRW: ethanol: 1:1, 2:1, 2x 100%), with each
incubating step lasting approximately 8 h overnight. Samples were poly-
merized at 50°C for 48 h, mounted on a resin pedestal and subjected to
a second polymerization step to allow orthogonal sectioning of the cell
layers. Ultrathin sections (Reichert Leica Ultracut S) of approximately
50-70 nm thickness were counterstained with 4% aqueous uranyl ace-
tate for 3 min and lead citrate for 15 s. Images were acquired with a
Libra 120 Plus (Zeiss, Germany) with an acceleration voltage of 120 kV
and at calibrated magnifications. Contrast and brightness adjustments
were performed with WIinTEM software. The thickness of at least

190 collagen fibrils per sample was determined with Fiji ImagelJ.

211 | Small-angle X-ray scattering

Samples were examined with small-angle X-ray scattering (SAXS)
using a SAXSess mc? system from Anton Paar (Graz, Austria) with Cu
Ko radiation (A = 0.15418 nm) and a CCD detector. Human corneal
stroma was cut with a cryomicrotome into 50 pm thick sections and
placed in a paste cell in PBS, airtight and free of air bubbles. Cell
sheets cultured in vitamin C-containing, insulin and vitamin C-
containing or TGF-p1 and vitamin C-containing medium were also
inserted into the paste cell in PBS. The obtained 1D scattering curves
were corrected regarding the background, which was measured with
an empty sample holder, and were corrected for slit-smearing effects
of the X-ray beam by using the software SAXSquant (Anton Paar).
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Further evaluation was carried out according to Worthington and
Inouye. The reciprocal space coordinate R in nm™~ was calculated by
R = 2/2%sin(26/2), where 1 is the wavelength of the radiation and 26 is
the diffraction angle.®® The Bragg distance d is obtained from the
main maximum by d = 1/R. The interfibrillar distance i is obtained by
i = 1.12d.37 The diameter of the collagen fibrils was determined with
the first subsidiary maximum. The background of the scattering curve,
which does not come exclusively from the collagen fibrils, was sub-
tracted by an ExpDec fit using the software OriginPro (OriginLab;
Northampton MA). The reciprocal space coordinate R, of the subsidi-
ary maximum is used for the calculation of the diameter D via
D = 5.14/(z*R,).3®

212 | Statistics

Statistical analysis by one-way ANOVA and the Gabriel or Games-
Howell test (depending on Levene's test for homogeneity of variances)
were performed on IBM SPSS Statistics 25 (IBM; Armonk). p < .05 was
considered statistically significant and is represented in the diagrams
with one asterisk. p < .01 is represented by two asterisks, and p < .001
is represented by three asterisks. The statistics were examined in all
experiments in relation to the BM and the BM with vitamin C. Collagen
synthesis normalized to the cell count was determined as follows.
Within one experiment, the individual collagen contents were divided
one after the other by a cell number. The normalized contents, which
resulted from a cell number, were averaged. A mean value and a stan-
dard deviation were calculated from the various experimental repeti-
tions, and the individual values were used for the statistics. The same

procedure was used to calculate the normalized GAG content.

3 | RESULTS

3.1 | Influence of cell seeding density, vitamin C
and FBS concentration on proliferation and collagen
synthesis

The addition of vitamin C to the culture medium resulted in an
increase in cell count and GAG and collagen synthesis. To assess the
amount of collagen or GAG synthesized per cell, the measured colla-
gen and GAG contents were normalized to the respective cell count.
Medium supplemented with vitamin C increased the amount of colla-
gen synthesized per cell, while the normalized GAG content did not
differ from that of the cell sheet cultured in BM (Figures 1, 2, 3). In a
24-well plate, 5,000, 10,000, 20,000 and 50,000 cells per well were
seeded and cultured for 6 weeks in BM containing vitamin C. Cell
seeding density had no effect on cell count (Figure 1(a)). The absolute
amount of collagen was significantly higher at 20,000 and 50,000 cells
per well than at 5,000 cells per well (Figure 1(b)). Normalized to the
cell number, however, the seeding density showed no significant
effect on the collagen content (Figure 1(c)). Increasing the vitamin C

concentration to 100 pg/ml, compared to the concentration of
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50 pg/ml used as a standard in our study, did not result in an increase
in collagen synthesis or significant changes in cell count (Figure 1(d),
(e), (f)). Instead, supplementation with 50 pg/ml vitamin C provided
significantly higher collagen contents (Figure 1(e), (f)). Serum contents
of 1%, 5%, 10% and 20% were examined with and without vitamin C,
and the cells were cultivated for 6 weeks with the respective medium.
The increase in serum content resulted in increased cell counts as well
as in higher amounts of collagen (Figure 1(g)-(i)). Except for 1% serum,
cell count and collagen content in samples cultured with vitamin C
were higher than those in samples without vitamin C.

The highest cell count and collagen amount were achieved with
20% FBS in combination with vitamin C and resulted in significantly
higher cell counts than did cultivation with 10% FBS and vitamin C
(Figure 1(g)). The collagen content was also higher, but the difference
was not statistically significant (Figure 1(h), (i)). However, cultivation
with 20% serum often resulted in contraction of the cell sheets (data
not shown). Therefore, all further investigations were carried out with
medium containing 10% FBS. Vitamin C was used at a concentration
of 50 pg/ml.

3.2 | Influence of amino acid supplementation on
proliferation and collagen synthesis

Considering the amino acid sequence of the collagen molecule, glycine
is located at every third position. Between the glycine residues there
are various amino acids, including a high content of L-proline or L-
4-hydroxyproline.3® Since DMEM does not contain any of these
amino acids other than glycine, the question was whether addition of
the collagen components can increase the rate of synthesis of the
cells. Therefore, the three amino acids were added to the cell culture
medium in three different concentrations (112.5 mg/L, 150 mg/L, and
225 mg/L for each amino acid) with and without vitamin C. After
6 weeks of cultivation, there was no difference in cell count or in
absolute and normalized collagen content between the cells sup-
plemented with amino acids and those cultured in the reference
medium, BM and BM with vitamin C (Figure 2(a)-(c)).

L-glutamine is an amino acid that not only is relevant for nucleo-
tide synthesis*® but also plays a role in the synthesis of ECM. This
amino acid can be enzymatically converted into glutamate, which in
turn can be converted into proline via pyrroline-5-carboxylate. L-
glutamine and its intermediates induce collagen synthesis in human
skin fibroblasts in vitro.*43

Therefore, the cell count and collagen content were determined
after 6 weeks of cultivation of cells with L-glutamine at different con-
centrations (0 mM, 2 mM, 8 mM) compared to cells cultured with the
BM (4 mM L-glutamine), each with and without vitamin C. Without L-
glutamine, the cells hardly proliferate, and accordingly, hardly any col-
lagen was synthesized (Figure 2(d)). However, the amount of collagen
synthesized per cell appears to be relatively high in the absence of
glutamine. Increasing the L-glutamine concentration from 2 mM to
8 mM in combination with vitamin C did not result in significantly

increased proliferation or collagen synthesis (Figure 2(d)-(f)).



HASENZAHL ET AL.

s 1w LEY_Y Socity For,

5x10° 1 300+ ©'100-
= \ 8
D | o
4x10% £2%0 S 80
=2 o
» % ¢ % 2200 e
5 | IS J
§3x10 g] E 60
o % 1504 S
8 2x10° S 2 401
100+ 5
= o
> Y—
1x10°+ o S 204
g 504 £
g
0 ‘ ‘ ‘ ‘ 0 0+
(a) 5,000 10,000 20,000 50,000 (b) 5,000 10,000 20,000 50,000 “’(C) 5,000 10,000 20,000 50,000
seeding density [cells/well] seeding density [cells/well] seeding density [cells/well]
4x10° . )
[9]
— o
2 150 §
3x10° % g S
€ s >
3 $100 2
o 2x10°4 L c
= 3 S
8 {- s 2
1x10%+ € 50 §
3 5
S g
o
0 . : : 0- E o
(d) BM vit.C vit.C (e) BM vit.C vit.C vit.C vit.C
50ug/mL 100ug/mL 50pg/mL 100pg/mL () 50pg/mL 100pg/mL
6x10°+ @
=300+ 8 804
5x105 1 2 8 70
Z 250 + S
4x10° 2 S 604
£ §200- \g 504
3 =
8 3x10° 2 1501 o 401
E S ®
2x10° 2 100 . 3 1
=
3 5 20
1x10%+ i 2
X g 50 S 10
o
. . . : . . . . 0- . ; E o0 . ;
1% 1% 5% 5% 10% 10% 20% 20% 1% 1% 5% 5% 10% 10% 20% 20% 1% 1% 5% 5% 10% 10% 20% 20%

