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ABSTRACT
Purpose/aim: Corneal injury is a major cause of impaired vision around the globe. The fine 
structure of the corneal stroma plays a pivotal role in the phenotype and behavior of the 
embedded cells during homeostasis and healing after trauma or infection. In order to study 
healing processes in the cornea, it is important to create culture systems that functionally mimic 
the natural environment.
Materials and methods: Collagen solution was vitrified on top of a grated film to achieve thin 
collagen films with parallel microgrooves. Keratocytes (corneal stromal cells) were cultured on the 
films either as a single layer or as stacked layers of films and cells. SEM and F-actin staining were 
used to analyze the pattern transference onto the collagen and the cell orientation on the films. 
Cell viability was analyzed with MTS and live/dead staining. Keratocytes, fibroblasts, and myofi
broblasts were cultured to study the pattern’s effect on phenotype.
Results: A microstructured collagen film-based culture system that guides keratocytes (stromal 
cells) to their native, layerwise perpendicular orientation in 3D and that can support fibroblasts 
and myofibroblasts was created. The films are thin and transparent enough to observe cells at 
least three layers deep. The cells maintain viability in 2D and 3D cultures and the films can 
support fibroblast and myofibroblast phenotypes.
Conclusions: The films provide an easily reproducible stroma model that maintains high cell 
viability and improves the preservation of the keratocyte phenotype in keratocytes that are 
differentiated to fibroblasts.

ARTICLE HISTORY
Received 16 February 2021  
Accepted 3 November 2021  

KEYWORDS
Vitrigel; cornea; stroma; 
keratocyte; collagen

Introduction

The cornea is the outermost layer of the eye, playing 
a crucial role in light transmission. It is made out of 
five functionally distinct layers (epithelium, Bowman’s 
membrane, stroma Descemet’s membrane, and 
endothelium). As the majority of the cornea is com
prised of the stroma, representing 90% of the total 
thickness, it is a vital component for its optical clarity. 
The stroma’s optical properties are mainly governed by 
the organization of its structural components.1 The 
stroma consists mostly of thin layers (2.5 µm) of 
aligned type I collagen fibers in an orthogonal confor
mation with a sparse number of keratocytes.2 There are 
other types of collagen present as well that help pack 
and maintain the diameter of the type I fibers, such as 
type V collagen, which is the most prominent next to 
type I.3 The stromal structure and its optical properties 
are also affected by a number of proteoglycans: 
Decorin, fibromodulin, lumican, and biglycan, all of 
which regulate type I collagen fibril formation through 
their leucine-rich domain.4–6

Stromal wounds are common and if they heal with 
restored structure, they do not affect the vision. 
However, a dysregulated wound healing response 
may cause fibrotic scar formation and subsequent 
vision impairment, which is the 4th leading cause of 
blindness on an international scale.7 Therefore, 
understanding the pathophysiological mechanisms 
for when and how the stroma repairs itself correctly 
is of clinical importance. Three different cell types 
can be found in the stroma during wound healing: 
Keratocytes, fibroblasts, and myofibroblasts. It is 
known that soon after the wound is formed, the 
keratocytes at the edge of the wound change their 
phenotype to become fibroblasts. The fibroblasts then 
start remodeling the extracellular matrix around the 
wound by producing matrix metalloproteinases.8 In 
the bed of the wound, the fibroblasts begin to express 
α-smooth muscle actin (α-SMA) and change their 
phenotype to myofibroblasts.9 Myofibroblasts are 
motile and contractile and therefore necessary for 
closing the wound gap.10
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It is challenging to study the stromal cells in mono
layer cultures, since it is not their typical environment. 
In particular, the keratocyte phenotype readily drifts to 
a fibroblast-like one, when cultured in monolayers, and 
in the presence of fetal bovine serum (FBS).11 Several 
culture systems have been developed to remedy the 
shortcomings of monolayer cultures, but more compli
cated culture systems are often based on materials that 
are not native to the cornea, such as silk and 
chitosan.12–15 Collagen, being a major component of 
the stroma, has obvious benefits as a basis for a culture 
system and it has been shown to be a viable material for 
keratocyte maintenance even in the presence of 
FBS.16,17 However, tuning the mechanical properties 
of collagen-based culture systems can be difficult, as 
the collagen concentration is often not sufficient to 
form mechanically robust systems17. Surface topogra
phy can be used to guide cell phenotype and morphol
ogy, and cell orientation can affect the orientation of 
the produced collagen.18 It has also been shown that 
aligned collagen fibers can help transform fibroblasts 
into keratocytes.19 Collagen vitrification is a cost- 
effective way to create more robust structures, and it 
has been used to create a corneal model before.16 

However, as far as we know, patterned collagen vitrigels 
for studying corneal stromal cells have not yet been 
explored. In this study, we aimed to create 
a multilayered and micropatterned collagen vitrigel- 
based culture system that would maintain and guide 
the corneal stromal cells to have a more natural 
organization.

Materials and methods

Preparation of collagen surfaces

Holographically grated polyethylene terephthalate 
(PET) films (1,000 grooves/mm, #40-267 Edmund 
optics, York, UK) were cut into squares and cleaned 
with 70% ethanol. After drying, 12 µl/cm2 of type 
I collagen solution (PureCol® EZ Gel 5 mg/ml, 
Advanced Biomatrix, San Diego, CA) was evenly spread 
on the grated films, either on the grated or flat side, and 
left in an oven to vitrify for 24 h at 37 °C. The 
following day 48 µl/cm2 of the type I collagen solution 
was spread on top of the preexisting collagen layer and 
left to vitrify for 24 h at 37 °C. The vitrified collagen 
films were cross-linked with 22.4 mM of 
N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDAC) and 4.6 mM of 
N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) 
in 70% ethanol solution for 2 h at room temperature. 
After cross-linking, the collagen films were washed 

twice with 70% ethanol and then twice with phosphate- 
buffered saline (PBS). The films were prepared for cell 
culture by cutting them with a biopsy punch 
(ø = 8 mm) and sterilizing them under a UV light for 
20 minutes.

Cell source

Keratocytes were acquired from healthy corneal tissue 
through the Tissue Establishment, Eye Bank Umeå, at 
the University Hospital of Umeå. The tissues originated 
from diseased individuals who had chosen to be post
mortem tissue donors for research purposes, according 
to Swedish law. The Regional Ethical Review Board in 
Umeå has deemed the use of the tissue to be exempt 
from the requirement of approval from the board 
(2010-373-31 M).

Cell culture

Keratocytes were isolated from the donated tissues as 
described previously.20,21 Briefly, the corneal samples 
were received in DMEM supplemented with dextran, 
after which they were scraped with a scalpel to remove 
the remaining epithelial and endothelial cells. After this, 
the tissues were rinsed with culture medium (DMEM/ 
F-12, Gibco, Carlsbad, USA) and cut into pieces 
approximately 1–2 mm2 in size and placed in 
a collagenase bath (2 mg/ml) at 37 °C overnight to free 
the keratocytes from the extracellular matrix. The 
following day, the digest was centrifuged to separate 
the cells before they were re-suspended in fresh medium 
supplemented with 2% fetal bovine serum (FBS) (Gibco, 
Carlsbad, USA) and 1% penicillin-streptomycin 
(Invitrogen, Carlsbad, USA). Keratocytes were differen
tiated into fibroblasts and myofibroblasts by adjusting 
the culture medium to include 10% FBS or 10% FBS, 
0,25 ng/ml TGF-β1 and 0,5 mM L-ascorbic acid 2-phos
phate sesquimagnesium salt hydrate, respectively.22,23 20 
000 cells/cm2 were seeded on the films for all experi
ments. All cell cultures were maintained in a humidified 
incubator at 37 °C and 5% CO2. In this study, cells 
cultured in 2% FBS were referred to as keratocytes in 
accordance with findings in our previous studies.20,21,24 

Cells cultured in 10% FBS were referred to as fibroblasts 
and cells cultured in 10% FBS with TGF-β1 and ascorbic 
acid were referred to as myofibroblasts, in accordance 
with findings in other studies.25–27