(9) +Vit.C +it.C +it.C ~itc  (h) +Vit.C
FBS-concentration

FIGURE 1

+vit.C +vit.C +vit.C
FBS-concentration

. +vit.C +vit.C +vit.C +vit.C
(l) FBS-concentration

Effects of seeding density (n = 4), vit. C concentration (50 pg/ml, 100 pg/ml; n = 4) and FBS concentration (1%: n = 6-7, 5%:

n=>5-7,10%: n = 12-14, 20%: n = 3-10) on the cell count (a, d, g), absolute collagen content (b, e, h) and normalized collagen synthesis (c, f, i)
(mean % SD). The statistical significance of media studied without vit. C is related to the basal medium (BM) values, and the statistical significance

of media examined with vit. C is related to the values of the BM with vit. C

3.3 | Influence of growth factors and insulin on
proliferation, collagen synthesis and GAG content

The BM was supplemented with TGF-p1, insulin, PDGF-BB, IGF-2 or
bFGF, each with and without vitamin C. The cells were cultured for
6 weeks in the respective medium. Compared to the BM, the medium
supplemented with PDGF-BB doubled the cell count, while the
medium with insulin supplementation significantly reduced the cell
count (Figure 3(a)). TGF-p1, IGF-2 and bFGF showed no effect on the
cell count. Proliferation was significantly increased in samples in which
the cells were cultivated in medium containing PDGF-BB and bFGF in
combination with vitamin C compared to those in which the cells
were cultivated with the BM with vitamin C. Compared to the BM
with vitamin C, the medium containing TGF-p1 in combination with
vitamin C or insulin with vitamin C decreased the cell count, whereas
the medium supplemented with IGF-2 resulted in comparable cell

counts (Figure 3(a)).

The major effects on collagen synthesis were achieved with TGF-
B1 and insulin with vitamin C. Compared to the BM with vitamin C,
the medium containing insulin in combination with vitamin C doubled
the collagen content (Figure 3(b)). Compared to the BM, without vita-
min C insulin did not induce a significant increase in collagen synthe-
sis. In contrast, supplementation with TGF-p1, both with and without
vitamin C, led to significantly higher collagen levels than the respec-
tive control (Figure 3(b)). In addition, the collagen content was signifi-
cantly increased in PDGF-BB treated cells and decreased in cells
treated with bFGF with vitamin C and IGF-2 with vitamin C compared
to those cultured in the respective standard medium. Figure 3(d)
shows the effect of the normalized collagen content on the cell count.
The treatment of the cells with insulin and vitamin C and TGF-p1 with
and without vitamin C significantly increased the amount of collagen
synthesized per cell. The collagen content in relation to cell count was
not altered in the PDGF-BB-, IGF-2- and bFGF-treated samples com-
pared to those treated with the BM and was reduced in PDGF-BB
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Effects of glycine, L-proline, and L-4-hydroxyproline (AA) at three concentrations (AA1 = 112.5 mg/L, AA2 = 150 mg/L, and

AA3 = 225 mg/L for each amino acid; n = 6-14) and L-glutamine (0 mM, 2 mM, 4 mM, 8 mM; n = 3-8) with and without vit. C on cell count (a, d)
and collagen synthesis (b, c, €, f) (mean + SD). The statistical significance of media studied without vit. C is related to the basal medium
(BM) values, and the statistical significance of media examined with vit. C is related to the values of the BM with vit. C

with vitamin C- and bFGF with vitamin C-treated cells compared to
those treated with the BM with vitamin C.

Supplementation with TGF-p1 without and with vitamin C and
supplementation with PDGF-BB significantly increased the amount of
GAGs (Figure 3(c)). The content of GAGs in cells treated with bFGF in
combination with vitamin C was lower than that in cells cultured with
vitamin C-containing medium. Cultivation with insulin or IGF-2 had no
effect on GAG synthesis. The amount of GAG synthesized per cell
was increased by cultivation with TGF-f1 and vitamin C and signifi-
cantly decreased by cultivation with PDGF-BB or bFGF and vitamin C
compared to cultivation with the standard medium with vitamin C
(Figure 3(e)).

3.4 | Influence of growth factors, insulin and
vitamin C on the light transmission of the cell sheets

Cell sheets cultivated without vitamin C could not be detached from
the cultivation surface without rupture. Therefore, the growth fac-
tors and insulin were added to the medium only in combination with
vitamin C. Cell sheets cultivated with vitamin C for 8 weeks showed
a high light transmission of approximately 82-94% in the wave-
length range from 400 to 800 nm and a high macroscopic transpar-
), (c)). Cultivation with TGF-B1 in combination with
vitamin C seemed to reduce light transmission, and macroscopically,

ency (Figure 4(a

the cell sheet appeared less transparent in some areas (Figure 4(a),
(d)). Cell sheets cultivated with bFGF and vitamin C were too fragile,

and therefore, the light transmission could not be measured. Com-
pared to cultivation with vitamin C, cultivation in culture medium
containing PDGF-BB or IGF-2 had no effect on light transmission.
Insulin supplementation with vitamin C, resulted in cell sheets with
slightly lower light transmission values than sheets treated with vita-
min C only (Figure 4(a)). All measured cell sheets showed a consider-
ably higher light transmission than that of amniotic membranes
(Figure 4(a)), which is commonly used for ocular surface reconstruc-
tion.** In addition, the macroscopically determined transparency of
the sheets was comparable to that of the human donor cornea
(Figure 4(b)-(d)).

3.5 | Tensile testing

Since the cell sheets could not be detached from the cultivation sur-
face without the addition of vitamin C, only cell sheets cultivated with
vitamin C were investigated. Sheets cultivated in medium containing
bFGF and vitamin C could not be clamped in the holder of the
machine without being damaged. Therefore, the material properties of
these sheets could not be determined. Likewise, only a few sheets cul-
tivated with PDGF-BB with vitamin C (n = 2) could be measured. Cells
cultured in insulin-, TGF-1- or PDGF-BB-containing medium, each in
combination with vitamin C, exhibited slightly thicker cell sheets than
cells cultured in vitamin C-containing medium, whereas cultivation
with bFGF led to thinner cell sheets (Figure 5(a)).The maximum stress

before specimen breaking, Fmax, was significantly higher for the
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FIGURE 3 Effects of TGF-B1 (1 ng/ml), insulin (10 pg/ml), PDGF-BB (20 ng/ml), IGF-2 (10 ng/ml) and bFGF (10 ng/ml) with and without vit.
C (50 pg/ml) on cell proliferation (a; n = 8-28; n[BM, BM + vit. C] = 58-68), collagen synthesis (b, d; n = 8-29; n[BM, BM + vit. C] = 57-68) and
glycosaminoglycan content (d, e; n = 5-11) compared to the basal medium (BM) and BM with vit. C (mean + SD). The asterisks show the
statistical significance of values obtained with supplements not used in combination with vit. C in relation to those obtained with the BM and of
values obtained with supplements combined with vit. C in relation to those obtained with the BM with vit. C

sheets cultured with insulin with vitamin C cultivation than for the noticeably decreased by PDGF-BB with vitamin C. The E-moduli of
sheets cultured in BM with vitamin C (Figure 5(c)). The other supple- the measured samples were between 2 and 4.8 MPa (Figure 5(b)).
ments investigated showed no effect, except that Fmax was Compared to the sheets cultivated in BM with vitamin C, the sheets
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cultured with TGF-1 or PDGF-BB with vitamin C showed decreased
E-moduli, whereas those cultivated with insulin and IGF-2 showed no
effect. The maximum tensile strength calculated from the Fmax and
thickness of the sheets showed similar tendencies (Figure 5(d)). A
decrease in tensile strength was observed with PDGF-BB supplemen-
tation, whereas TGF-p1 or IGF-2 showed no effect. A slight increase

Indirect immunofluorescence and enzyme-

To investigate the structural properties of the cell sheets, antibody
staining was performed. Collagen type |, type Ill and type V anti-
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FIGURE 4 Light transmission (a) of cell sheets cultivated with vit.