Scanning electron microscopy

After the cells were maintained for 3 days on the 
collagen films, the films were fixed with 2.5%
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glutaraldehyde in sodium cacodylate buffer for 2.5 h at 
room temperature, washed in sodium cacodylate buffer, 
and subsequently dehydrated with an increasing etha
nol gradient, critical point dried and coated with 5 nm 
platinum. The morphology of the samples was analyzed 
by field-emission scanning electron microscopy (SEM) 
(Merlin, Carl Zeiss, Oberkochen, DE) using an in-lens 
secondary electron detector at an accelerating voltage of 
4 kV and a probe current of 120 pA. Collagen fiber 
diameter analysis was performed in Fiji.28 First differ
ence of Gaussians algorithm was used to highlight the 
fibers, after which the mean fiber diameter was mea
sured using a ridge detection plugin.29

Atomic force microscopy

Samples were prepared for atomic force microscope 
(AFM) by reusing the collagen film samples prepared 
for SEM or by cutting a small piece of the PET film 
used as a template and fixing it on metallic disc using 
commercially available double-sided tape. The Bioscope 
Catalyst AFM (Bruker, CA, USA) was used to image 
the samples at ambient temperature. Images of various 
sizes (5 × 5 and 15 × 15 µm2) with 512 × 512 pixels 
were acquired in Peak Force Tapping mode, with 
a tapping amplitude typically of 100 nm and a peak 
force driving frequency of 2 kHz using sharpened tri
angular Si3N4 cantilevers (nominal spring 
constant = 0.4 N/m, ScanAsyst-Air; Bruker, tip radius 
~2 nm). Images were plane fitted when required using 
Nanoscope Analysis Software without noise filtering or 
sharpening.

Immunocytochemistry

Cell orientation was measured from cells that had been 
grown on non-stacked films. Only cells that were main
tained in 2% FBS were used for the measurement. After 
maintaining the cell cultures for 7 days, the films were 
washed with PBS, and the cells were then permeabilized 
in 0.3% Triton-X-100. The cells were then stained for 
F-actin (BODIPY FL Phallacidin, Life Technologies, 
Carlsbad, USA) according to the manufacturer’s 
instructions. The cells were imaged using 
a fluorescence microscope (IX71, Olympus, Tokyo, 
JP). Cell morphology was visualized on stacked films. 
F-actin staining was used to visualize the cell morphol
ogy, and it was performed as previously mentioned. All 
samples were mounted with ProLong Diamond 
Antifade Mountant with DAPI (4′,6-diamidino-2-phe
nylindole, Life Technologies, Carlsbad, CA). All stacked 
film constructs were imaged with a confocal micro
scope (SP8, Leica, Wetzlar, DE).

Cell alignment measurement

The cell orientation was estimated by calculating the 
orientation of the actin fibers in relation to the groove 
direction on the collagen film. The orientation of the 
actin fibers was calculated using OrientationJ 
Distribution plugin in ImageJ. Minimum coherency 
and energy were set to 5%, and the Gaussian window 
was approximated by the thickness of the fibers. The 
orientation was measured from two images per sample, 
which were then summed together and binned into 10 
degree groups, i.e. orientation within a 10-degree win
dow were clustered into one group. Measurements were 
normalized so that 0 degrees was the groove direction 
and the groove direction was determined by marking 
the edge of the films in the direction of the grooves 
prior to the start of the experiment.

Gene expression analysis

Total RNA was isolated from the cells grown either on 
tissue culture polystyrene (TCP) or on the collagen 
films with or without patterning (n ≥ 5) using RNeasy 
Mini kit (Qiagen, Hilden, DE). The isolation was done 
according to manufacturer’s instructions for isolation 
from cell culture. 500 ng of the RNA was reverse 
transcribed to cDNA with High-Capacity cDNA 
Reverse Transcription Kit (Life Technologies, 
Carlsbad, USA). Gene expression was analyzed from 
the cDNA with TaqMan Gene Expression Assays 
(Applied Biosystems, Carlsbad, USA). The gene expres
sion is represented as the relative expression of the 
target gene, which is normalized to the expression on 
the patterned collagen films. β-actin was used as the 
endogenous control in all experiments. All probes were 
acquired from Applied Biosystems (Carlsbad, USA) 
and they are summarized in Table 1.

[insert Table 1]

Western blot

Cells were collected in triplicates and combined into 
one sample for each condition. Samples were lysed in 
Radioimmunoprecipitation Assay (RIPA) lysis buffer,

Table 1. Probes used for gene expression analysis from Applied 
Biosystems.

Gene name Gene symbol Assay ID

β-actin ACTB 4352667
Lumican LUM Hs00929860_m1
Collagen V COL5A1 Hs00609133_m1
Collagen III COL3A1 Hs00943809_m1
Collagen I COL1A1 Hs00164004_m1
Aldehyde dehydrogenase 3 ALDH3A1 Hs00964880_m1
Aldehyde dehydrogenase 1 ALDH1A1 Hs00946916_m1

MICROSTRUCTURED COLLAGEN FOR 3D CORNEAL STROMA MODELLING 445



supplemented with protease inhibitor (Sigma, St. Louis, 
MO) and diluted in Laemmli buffer (Bio-Rad, Hercules, 
USA) supplemented with β-mercaptoethanol. After 
boiling the samples, equal amounts of total protein 
were loaded into each well of a pre-made 12% gel 
(Mini-PROTEAN TGX, Bio-Rad, Hercules, USA) and 
ran at 120 V for approximately 1 h. Subsequently, 
proteins were transferred to a polyvinylidene fluoride 
transfer membrane (Santa Cruz, Dallas, USA) for 
60 min at 100 V. Membranes were blocked for 1 h in 
room temperature before primary antibody was added 
and incubated at 4 °C overnight. After washing, the 
membranes were exposed to the secondary antibody 
(conjugated with horseradish peroxidase, HRP) for 
1 h and then to the enhanced chemiluminescence solu
tion (GE healthcare, Little Chalfont, UK) for 5 min in 
room temperature. The membranes were developed 
using Odyssey Fc imaging system (LI-COR, Lincoln, 
USA). All antibodies used are summarized in Table 2.

[insert Table 2]

Transparency

The collagen films were cut to fit in five wells of a 96 
well plate. The films were submerged in PBS, and the 
absorbance was measured at a physiologically relevant 
range of 300 to 700 nm using Synergy HT plate reader 
(BioTek, Winooski, USA). The absorbance was con
verted to transparency using the formula:

%transmittance ¼ 10� absorbance � 100 

3D corneal model

Cells were seeded on the prepared collagen films and 
left to attach for 24 h before stacking three films with 
cells on top of each other into a cell culture insert 
(product# 353,097, Falcon, New York, USA). One film 
without any cells was placed on top (Figure). 
A cylindrical weight was prepared from a 1 ml pipette 
tip, and it was placed on top of the constructs to hold 
the films in place, while cell culture media was added 
for the first time. The weight was not used for sub
sequent media changes. All experiments with the 3D 
constructs were conducted with 2% FBS. The con
structs were maintained for 4 days to determine cell 

viability with a live/dead assay (L-3224 Invitrogen, 
Carlsbad, USA) and for 2 weeks for collagen produc
tion and morphology analysis in a humidified incu
bator at 37 °C and 5% CO2. Cell morphology was 
studied by staining for actin fibers as described in 
the immunocytochemistry section. The cells were 
imaged with a confocal microscope (Leica SP8, 
Wetzlar, DE).

Cell viability

Metabolic activity of the keratocytes cultured on 
a single layer of the prepared films was analyzed with 
CellTiter 96 AQueous One Solution Cell Proliferation 
Assay (Promega, Fitchburg, USA). The absorbance of 
the culture media was read at 490 nm by a Synergy HT 
plate reader (BioTek, Winooski, USA). Live/dead assay 
was performed according to manufacturer’s instruc
tions apart from increasing the incubation time from 
30 minutes to 45 minutes to achieve stronger staining 
between the films.

Statistics

Statistical analysis was performed with one-way 
ANOVA and Tukey’s multiple comparison post hoc 
test in all experiments. Data normality was verified 
using the Shapiro–Wilk test. P-values below 0.05 were 
considered statistically significant. All experiments were 
performed in at least technical triplicates and success
fully repeated at least three times, meaning at least 
three separate experiments were performed with cells 
isolated from different patients.