C (n = 16), TGF-B1 (n = 13), insulin (n = 20), IGF-2 (n = 8) and PDGF-
BB (n = 10), each in combination with vit. C, for 8 weeks and light
transmission of amniotic membrane (n = 3) from>’ (mean). An average
relative standard deviation (rel. SD) was calculated for each curve: rel.
SD(vit. C) = 3.7%, rel. SD(TGF-B1) = 8.3%, rel. SD(insulin) = 3.9%, rel.
SD(IGF-2) = 5.7%, rel. SD(PDGF BB) = 5.1%. Transparency of a human
donor cornea (b) and a cell sheet cultivated with vit. C (c) or TGF-p1 in
combination with vit. C (d) from a macroscopic perspective
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FIGURE 5

bodies, as well as antibodies against keratocan and a-SMA, were used.
The cells were seeded in 8-well chamber slides and cultivated for
3-4 weeks in BM containing vitamin C, insulin with vitamin C or TGF-
B1 with vitamin C. Antibody staining was performed before the cell
sheets contracted. a-SMA-positive cells were found in all samples.
However, the number of o-SMA-positive cells was considerably
increased by TGF-B1 cultivation (Figure 6(m)-(0)). Collagen type | and
type Il could be easily detected in all samples (Figure 6(a)-(f)).
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Collagen type V was also present, but the fluorescence signal was dis-
tinctly weaker than that of collagen type | and type Il (Figure 6(g)-(i)).
Upon collagen type lll staining, the shape of the cells was visible,
which may indicate that collagen type Ill is more likely to be deposited
intracellularly at this time (Figure 6(d)-(f)). Collagen types | and V, on
the other hand, seemed to be extracellularly deposited. The staining

of collagen type | and Il indicated a parallel arrangement of the cells

and collagen fibers in some areas (Figure 6(a)-(f)), whereas this
arrangement was not observed for collagen type V staining (Figure 6
(g)-(i)). The staining of the proteoglycan keratocan resulted in a very
weak fluorescence signal (Figure 6(j)-(l)), which was also very weak in
the staining of human cornea cryosections, which were used as posi-
tive controls (data not shown). However, a parallel arrangement could
also be observed with this staining. To quantify collagen types I, Ill

insulin + vitamin C

TGF-B1 + vitamin C

vitamin C
()]
[oR
>
=
! s
(]
[@)]
: -
Ke)
o
[
o
>
2
[
(0]
[@)]
E -
Ke)
[&]
>
[0
o
P
[ =
(0]
[@)]
o
°
(&)
C
©
(6]
(@)
et
©
S
Q
X
<
=
4
o]
50 ym_
FIGURE 6

Immunohistochemistry of collagen types |, Il and V, keratocan; and a-SMA after 3-4 weeks of cultivation in the respective

medium. The cell nuclei were counterstained with Hoechst 33342 (blue). Collagen type Il appears to be intracellularly localized (d-f). This staining
clearly shows the parallel growth of the cells. Collagen types | and V are deposited extracellularly and partly show a parallel arrangement (a-c, h, i).
The fluorescence signal from keratocan staining was very weak but also showed a parallel arrangement of the stained filaments (j-1). Samples
cultured with medium containing TGF-B1 exhibited the highest number of aSMA-positive cells (o). The staining of the collagen types in samples
cultured with TGF-p1 gives a more compact impression of the extracellular matrix (c, f, i)
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FIGURE 7 Ultrastructural characterization of the human
corneal stroma (a, b) and the cell sheets cultivated with BM with
vit. C (d, e), insulin and vit. C (f, g) or TGF-1 and vit. C (h, i) for
8 weeks by transmission electron microscopy. 'd' shows several
cell sheets, since the sheets were rolled up before embedding.
Due to the same reason, in 'h' probably two cell sheets can be
observed next to each other. The ultrastructure of the corneal
stroma clearly shows the presence of collagen fibrils arranged
parallel to each other in lamellae. The symbol (—) marks the areas
where the fibrils are arranged longitudinally, and the symbol (A)
marks the areas where the fibrils are arranged transversely. The
cell sheets in the left column are shown in cross-section at a
smaller magnification than those in the right column. The letter
“C” marks exemplary cell bodies that are visible within the
extracellular matrix. In cross-section of the cell sheets generated
with insulin or TGF-f1, the collagen fibrils appear to be more
densely packed. The cell sheet cross-sections contain areas in
which the collagen fibrils are aligned in a lamellar arrangement
(higher magnification)

[ a2
Yi?;ii;zi?;ls_Wl LEY_L ®

FIGURE 8 TEM micrograph of a cell sheet produced by culturing
the cells with vit. C-containing medium for 6 months. A lamellar
arrangement of the collagen fibrils is visible across the cross-section
of the multilayered cell sheet. The symbol (—) marks the areas where
the fibrils are arranged longitudinally, and the symbol (A) marks the
areas where the fibrils are arranged transversely. The letter “C” marks
exemplary cell bodies that are visible within the extracellular matrix.
TEM, transmission electron microscopy

and V in the cell sheets and human corneal stroma, the respective
ELISAs were performed. Unfortunately, even after several weeks of
solubilization, the collagen of the human stroma could not be
completely dissolved. Therefore, a comparison of the cell sheet data
to human tissue data is not possible. Additionally, in the cell sheets
cultured in the BM, collagen type | could not be detected at all, and
collagen type Ill and type V could be detected in only a few samples.
A quantitative statement on the specific collagen types cannot be
made with certainty. Nevertheless, the data could be qualitatively
evaluated, as within each experiment, mainly collagen type | was
detected. This was followed by considerably lower amounts of colla-
gen type V and finally collagen type lll. Cultivation with TGF-p1
resulted in the highest values for all three collagen types, followed by
the samples cultured with insulin-containing medium. Lower amounts
of all three collagen types were found in the vitamin C-cultured cell
sheets, and the lowest values were obtained from the sheets culti-
vated with the BM.

3.7 | Transmission electron microscopy and small-
angle X-ray scattering

The ultrastructural properties of the cell sheets were investigated with
TEM and SAXS. In TEM images of the human cornea, the characteris-
tic structure of the tissue becomes apparent through the presence of
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FIGURE 9 Data preparation for the SAXS investigation. Visualization of the first subsidiary maximum of the diffractogram of the human
cornea (black dots; a) and the ExpDec fit (green line; a). The measured scattering angles 20 were converted into reciprocal space coordinates
R. The difference between the curves provides the R value of the maximum for the calculation of the collagen fibril diameter (b)

lamellae in which the collagen fibrils are arranged parallel to each
other (Figure 7(a), (b)). The average diameter of the fibrillae was
25 + 4 nm. The lamellar structure of the collagen fibrils was only par-
tially present in the images of cell sheets cultivated with vitamin C-,
insulin-, or TGF-p1 in combination with vitamin C-containing medium
(Figure 7(e), (g), (i)). In addition, the fibrillae in the cell sheets were less
densely packed than those in the human cornea. The diameter of the
fibrillae of the in vitro-cultivated sheets was slightly larger than the
diameter of the collagen fibrillae in the cornea. Cultivation with vita-
min C resulted in a diameter of 44 + 11 nm, whereas cultivation with
insulin and vitamin C resulted in a diameter of 51 + 13 nm and cultiva-
tion with TGF-p1 and vitamin C resulted in a diameter of 36 + 5 nm.
No difference in the structure of the fibril arrangement could be
detected among the sheets cultured with different media supplements
(Figure 7(d), (f), (h)). Cell sheets cultivated for 6 months with a medium
containing vitamin C showed collagen fibrils arranged in a lamellar
structure over the entire cross-section (Figure 8).

The collagen fibril diameter of human corneal samples determined
by SAXS was 37 £ 7 nm (n = 7; a representative diffractogram of one
cornea is shown in Figure 9), and the interfibrillar distance was
56 £ 17 nm (n = 7). The SAXS data of the cell sheets resulted in lower
intensities and were missing subsidiary maxima. Therefore, this
method did not provide quantifiable results regarding the ultrastruc-

ture of the cell sheets.

4 | DISCUSSION
The corneal stroma makes up the major part of the cornea and is
therefore interesting for tissue engineering. Many people suffering

from corneal blindness could benefit from tissue engineering of a

corneal construct. Imitating the stroma in vitro is a major challenge,
and two main approaches have been investigated. On the one hand,
scaffold-based systems based on collagen, gelatin, for example
gelatin/ascorbic acid cryogels?? or carbodiimide cross-linked porous
gelatin?® and other polymers are developed. On the other hand, the
self-assembly approach in which cells form the construct of a self-
synthesized ECM is pursued.??* In this study, the scaffold-free
method was used because it offers the possibility of producing poten-
tially fully autologous and biocompatible tissue without the addition
of exogenous material. Some studies have shown that in long-term
cultivation with vitamin C, cell sheets that can be peeled off the culti-
vation surface are formed.224284> Vitamin C acts as a cofactor for the
hydroxylation of the amino acids proline and lysine in the collagen
molecule. The presence of hydroxyproline is essential for triple helix
formation, which helps stabilize the molecular structure. In the
absence of vitamin C, a non-hydroxylated form of the collagen mole-
cule is formed, which is unstable and more soluble and therefore asso-
ciates less with the cell layer in vitro.*®*” This fact explains why cell
sheets cultivated without vitamin C were too fragile to be detached
from the cultivation surface without damage. In our study, vitamin C
significantly increased the absolute and normalized collagen content
(Figures 1, 2, 3). This finding supports the results of previous stud-
jes.2® The amount of GAGs was quantified using the dye
dimethylmethylene blue. The proteoglycans found in the cornea con-
tain three GAG types, chondroitin sulfate/dermatan sulfate, keratan
sulfate and heparan sulfate, which can be detected with
dimethylmethylene blue.'****® |n our study, vitamin C showed an
increasing effect not only on collagen synthesis but also on GAG syn-
thesis (Figure 3(c)). However, the increase in the GAG content seemed
to be a consequence of the increased cell count since the contents

normalized to the cell count showed no difference from those
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obtained with the BM (Figure 3(e)). In skin fibroblasts, however, sup-
plementation with vitamin C resulted in increased GAG synthesis per
cell.*’ The staining of keratocan resulted in a weak fluorescence signal
(Figure 6(j)-(i)). Keratocan is a proteoglycan containing keratan sulfate.
Studies have consistently shown that the keratan sulfate content and
thus the amount of keratocan decrease significantly when cells are
cultivated with serum-containing medium. In contrast, more chondroi-
tin sulfate is synthesized in vitro.’>>? However, the staining of the
human cornea also showed a weak signal (data not shown).

Vitamin C is known to be unstable. In the presence of oxygen,
autoxidation of ascorbic acid to dehydroascorbic acid occurs relatively
rapidly, especially at increased temperatures. Ascorbic acid is taken
up by cells via a sodium ascorbate cotransporter, whereas
dehydroascorbic acid enters the cell via hexose transporters. In the
cell, dehydroascorbic acid, which is cytotoxic in high doses, can be
reduced to ascorbic acid.’?>° The vitamin C added to the cell culture
medium is likely to be more abundant at 37°C as dehydroascorbic acid
than as ascorbic acid. It could therefore be assumed that the stromal
cells take up the oxidized form and reduce it to ascorbic acid, which
can then be used for collagen synthesis.

Compared to the standard medium, the medium to which the
nonessential amino acids glycine, L-proline and L-4-hydroxyproline,
which are the main components of the collagen molecule, were added
did not alter the collagen content (Figure 2(a)-(c)). From this result, we
conclude that the availability of the individual amino acids does not
seem to be the decisive step in collagen synthesis. Likewise, cell
seeding density and L-glutamine concentrations above 2 mM did not
seem to have a significant influence on proliferation and collagen syn-
thesis (Figures 1, 2).

Compared to cultivation with the standard medium, the cultiva-
tion of cells with insulin in combination with vitamin C showed the
greatest influence on collagen synthesis but also exhibited a reduction
in cell count and no effect on GAG content (Figure 3). Hassell et al.
investigated the influence of insulin on bovine stromal cells. Cultiva-
tion with insulin resulted in increased proliferation and increased col-
lagen and proteoglycan synthesis of the cells. In addition, keratocyte
phenotypic markers such as keratocan, aldehyde dehydrogenases
(ALDH), and dendritic morphology were obtained.***7>¢ |n contrast
to our experiments, these studies cultivated the cells in serum-free
medium for a few days up to a maximum of 13 days. Since the cells
lose the quiescent keratocyte phenotype in serum-containing
medium, the fibroblast phenotype is present in our studies. Therefore,
it can be concluded that insulin does not have an enhancing effect on
this phenotype in terms of proliferation and GAG synthesis but does
stimulate collagen synthesis (Figure 3). Qutob et al. used an osteosar-
coma cell line to investigate the influence of insulin on the recycling
of ascorbic acid from its oxidation product dehydroascorbic acid. Pre-
treatment of cells with insulin resulted in an increased uptake of
dehydroascorbic acid into the cells via hexose transporters and thus
led to an increased intracellular vitamin C concentration.>? This find-
ing is consistent with our data, as the effect of insulin on collagen syn-
thesis was present only in combination with vitamin C (Figure 3(b),

(d)). In foreskin fibroblasts, it has been shown that vitamin C uptake
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into cells is lowered in the presence of glucose. The addition of insulin
could eliminate this effect.>®>>” This theory seems to play a minor role
in our experiments since insulin alone does not induce an increase in
collagen synthesis, possibly because the glucose concentration in the
medium of 25 mM was higher than the concentrations used in the
abovementioned studies. The increased collagen synthesis of cells cul-
tivated in insulin-containing medium resulted in thicker cell sheets,
which showed a higher tensile strength in the material tests but a
lower light transmission than the sheets cultivated with vitamin C
alone (Figures 4, 5). The increased tensile strength could have a posi-
tive effect on suturing during transplantation. The light transmission
could have decreased slightly due to the higher thickness of these cell
sheets than the cell sheets cultured with vitamin C. Despite the reduc-
tion in light transmission, the sheets appeared to be very transparent
from a macroscopic perspective (Figure 4(c)).

The biomechanical properties of the sheets cultivated with differ-
ent supplements were tested with tensile tests. The tensile strength of
the samples was between approximately 0.7 and 1.5 MPa (Figure 5(d))
and thus was significantly lower than the tensile strength described for
the human cornea, which ranges from 4 MPa®® to 19 MPa.’ One rea-
son for the low tensile strength of the cell sheets could be the low
thickness of the constructs compared to the corneal stroma. In addition,
the cell sheets lack the dense packing and high degree of order of the
ECM (Figure 7), which is essential for the biomechanical properties of
the cornea.’®®® The E-moduli of the tested samples were between
2 and 5 MPa (Figure 5(b)) and are thus in a similar range as the E-
modulus of amniotic membranes, which was 3.4 MPa. The tensile
strength of amniotic membranes was 2.3 MPa, as determined by tensile
tests.%* The amniotic membrane can be used in poorly healing superfi-
cial corneal defects as an overlay to provide mechanical protection and
support healing of the epithelium or as a graft in corneal defects (inlay),
where it supports epithelial overgrowth.? Since the biomechanical
material properties of the cell sheets are similar to those of the amniotic
membrane, we can assume that the elasticity of the cell sheets would
be suitable for sewing. With a thickness of approximately 25 pm, the
cell sheets were generally too thin to serve as a full-thickness stroma
substitute. Longer cultivation could result in thicker sheets but would
be costly and time-consuming. Therefore, as an alternative, several
sheets could be stacked to obtain a thicker construct.2>272® The indi-
vidual cell sheets could also be used as an alternative to the amniotic
membrane as a patch to promote epithelial wound healing. In previous
studies, it was shown that the light transmission of amniotic mem-
branes was between 34% and 70% in the range from 400 to 800 nm®!
and thus was considerably lower than that of the sheets tested in this
study. The possible disadvantages of amniotic membranes, such as the
risk of infection transmission, donor heterogeneity and partially low
transparency, could be reduced by using an autologous cell sheet.
Boulze Pankert et al. cultivated human stromal cells in vitro for 35 days
and transplanted the resulting sheets into feline eyes. The grafts were
examined for 4 weeks, and no immune reactions occurred. In addition,
after 4 weeks, a regular arrangement of the collagen fibrils was
observed, which did not yet correspond completely to the arrangement

of the fibrils of the cornea.®
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The thickest cell sheets were obtained by the addition of TGF-p1
with vitamin C (Figure 5(a)). Studies investigating the influence of
TGF-B1 on fibroblasts concluded that TGF-f1 has a profound effect
on cell proliferation and migration as well as on the synthesis of ECM.
In the majority of studies that have examined cell proliferation, the
TGF-p1

whereas there are also studies that have come to

cultivation of cells with resulted in increased

proliferation, 24354
a contrary conclusion.®® Furthermore, TGF-p1 promotes differentia-
tion into myofibroblasts, a keratocyte phenotype that plays a role in
wound healing.7'3°'31'63'66 Myofibroblasts increasingly synthesize
ECM and are responsible for its reorganization and for wound
edge contraction. They are characterized by the presence of
a-SMA 30316364 | our study, compared to cultivation with vitamin C
alone, cultivation with TGF-$1 and vitamin C resulted in a reduction
of the cell count (Figure 3(a)). Since all sheets were generated with
medium containing FBS, it can be assumed that TGF-B1 is present in
the serum and that some of the cells are differentiated into a-SMA-
positive myofibroblasts.3®¢” This was demonstrated in our study by
antibody staining. a-SMA-positive cells were present in all samples;
however, significantly more positive cells were present under TGF-1
cultivation (Figure 6(0)). Therefore, it is conceivable that the
proliferation-increasing effect to be expected from TGF-81 is already
maximized by the content in the serum. However, this result could
also be because during trypsinization of the cells and subsequent iso-
lation, more cells that could not be determined with the chosen
method remain in the thicker contiguous sheet. In osteosarcoma cell
lines, TGF-B1 supplementation increased vitamin C uptake by poten-
tially increasing the number of vitamin C transporters.>® In addition to
the enhancing effect of TGF-f1 on the synthesis of the ECM in
serum-free cell cultures, which is independent of vitamin C, the
increased uptake of vitamin C could be another mechanism that
increases the ability of cells to synthesize more collagen. The presence
of TGF-p1 in vivo and the associated differentiation of cells into myo-
fibroblasts are related to stromal scarring and stromal opacity.”® In
our study, cell sheets cultured with medium containing TGF-f1
showed lower light transmission than those cultured with other
media, which might indicate a more disordered ECM (Figure 4(a), (d)).
However, increased disorder of the collagen fibrils in the TEM images
could not be confirmed (Figure 7). Therefore, the reduced light trans-
mission could be a result of the increased thickness of the sheet.