Results

Collagen film fabrication and characterization

Collagen vitrification and cross-linking yielded thin 
(19 ± 3 µm, average ± SD, n = 4) and clear films that 
ranged from 10% to 76% transparency across the visible 
spectrum (Figure 1a, c). The casting of the pattern 
appeared to be uniform across the collagen surface 
when observed with SEM, and the patterning did not 
affect the macroscopic appearance of the films 
(Figure 1b). AFM was used to compare the topography 
on the grated PET film to the cast collagen. While the 
PET film had an average groove depth of 191 ± 5 nm 
(n = 20 grooves), no discernible pattern in the topo
graphy of the collagen surfaces was detectable 
(Figure 1d). Collagen fibril diameters, as measured 
from the SEM micrographs (S1), were approximately 
74.9 ± 22.2 nm (average ± SD, n = 3 504 fibrils).

Table 2. Antibodies used for immunofluorescence staining and 
Western blot.

Antibody Company Code

Lumican Abcam 168,648
β-actin Cell signaling 4967
α-SMA Abcam 5694
Antirabbit IgG HRP-linked Cell signaling 7074
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Orientation and viability in 2D culture

Cell orientation was approximated by measuring the orien
tation of F-actin fibers. On the patterned surfaces 49% of 
the cells were aligned within ± 15° of an axis parallel to the 
groove direction, while no preferential orientation could be 
discerned on the flat collagen or TCP surfaces (Figure 2a 

and b). Since the grooved pattern could not be seen under 
light microscopy, SEM was done on patterned surfaces 
with cells on them to show the correlation between the 
pattern direction and cell orientation (Figure 2c). The cell 
viability of keratocytes in 2D culture was equal between the 
collagen films and TCP after 7 days of culture (Figure 2d).

Figure 1. Characterization of the collagen films. Under visual inspection the films were smooth and transparent when wetted, 
without any difference between the grooved and flat surfaces. Films were placed on glass coverslips for photography (a). Scanning 
electron microscopy of the patterned and flat collagen films. Arrow indicates the direction of the grooves SB = 10 µm (b). Mean 
patterned collagen film transparency across the visible light spectrum. SD is shown with the dashed line. Results are representative 
of five replicates (c). Atomic force micrographs of grated PET surface and patterned collagen film. Height profiles taken along white 
lines for corresponding images are shown. SB = 3 (d).

Figure 2. Cell orientation on the patterned films and cell viability. Actin staining of keratocytes cultured on patterned, flat and 
TCP. SB = 100 μm (a). Distribution of mean actin fiber orientation angles after seven days of culture. Results are representative of 
seven biological repeats (b). Representative scanning electron micrograph of patterned collagen surface. Arrows indicate the 
orientation of the grooves and asterisk indicates a cell. SB = 100 μm (left) and 15 μm (right) (c). MTS of patterned, flat and TCP 
after seven days of culture. Results represent six biological replicates (d). Results are shown as average ± SD.
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Relative mRNA expression in 2D culture

mRNA expression was studied after 3 days of culture on all 
three culture surfaces: patterned collagen film, flat collagen 
film, and TCP. During the culture, cells were either main
tained as keratocytes or differentiated toward fibroblast or 
myofibroblast lineages as described in the methods 
section.24–27 Expression of ALDH1 was significantly 
increased for keratocytes in the TCP group when com
pared to both flat and patterned collagen films (Figure 3a). 
However, ALDH3 was significantly lower on TCP when 
compared to flat collagen film (Figure 3a). Lumican, 
ALDH1, ALDH3, and α-SMA expressions for fibroblasts 
were significantly lower in the TCP group when compared 
to flat and patterned collagen films (Figure 3b). Similarly, 
the lumican expression was significantly lower for myofi
broblasts in the TCP group when compared to flat and 
patterned collagen films, but conversely ALDH1 was sig
nificantly higher in the TCP group in comparison to flat 
and patterned collagen films (Figure 3c).