The presence of collagen types |, lll and V in the cell sheets was
confirmed by antibody staining in all investigated samples (Figure 6).
Antibody staining of different collagen types showed that both the
cells and the ECM were arranged parallel to each other in many areas.
This impression was confirmed by TEM images (Figure 7). Some stud-
ies have demonstrated that the cultivation of human corneal fibro-
blasts with vitamin C over several weeks leads to an ECM similar to
the in vivo matrix in terms of the parallel arrangement of collagen
fibrils in some areas, the light transmission and part of the matrix com-
position.2¢2845 We were able to confirm this regular, parallel, lamellar
arrangement of collagen fibrils in antibody staining and TEM images,
although it does not entirely correspond to the arrangement in the

human stroma (Figures 6, 7). Syed-Picard et al. cultivated human

corneal stromal stem cells on microstructured substrates with
vitamin C, FGF-2 and TGF-$3 and were able to harvest sheets with an
ordered ECM and collagen fibrils of
(30.87 + 6.22 nm) after 10 days of cultivation. When transplanted
into mice, the grafts were well tolerated and became transparent after

uniform  diameter

5 weeks.? If the cell sheets in our study were cultivated for 6 months,
then the lamellar arrangement of the collagen fibrils was apparently
better distributed over the entire cross-section (Figure 8). Cell sheets
cultured with vitamin C alone or vitamin C in combination with insulin
or TGF-B1 for 8 weeks were examined by TEM (Figure 7). In the dif-
ferently cultivated sheets, the diameters of the fibrils were compara-
ble, as was the arrangement of the fibrils. This result corresponds to
other studies that have examined the fibrillar diameters of collagen
from in vitro-cultured cells.>?” SAXS measurements were also used to
obtain data on the ultrastructure of the corneal stroma and cell sheets,
such as the diameter and distance of the fibrils from each other. The
diameter of the collagen fibrils in the human cornea determined from
the SAXS measurements was significantly larger at 37 + 7 nm than
the value of 23 + 3 nm determined from the TEM images. Studies
have shown that lower diameters are found in dried corneas, and
therefore, the values of the electron microscopically determined data
do not correspond to the physiological in vivo state.®””° Both the
diameter and the interfibrillar distance are age-dependent and depend
on the hydration of the examined tissue.”®”* In other SAXS studies,
the diameters of collagen fibrils in human corneas were between
31 and 34 nm.®?"7273 The fibril spacings found in the literature ranged
from 50 to 76 nm depending on the hydration and examined area of
the cornea.”®”? Thus, our measured values are in the range of the lit-
erature data. Since none of the hydration, the age of the donor or the
investigated corneal area was defined for our study, we observed
slightly higher standard deviations. The SAXS data of the cell sheets
could not be evaluated due to the lack of subsidiary maxima. This
finding confirms that, in accordance with the TEM images, the order
of the ECM present in the human cornea could not be achieved in the
cell sheets. The larger TEM-determined fibrillar diameter in the cell
sheets than in the native stroma may indicate a different collagen type
| to V ratio. Unfortunately, the amounts of the different collagen types
of human cornea could not be detected in our study by ELISA. It is
therefore difficult to assess the ratio of the collagen types present in
the cell sheets relative to those present in the in vivo tissue. In the
investigated cell sheet specimens, mainly collagen type | was found,
and slightly more collagen type V than type Ill was observed. The fact
that mainly collagen type | is present in the corneal stroma is in agree-
ment with previous studies. Regarding collagen type Ill and type V,
the literature data are not identical. On the one hand, one study found
85% type |, less than 10% type lll and 5% type V in the human cor-
nea.”* On the other hand, other studies describe the absence of colla-
gen type Il in adult stroma.”” In the present study, cells isolated from
human donor corneas that were not suitable for transplantation were
used. The donor corneas are mostly inappropriate because of endo-
thelial insufficiency (vacuolization, necrosis, insufficient cell density).
However, donor corneas can also be rejected for other, less common

reasons, such as small optical zone or scar. An interesting aspect that
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has not been investigated here would be the influence of the corneal
rejection reason on quality of the isolated cells and the resulting cell
sheets.

This study also investigated the effect of bFGF, PDGF-BB and
IGF-2 on the cells. Supplementation of these growth factors did not
cause major changes in the synthesis of ECM. The addition of PDGF-
BB without vitamin C to the culture medium resulted in higher cell
counts and collagen and GAG levels than the BM (Figure 3). In combi-
nation with vitamin C, PDGF-BB increased the cell count but did not
alter the collagen and GAG contents in comparison to the BM with
vitamin C. PDGF-BB is known for its proliferation- and migration-
promoting effect and appears to play a role in the hypercellular phase
in early stages of wound healing. Cultivation of stromal cells with
PDGF-BB resulted in increased synthesis of components of the ECM,
such as collagen type | and IlI, perlecan, keratocan and decorin.1°-12
The effect on the synthesis of ECM components appears to be pre-
sent in serum-free medium by PDGF-BB but not in serum-containing
medium. Normalized to the number of cells, the collagen content of
the samples cultured with PDGF-BB was comparable or, when used in
combination with vitamin C, lower than that of the corresponding
standard medium (Figure 3(d)). This indicates that the increase in the
collagen content was caused by only the increase in the number of
cells and that the synthesis rate of the cells was not altered. Only a
few of the cultivated sheets could be examined for their material
properties, as most of them were damaged during sample preparation.
Cultivation with bFGF also showed a positive influence on cell count.
However, cultivation with bFGF resulted in lower collagen synthesis,
especially in combination with vitamin C, than cultivation in BM with
vitamin C (Figure 3). Other studies have also shown that bFGF
increases proliferation but not collagen synthesis.2%”¢ The cell sheets
cultivated with bFGF and vitamin C were too unstable for investiga-
tion of their light transmission and material properties. The cell colla-
gen ratio with both bFGF and PDGF-BB supplementation was much
higher than with the standard medium. This finding might explain the
observed decrease in biomechanical properties. Therefore, the use of
bFGF or PDGF-BB alone does not seem to be an option for the culti-
vation of a stable cell sheet for transplantation. Increased levels of
IGF-2 receptor proteins have been found in stromal cells after injury,
where the presence of this receptor appears to play a role in the dif-
ferentiation into myofibroblasts.” In the present study, compared to
the cultivation of cells with the standard medium the cultivation of
cells with IGF-2 hardly resulted in changes in the investigated parame-
ters (Figures 3, 4, 5). Therefore, the use of IGF-2 does not seem to

provide a positive benefit.

5 | CONCLUSIONS

In this study, we investigated the influence of different cultivation
conditions and media supplements on the formation and properties of
scaffold-free tissue sheets generated from human corneal stromal
fibroblasts. Cell sheets generated with medium containing insulin or

TGF-B1 in combination with vitamin C showed a greater thickness,
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greater ECM synthesis and a slightly lower but still high light transmis-
sion than sheets cultured with vitamin C. The cell sheets showed
probably suitable biomechanical properties for use as transplants and
were partially similar to corneal stroma with regard to ultrastructure.
Hence, our results emphasize that a smart combination of the exam-
ined supplements could be a promising approach to improve in vitro
cultivation of stromal tissue for ocular surface reconstruction in slowly

progressing diseases or as an alternative to the amniotic membrane.

ACKNOWLEDGEMENTS

The authors would like to thank the Deutsche Forschungsgesellschaft
(German Research Foundation; DFG) for financial support
(RE 2596/7-1; project number 280173526) and the German Society
for Tissue Transplantation (DGFG) in Hannover and the HLA-Labor
(Institut fur Klinische Transfusionsmedizin; Braunschweig) for supply-
ing the human corneas. We also acknowledge the help with laboratory
procedures by Ina Schleicher. Open access funding enabled and orga-
nized by Projekt DEAL.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

REFERENCES

1. World Health Organization, Blindness and vision impairment preven-
tion: Priority eye diseases. http://www.who.int/blindness/causes/
priority/en/index8.html 2018.

2. Syed-Picard FN, Du Y, Hertsenberg AJ, et al. Scaffold-free tissue engi-
neering of functional corneal stromal tissue. J Tissue Eng Regen Med.
2016;12:59-69. https://doi.org/10.1002/term.2363.

3. Boulze Pankert M, Goyer B, Zaguia F, et al. Biocompatibility and func-
tionality of a tissue-engineered living corneal Stroma transplanted in
the feline EyelLiving corneal Stroma transplanted in feline eye. Invest
Ophthalmol Vis Sci. 2014;55:6908-6920. https://doi.org/10.1167/
iovs.14-14720.

4. Beuerman RW, Pedroza L. Ultrastructure of the human cornea.
Microsc. Res. Tech. 1996;33:320-335.

5. Dua HS, Faraj LA, Said DG, Gray T, Lowe J. Human corneal anatomy
redefined: a novel pre-Descemet's layer (Dua's layer). Ophthalmology.
2013;120:1778-1785. https://doi.org/10.1016/j.0phtha.2013.01.018.

6. Jester JV, Rodrigues MM, Herman IM. Characterization of avascular
corneal wound healing fibroblasts. New Insights into the Myofibroblast,
the American Journal of Pathology. 1987;127:140-148.

7. Bohnsack RN, Warejcka DJ, Wang L, et al. Expression of insulin-like
growth factor 2 receptor in corneal Keratocytes during differentiation
and in response to wound healing. Invest Ophthalmol Vis Sci. 2014;55:
7697-7708. https://doi.org/10.1167/iovs.14-15179.

8. West-Mays JA, Dwivedi DJ. The keratocyte: corneal stromal cell with
variable repair phenotypes. Int J Biochem Cell Biol. 2006;38:1625-
1631. https://doi.org/10.1016/j.biocel.2006.03.010.

9. Zieske JD, Guimaraes SR, Hutcheon AEK. Kinetics of Keratocyte pro-
liferation in response to epithelial debridement. Exp Eye Res. 2001;72:
33-39. https://doi.org/10.1006/exer.2000.0926.

10. Gallego-Munoz P, Ibares-Frias L, Garrote JA, et al. Human corneal
fibroblast migration and extracellular matrix synthesis during stromal
repair: role played by platelet-derived growth factor-BB, basic fibro-
blast growth factor, and transforming growth factor-1. J Tissue Eng
Regen Med. 2017;12:e737-e746. https://doi.org/10.1002/term.2360.

11. Musselmann K, Alexandrou B, Kane B, Hassell JR. Maintenance of the
Keratocyte phenotype during cell proliferation stimulated by insulin.


http://www.who.int/blindness/causes/priority/en/index8.html
http://www.who.int/blindness/causes/priority/en/index8.html
https://doi.org/10.1002/term.2363
https://doi.org/10.1167/iovs.14-14720
https://doi.org/10.1167/iovs.14-14720
https://doi.org/10.1016/j.ophtha.2013.01.018
https://doi.org/10.1167/iovs.14-15179
https://doi.org/10.1016/j.biocel.2006.03.010
https://doi.org/10.1006/exer.2000.0926
https://doi.org/10.1002/term.2360

s | Wi LEY_Y Socity For,
12.

13.
14.

15.
16.
17.

18.

19.

20.

21
22.
23.
24.

25.

26.

27.

28.

29.

HASENZAHL ET AL.

J Biol Chem. 2005;280:32634-32639. https://doi.org/10.1074/jbc.
M504724200.

Etheredge LT, Kane BP, Hassell JR. The effect of growth factor signal-
ing on Keratocytes in vitro and its relationship to the phases of stro-
mal wound repair. Invest Ophthalmol Vis Sci. 2009;50:3128-3136.
https://doi.org/10.1167/iovs.08-3077.

Birk DE, Fitch JM, Babiarz JP, Doane KJ, Linsenmayer TF. Collagen
fibrillogenesis in vitro: interaction of types | and V collagen regulates
fibril diameter. J Cell Sci. 1990;95:649.

Hassell JR, Birk DE. The molecular basis of corneal transparency. Exp
Eye Res. 2010;91:326-335. https://doi.org/10.1016/j.exer.2010.
06.021.

Linsenmayer TF, Fitch JM, Birk DE. Heterotypic collagen fibrils and
stabilizing collagens. Annals of the New York Academy of Sciences.
1990;580:143-160. https://doi.org/10.1111/j.1749-6632.1990.
th17926.x.

Chakravarti S, Magnuson T, Lass JH, Jepsen KJ, LaMantia C,
Carroll H. Lumican regulates collagen fibril assembly: skin fragility and
corneal opacity in the absence of lumican. J Cell Biol. 1998;141:1277-
1286.

Muiller LJ, Pels E, Schurmans LRHM, Vrensen GFJM. A new three-
dimensional model of the organization of proteoglycans and collagen
fibrils in the human corneal stroma. Exp Eye Res. 2004;78:493-501.
https://doi.org/10.1016/50014-4835(03)00206-9.

Maurice DM. The structure and transparency of the cornea. J Physiol.
1957;136:263-286.1.

Goldman JN, Benedek GB, Dohlman CH, Kravitt B. Structural alter-
ations affecting transparency in swollen human corneas. Invest
Ophthalmol Vis Sci. 1968;7:501-519.

Benedek GB. Theory of transparency of the eye. Appl Opt, AO. 1971;
10:459-473. https://doi.org/10.1364/A0.10.000459.

Matthyssen S, van den Bogerd B, Dhubhghaill SN, Koppen C,
Zakaria N. Corneal regeneration: a review of stromal replacements.
Acta Biomater. 2018;69:31-41. https://doi.org/10.1016/j.actbio.
2018.01.023.

Luo L-J, Lai J-Y, Chou S-F, Hsueh Y-J, Ma DH-K. Development of gel-
atin/ascorbic acid cryogels for potential use in corneal stromal tissue
engineering. Acta Biomater. 2018;65:123-136. https://doi.org/10.
1016/j.actbio.2017.11.018.

Lai J-Y, Li Y-T, Cho C-H, Yu T-C. Nanoscale modification of porous
gelatin scaffolds with chondroitin sulfate for corneal stromal tissue
engineering. Int J Nanomedicine. 2012;7:1101-1114. https://doi.org/
10.2147/1JN.S28753.

Brunette |, Roberts CJ, Vidal F, et al. Alternatives to eye bank
native tissue for corneal stromal replacement. Prog Retin Eye
Res. 2017;59:97-130. https://doi.org/10.1016/j.preteyeres.2017.
04.002.

Proulx S, Uwamaliya J, Carrier P, et al. Reconstruction of a human
cornea by the self-assembly approach of tissue engineering using the
three native cell types. Mol Vis. 2010;16:2192-2201.

Grobe GM, Reichl S. Characterization of vitamin C-induced cell sheets
formed from primary and immortalized human corneal stromal cells
for tissue engineering applications. Cells Tissues Organs (Print). 2013;
197:283-297. https://doi.org/10.1159/000346172.

Guo X, Hutcheon AEK, Melotti SA, Zieske JD, Trinkaus-Randall V,
Ruberti JW. Morphologic characterization of organized extracellular
matrix deposition by ascorbic acid-stimulated human corneal fibro-
blasts. Invest Ophthalmol Vis Sci. 2007;48:4050-4060. https://doi.
org/10.1167/iovs.06-1216.

Jay L, Bourget J-M, Goyer B, et al. Characterization of tissue-
engineered posterior corneas using second- and third-harmonic gen-
eration microscopy. PLoS ONE. 2015;10:e0125564. https://doi.org/
10.1371/journal.pone.0125564.

Guillemette MD, Cui B, Roy E, et al. Surface topography induces 3D
self-orientation of cells and extracellular matrix resulting in improved

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

tissue function. Integr Biol (Camb). 2009;1:196-204. https://doi.org/
10.1039/b820208g.

Lakshman N, Petroll WM. Growth factor regulation of corneal Kera-
tocyte mechanical phenotypes in 3-D collagen matrices. Invest
Ophthalmol Vis Sci. 2012;53:1077-1086. https://doi.org/10.1167/
jovs.11-8609.

Kim A, Lakshman N, Karamichos D, Petroll WM. Growth factor regu-
lation of corneal Keratocyte differentiation and migration in com-
pressed collagen matrices. Invest Ophthalmol Vis Sci. 2009;51:864-
875. https://doi.org/10.1167/iovs.09-4200.

Singh V, Barbosa FL, Torricelli AAM, Santhiago MR, Wilson SE. Trans-
forming growth factor 8 and platelet-derived growth factor modula-
tion of myofibroblast development from corneal fibroblasts in vitro.
Exp Eye Res. 2014;120:152-160. https://doi.org/10.1016/j.exer.
2014.01.003.

Tullberg-Reinert H, Jundt G. In situ measurement of collagen synthe-
sis by human bone cells with a Sirius red-based colorimetric micro-
assay: effects of transforming growth factor p2 and ascorbic acid
2-phosphate. Histochem Cell Biol. 1999;112:271-276. https://doi.org/
10.1007/s004180050447.

Farndale RW, Buttle DJ, Barrett AJ. Improved quantitation and
discrimination of sulphated glycosaminoglycans by wuse of
dimethylmethylene blue. Biochimica et Biophysica Acta (BBA) - General
Subjects. 1986;883:173-177. https://doi.org/10.1016/0304-4165
(86)90306-5.

G.M. Grobe, Untersuchungen zum Aufbau der Stroma-Biomatrix
cornealer  Zellkulturmodelle fiir  In-vitro-Arzneistoffabsorptions
untersuchungen und zur Gewebekonstruktion. Dissertation, Braun-
schweig, 2015.