Protein expression

To assess the overall expression of relevant structural com
ponents, proteins were extracted for Western blot analysis. 
The quantity of α-SMA was higher for the myofibroblasts 
than for the keratocytes or fibroblasts on the collagen 
surfaces. Furthermore, this difference could only be seen 
for cells cultured on the collagen films and not on TCP 

(Figure 4a, b). The amount of produced lumican was 
comparable between all groups and culture conditions 
(Figure 4a, c).

3D culture on stacked films

Patterned films were perpendicularly stacked inside 
a well-plate insert to create the 3D model. Even 
though the films were not deliberately attached to 
each other by any special mechanical or chemical 
means, they remained together when manipulated at 
the end of the experiment (Figure 5a). Cell viability 
was assessed after 4 days of culture, and approxi
mately 86 ± 7% (average ± SD, n = 5) of the cells 
were alive (Figure 5b). Confocal microscopy of the 
films revealed that the cells retain their ability to 
orient themselves along the pattern even through 
a prolonged culture time of 2 weeks (Figure 5c). 
The cell density at top, middle, and bottom layers 
were measured to be approximately 65,000 ± 17,000, 
47,000 ± 12,000, and 57,000 ± 4,000 cells/cm2 (aver
age ± SD; n = 5), respectively.

Discussion

In this work, we created a novel collagen film-based 
scaffold for culturing and guiding keratocytes in 3D, 
mimicking the corneal stroma from a cellular 

Figure 3. Relative mRNA expression of keratocyte markers. Relative mRNA expression in maintained keratocytes (a), keratocytes 
differentiated into fibroblasts (b), and keratocytes differentiated into myofibroblasts (c). The results are shown as average ± SD from 
six biological replicates. * P < 0.05.

Figure 4. Protein expression of keratocyte markers. The expression levels of α-SMA and Lumican were normalized to Actin (a). α- 
SMA (b) and Lumican (c) expressions were compared between different phenotypes. The results are shown as average ± SD from 
three biological replicates. * P < 0.05.
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perspective. Fabrication of a representative corneal 
model would help in studying the pathophysiological 
mechanisms of eye wound healing and scar forma
tion in vitro. In the future, this kind of research 
could mitigate or prevent the loss of eyesight in 
patients with corneal injuries. So far, more effort 
has been focused in studies on the epithelium of 
the cornea and much less on the stroma, while 
often both are damaged. At the moment, major hur
dles to overcome in creating a stroma model, are the 
anisotropy of the extracellular matrix and the correct 
induction of the repair phenotype of keratocytes.30 

There are many material alternatives to make viable 
tissue constructs, but as approximately 90% of the 
cornea is made up of collagen, it makes sense to use 
it as the basis of the model.15,31–33 So far, the meth
ods used for the orthogonal orientation of collagen in 
the stromal lamellae are complicated and inaccessible 
to many researchers.34,35 We believe that the model 
of our study adds to the existing 3D corneal in vitro 
models since itconsists of collagen, and the cells are 
perpendicularly aligned in multilayers, similar to the 
in vivo condition.

Grated PET film was used as a mold for collagen 
during vitrification, and after cross-linking the films 
were robust, flexible, and easy to manipulate. The 
transparency of the films fell short of a native cornea 
and that of our previous silk-based model but still 
reached 33–90% transparency of the native cornea.36 

This slightly lower transparency could, at least in part, 
be explained by the random orientation and low spa
cing between the collagen fibrils in the gel, in compar
ison to the collagen fibrils natively found in the corneal 
stroma.1,24,37,38

The template films were manufactured using 
a holographic grating. The process leads to a sinusoidal 
groove profile with symmetrical peaks and troughs, which 
was confirmed by AFM measurements. However, we 
could not measure a similar topography on the collagen 
surfaces. It is possible that the collagen surface relaxed 
during the sample preparation so much that the 
impressed grooves were no longer distinguishable from 
the collagen fibers. While often micrometer-scale topo
graphies are used for cell guidance by limiting the cells’ 
ability to traverse ridges,39 nanotopographies have been 
shown to be enough for cell orientation guidance through 
contact guidance.40 The porosity of the surface may miti
gate the contact guidance effect of the grooves, which at 
least in part may explain the wide spectrum of actin fiber 
orientations. It is also worth noting that cells can have 
a narrower distribution of orientations along the grooves 
than the actin fibers.41 Nonetheless, the observations from 
the SEM micrographs and actin fiber orientation analyses 
support each other in that the grooved pattern leads to 
a good level of orientation along the grooves.