Worthington CR, Inouye H. X-ray diffraction study of the cornea. Int
J Biol Macromol. 1985;7:2-8. https://doi.org/10.1016/0141-8130(85)
90057-1.

Inouye H, Worthington CR. X-ray observations on a collagen fibril lat-
tice structure in peripheral nerve. Int J Biol Macromol. 1983;5:199-
203. https://doi.org/10.1016/0141-8130(83)90002-8.

Quantock AJ, Meek KM, Chakravarti S. An X-ray diffraction investiga-
tion of corneal structure in Lumican-deficient mice. Invest Ophthalmol
Vis Sci. 2001;42:1750-1756.

Shoulders MD, Raines RT. Collagen structure and stability. Annu
Rev Biochem. 2009;78:929-958. https://doi.org/10.1146/annurev.
biochem.77.032207.120833.

Engstrom W, Zetterberg A. The relationship between purines, pyrimi-
dines, nucleosides, and glutamine for fibroblast cell proliferation.
J Cell Physiol. 1984;120:233-241. https://doi.org/10.1002/jcp.
1041200218.

Bellon G, Chagour B, Wegrowski Y, Monboisse J-C, Borel J-P. Gluta-
mine increases collagen gene transcription in cultured human fibro-
blasts. Biochimica et Biophysica Acta (BBA) - Mol Cell Res. 1995;1268:
311-323. https://doi.org/10.1016/0167-4889(95)00093-8.

Karna E, Miltyk W, Wotczynski S, Patka JA. The potential mecha-
nism for glutamine-induced collagen biosynthesis in cultured
human skin fibroblasts. Comparative Biochem Physiol Part B: Bio-
chem Mol Biol. 2001;130:23-32. https://doi.org/10.1016/51096-
4959(01)00400-6.

Szoka L, Karna E, Hlebowicz-Sarat K, Karaszewski J, Palka JA. Exoge-
nous proline stimulates type | collagen and HIF-1a expression and the
process is attenuated by glutamine in human skin fibroblasts. Mol Cell
Biochem. 2017;435:197-206. https://doi.org/10.1007/s11010-017-
3069-y.

Dua HS, Gomes JAP, King AJ, Maharajan VS. The amniotic membrane
in ophthalmology. Surv Ophthalmol. 2004;49:51-77. https://doi.org/
10.1016/j.survophthal.2003.10.004.

Grinnell F, Fukamizu H, Pawelek P, Nakagawa S. Collagen processing,
crosslinking, and fibril bundle assembly in matrix produced by fibro-
blasts in long-term cultures supplemented with ascorbic acid. Exp Cell


https://doi.org/10.1074/jbc.M504724200
https://doi.org/10.1074/jbc.M504724200
https://doi.org/10.1167/iovs.08-3077
https://doi.org/10.1016/j.exer.2010.06.021
https://doi.org/10.1016/j.exer.2010.06.021
https://doi.org/10.1111/j.1749-6632.1990.tb17926.x
https://doi.org/10.1111/j.1749-6632.1990.tb17926.x
https://doi.org/10.1016/S0014-4835(03)00206-9
https://doi.org/10.1364/AO.10.000459
https://doi.org/10.1016/j.actbio.2018.01.023
https://doi.org/10.1016/j.actbio.2018.01.023
https://doi.org/10.1016/j.actbio.2017.11.018
https://doi.org/10.1016/j.actbio.2017.11.018
https://doi.org/10.2147/IJN.S28753
https://doi.org/10.2147/IJN.S28753
https://doi.org/10.1016/j.preteyeres.2017.04.002
https://doi.org/10.1016/j.preteyeres.2017.04.002
https://doi.org/10.1159/000346172
https://doi.org/10.1167/iovs.06-1216
https://doi.org/10.1167/iovs.06-1216
https://doi.org/10.1371/journal.pone.0125564
https://doi.org/10.1371/journal.pone.0125564
https://doi.org/10.1039/b820208g
https://doi.org/10.1039/b820208g
https://doi.org/10.1167/iovs.11-8609
https://doi.org/10.1167/iovs.11-8609
https://doi.org/10.1167/iovs.09-4200
https://doi.org/10.1016/j.exer.2014.01.003
https://doi.org/10.1016/j.exer.2014.01.003
https://doi.org/10.1007/s004180050447
https://doi.org/10.1007/s004180050447
https://doi.org/10.1016/0304-4165(86)90306-5
https://doi.org/10.1016/0304-4165(86)90306-5
https://doi.org/10.1016/0141-8130(85)90057-1
https://doi.org/10.1016/0141-8130(85)90057-1
https://doi.org/10.1016/0141-8130(83)90002-8
https://doi.org/10.1146/annurev.biochem.77.032207.120833
https://doi.org/10.1146/annurev.biochem.77.032207.120833
https://doi.org/10.1002/jcp.1041200218
https://doi.org/10.1002/jcp.1041200218
https://doi.org/10.1016/0167-4889(95)00093-8
https://doi.org/10.1016/S1096-4959(01)00400-6
https://doi.org/10.1016/S1096-4959(01)00400-6
https://doi.org/10.1007/s11010-017-3069-y
https://doi.org/10.1007/s11010-017-3069-y
https://doi.org/10.1016/j.survophthal.2003.10.004
https://doi.org/10.1016/j.survophthal.2003.10.004

HASENZAHL ET AL.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Res. 1989;181:483-491.
90105-5.

Levene Cl, Bates CJ. Ascorbic acid and collagen synthesis in cultured
fibroblasts. Annals of the New York Academy Sci. 1975;258:288-306.
https://doi.org/10.1111/j.1749-6632.1975.tb29289 .x.

Musselmann K, Kane B, Alexandrou B, Hassell JR. Stimulation of col-
lagen synthesis by insulin and proteoglycan accumulation by Ascor-
bate in bovine Keratocytes in vitro. Invest Ophthalmol Vis Sci. 2006;
47:5260-5266. https://doi.org/10.1167/iovs.06-0612.

Farndale RW, Sayers CA, Barrett AJ. A direct spectrophotometric
microassay for sulfated Glycosaminoglycans in cartilage cultures. Con-
nect Tissue Res. 1982;9:247-248. https://doi.org/10.3109/
03008208209160269.

Kao J, Huey G, Kao R, Stern R. Ascorbic acid stimulates production of
glycosaminoglycans in cultured fibroblasts. Exp Mol Pathol. 1990;53:
1-10. https://doi.org/10.1016/0014-4800(90)90020-E.

Ren R, Hutcheon AEK, Guo XQ, et al. Human primary corneal fibro-
blasts synthesize and deposit proteoglycans in long-term 3-D cul-
tures. Dev Dyn. 2008;237:2705-2715. https://doi.org/10.1002/dvdy.
21606.

Beales MP, Funderburgh JL, Jester VJ, Hassell JR. Proteoglycan syn-
thesis by bovine Keratocytes and corneal fibroblasts: maintenance of
the Keratocyte phenotype in culture. Investigate Ophthalmol Visual
Sci. 1999;40:1658-1663.

Qutob S, Dixon SJ, Wilson JX. Insulin stimulates vitamin C recycling
and Ascorbate accumulation in Osteoblastic cells. Endo. 1998;139:
51-56. https://doi.org/10.1210/end0139.1.5659.

Fisher E, McLennan SV, Tada H, Heffernan S, Yue DK, Turtle JR.
Interaction of ascorbic acid and glucose on production of collagen
and proteoglycan by fibroblasts. Diabetes. 1991;40:371-376. https://
doi.org/10.2337/diab.40.3.371.

Winkler BS. In vitro oxidation of ascorbic acid and its prevention by
GSH. Biochimica et Biophysica Acta (BBA) - General Subjects. 1987,
925:258-264. https://doi.org/10.1016/0304-4165(87)90190-5.
Dixon SJ, Wilson JX. Transforming growth factor-beta stimulates
ascorbate transport activity in osteoblastic cells. Endo. 1992;130:484-
489. https://doi.org/10.1210/endo.130.1.1727718.

Hassell JR, Kane BP, La Etheredge T, Valkov N, Birk DE. Increased
stromal extracellular matrix synthesis and assembly by insulin acti-
vated bovine keratocytes cultured under agarose. Exp Eye Res. 2008;
87:604-611. https://doi.org/10.1016/j.exer.2008.09.010.

Shen S, Sampson SR, Tennenbaum T, Wertheimer E. Characteriza-
tion of glucose transport system in keratinocytes: insulin and IGF-1
differentially affect specific transporters. J Investigative Dermatol.
2000;115:949-954. https://doi.org/10.1046/j.1523-1747.2000.
00161.x.

Zeng Y, Yang J, Huang K, Lee Z, Lee X. A comparison of biomechani-
cal properties between human and porcine cornea. J Biomech. 2001;
34:533-537. https://doi.org/10.1016/50021-9290(00)00219-0.
Bryant MR, Szerenyi K, Schmotzer H, McDonnell PJ. Corneal tensile
strength in fully healed radial keratotomy wounds. Invest Ophthalmol
Vis Sci. 1994;35:3022-3031.

Ethier CR, Johnson M, Ruberti J. Ocular biomechanics and bio-
transport. Annu Rev Biomed Eng. 2004;6:249-273. https://doi.org/10.
1146/annurev.bioeng.6.040803.140055.

Reichl S, Borrelli M, Geerling G. Keratin films for ocular surface recon-
struction. Biomaterials. 2011;32:3375-3386. https://doi.org/10.
1016/j.biomaterials.2011.01.052.

Letko E, Stechschulte SU, Kenyon KR, et al. Amniotic membrane inlay
and overlay grafting for corneal epithelial defects and stromal ulcers.
OPHTH. 2001;119:659-663. https://doi.org/10.1001/archopht.119.
5.659.

https://doi.org/10.1016/0014-4827(89)

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Y ws- WILEY-—

Musselmann K, Kane BP, Alexandrou B, Hassell JR. IGF-Il is present
in bovine corneal stroma and activates keratocytes to proliferate
in vitro. Exp Eye Res. 2008;86:506-511. https://doi.org/10.1016/j.
exer.2007.12.004.

Lynch AP, O'Sullivan F, Ahearne M. The effect of growth factor sup-
plementation on corneal stromal cell phenotype in vitro using a
serum-free media. Exp Eye Res. 2016;151:26-37. https://doi.org/10.
1016/j.exer.2016.07.015.

Haber M, Cao Z, Panjwani N, Bedenice D, Li WW, Provost PJ. Effects
of growth factors (EGF, PDGF-BB and TGF-betal) on cultured equine
epithelial cells and keratocytes: implications for wound healing. Vet
Ophthalmol. 2003;6:211-217. https://doi.org/10.1046/j.1463-5224.
2003.00296.x.

He J, Bazan HEP. Epidermal growth factor synergism with TGF-p1 via
PI-3 kinase activity in corneal Keratocyte differentiation. Invest
Ophthalmol Vis Sci. 2008;49:2936-2945. https://doi.org/10.1167/
iovs.07-0900.

Guo X, Hutcheon AEK, Zieske JD. Molecular insights on the effect of
TGF-p1/-p3 in human corneal fibroblasts. Exp Eye Res. 2016;146:
233-241. https://doi.org/10.1016/j.exer.2016.03.011.

Torricelli AAM, Singh V, Agrawal V, Santhiago MR, Wilson SE. Trans-
mission electron microscopy analysis of epithelial basement mem-
brane repair in rabbit corneas with haze. Invest Ophthalmol Vis Sci.
2013;54:4026-4033. https://doi.org/10.1167/iovs.13-12106.

Fratzl P, Daxer A. Structural transformation of collagen fibrils in cor-
neal stroma during drying. An x-ray scattering study. Biophys J. 1993;
64:1210-1214. https://doi.org/10.1016/S0006-3495(93)81487-5.
Meek KM, Fullwood NJ, Cooke PH, et al. Synchrotron x-ray diffraction
studies of the cornea, with implications for stromal hydration. Biophys J.
1991;60:467-474. https://doi.org/10.1016/S0006-3495(91)82073-2.
Daxer A, Misof K, Grabner B, Ettl A, Fratzl P. Collagen fibrils in the
human corneal stroma: structure and aging. Invest Ophthalmol Vis Sci.
1998;39:644-648.

Boote C, Dennis S, Newton RH, Puri H, Meek KM. Collagen fibrils
appear more closely packed in the Prepupillary cornea: optical and
biomechanical implications. Invest Ophthalmol Vis Sci. 2003;44:2941-
2948. https://doi.org/10.1167/iovs.03-0131.

Meek KM, Quantock AJ. The use of X-ray scattering techniques to
determine corneal ultrastructure. Prog Retin Eye Res. 2001;20:95-137.
https://doi.org/10.1016/51350-9462(00)00016-1.

Radda TM, Menzel EJ, Freyler H, Gnad HD. Collagen types in
keratoconus. Graefes Arch Clin Exp Ophthalmol. 1982;218:262-264.
https://doi.org/10.1007/BF02175894.

Ben-Zvi A, Rodrigues MM, Krachmer JH, Fujikawa LS. Immunohisto-
chemical characterization of extracellular matrix in the developing
human cornea. Curr Eye Res. 1986;5:105-117. https://doi.org/10.
3109/02713688609015099.

Etheredge L, Kane BP, Valkov N, Adams S, Birk DE, Hassell JR. Enhanced
cell accumulation and collagen processing by keratocytes cultured under
agarose and in media containing IGF-1, TGF-$ or PDGF. Matrix Biol. 2010;
29:519-524. https://doi.org/10.1016/j.matbio.2010.05.003.

How to cite this article: Hasenzahl M, Misken M, Mertsch S,
Schrader S, Reichl S. Cell sheet technology: Influence of
culture conditions on in vitro-cultivated corneal stromal tissue
for regenerative therapies of the ocular surface. J Biomed
Mater Res. 2021;1-17. https://doi.org/10.1002/jbm.b.34808



https://doi.org/10.1016/0014-4827(89)90105-5
https://doi.org/10.1016/0014-4827(89)90105-5
https://doi.org/10.1111/j.1749-6632.1975.tb29289.x
https://doi.org/10.1167/iovs.06-0612
https://doi.org/10.3109/03008208209160269
https://doi.org/10.3109/03008208209160269
https://doi.org/10.1016/0014-4800(90)90020-E
https://doi.org/10.1002/dvdy.21606
https://doi.org/10.1002/dvdy.21606
https://doi.org/10.1210/endo139.1.5659
https://doi.org/10.2337/diab.40.3.371
https://doi.org/10.2337/diab.40.3.371
https://doi.org/10.1016/0304-4165(87)90190-5
https://doi.org/10.1210/endo.130.1.1727718
https://doi.org/10.1016/j.exer.2008.09.010
https://doi.org/10.1046/j.1523-1747.2000.00161.x
https://doi.org/10.1046/j.1523-1747.2000.00161.x
https://doi.org/10.1016/S0021-9290(00)00219-0
https://doi.org/10.1146/annurev.bioeng.6.040803.140055
https://doi.org/10.1146/annurev.bioeng.6.040803.140055
https://doi.org/10.1016/j.biomaterials.2011.01.052
https://doi.org/10.1016/j.biomaterials.2011.01.052
https://doi.org/10.1001/archopht.119.5.659
https://doi.org/10.1001/archopht.119.5.659
https://doi.org/10.1016/j.exer.2007.12.004
https://doi.org/10.1016/j.exer.2007.12.004
https://doi.org/10.1016/j.exer.2016.07.015
https://doi.org/10.1016/j.exer.2016.07.015
https://doi.org/10.1046/j.1463-5224.2003.00296.x
https://doi.org/10.1046/j.1463-5224.2003.00296.x
https://doi.org/10.1167/iovs.07-0900
https://doi.org/10.1167/iovs.07-0900
https://doi.org/10.1016/j.exer.2016.03.011
https://doi.org/10.1167/iovs.13-12106
https://doi.org/10.1016/S0006-3495(93)81487-5
https://doi.org/10.1016/S0006-3495(91)82073-2
https://doi.org/10.1167/iovs.03-0131
https://doi.org/10.1016/S1350-9462(00)00016-1
https://doi.org/10.1007/BF02175894
https://doi.org/10.3109/02713688609015099
https://doi.org/10.3109/02713688609015099
https://doi.org/10.1016/j.matbio.2010.05.003
https://doi.org/10.1002/jbm.b.34808

	Cell sheet technology: Influence of culture conditions on in vitro-cultivated corneal stromal tissue for regenerative thera...
	1  INTRODUCTION
	2  MATERIAL AND METHODS
	2.1  Material
	2.2  Cell culture
	2.3  Cell proliferation
	2.4  Collagen amount
	2.5  Glycosaminoglycan content
	2.6  Light transmission
	2.7  Tensile testing
	2.8  Indirect immunofluorescence
	2.9  Enzyme-linked immunosorbent assay
	2.10  Transmission electron microscopy
	2.11  Small-angle X-ray scattering
	2.12  Statistics

	3  RESULTS
	3.1  Influence of cell seeding density, vitamin C and FBS concentration on proliferation and collagen synthesis
	3.2  Influence of amino acid supplementation on proliferation and collagen synthesis
	3.3  Influence of growth factors and insulin on proliferation, collagen synthesis and GAG content
	3.4  Influence of growth factors, insulin and vitamin C on the light transmission of the cell sheets
	3.5  Tensile testing
	3.6  Indirect immunofluorescence and enzyme-linked immunosorbent assay
	3.7  Transmission electron microscopy and small-angle X-ray scattering

	4  DISCUSSION
	5  CONCLUSIONS
	ACKNOWLEDGEMENTS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