The collagen films did not affect the viability of 
keratocytes in either 2D or 3D cultures, and the cells 
populated the films thoroughly. The morphology of the 
cells appeared to be different in the lower layers in 
comparison to the uppermost layer. In the upper 
layer, the cells had a more spindle-like morphology 
similar to keratocytes grown on TCP.42 The cells in 
the lower layers had developed thin processes, reminis
cent of the stellate morphology of keratocytes in vivo.43 

Additionally, the lower cell numbers in the bottom 
layers in comparison to the topmost layer would be in 
line with the finding that keratocytes return to 
the more quiescent state that they are observed to

Figure 5. Representations of three-dimensional cell culture. Schematic representation of stacked films and the conical insert that 
they were maintained in (a). Representative image of live/dead cell viability assay, in which live cells are shown as green and dead 
cells as red. SB = 100 µm. Images were obtained from five biological replicates. (b). Representation of individual layers stained for 
F-actin (green), where c´, c´´ and c´´´ are the top, middle and bottom layers, respectively. C´´´´ indicates the orthogonal projection of 
the stack. SB = 100 µm. Images were obtained from three biological replicates (c).
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have in vivo and when embedded in collagen 
matrices.44

Keratocytes stay quiescent when cultured in serum- 
free conditions, but they can be induced to proliferate 
when supplemented with FBS. However, the addition of 
FBS also drives the phenotype to a fibroblast lineage. It 
has been suggested that keratocytes can both proliferate 
and maintain phenotype in the presence of a relatively 
high concentration of FBS if they are cultured on col
lagen vitrigels.45 This was also the case in our model, 
based on the fact that the lumican protein expression 
did not differ between the different FBS concentrations 
in the patterned collagen films, although the same 
phenomenon was seen in TCP culture conditions. It is 
known that keratocytes grown on flat surfaces have 
cortical F-actin organization and lack stress fibers.43 

However, keratocytes cultured on microscale grooves 
can express stress fibers along the orientation of the 
grooves, appearing morphologically similar to fibro
blasts while otherwise maintaining their keratocyte 
phenotype.42,46 The gene expression data suggest that 
the cells grown in 10% FBS on the collagen films are 
more keratocyte-like than their counterparts grown on 
TCP. Cells grown in 10% FBS express comparatively 
high amounts of lumican and ALDH on the flat and 
patterned collagen films as compared to on TCP, 
whereas cells cultured in 2% FBS express comparative 
amounts of these genes on all surface types. It thus 
seems as if the difference in phenotype between cells 
grown on collagen compared to those grown on TCP 
becomes evident only when the cells are grown in 
higher concentrations of FBS. The myofibroblasts 
grown on the collagen films appear to express 
a similar amount of keratocyte markers as their coun
terparts on TCP, which is further supported by the 
protein expression.

Linear grooves have been shown to enhance the 
expression of keratocyte markers and are often 
linked to the orientation and elongation of the cell 
body along the grooves.42,47 Hence, in the present 
study, it was surprising to see that, although we 
could witness changes in morphology, the gene 
expression was comparable between the cells grown 
on flat and patterned collagen when cultured in 2% 
FBS. Filopodia have been shown to form more 
stable contacts with a surface feature when the con
tact angles are acute and when the topographic 
shapes are parallel to the direction of the 
filopodia.48 It could be that the sinusoidal profile 
of the grooves is enough to guide the morphology 
through easier formation of filopodia and subse
quent lamellipodia, but that they are not enough to 
affect the phenotype in a reliable manner.49

Our model harbors advantages in comparison to 
some other 3D models in the sense that it is based on 
collagen with multiple layers of perpendicularly 
arranged cells, mimicking in vivo conditions. 3D 
bioprinting can be used to align collagen and cells 
if the shear forces during printing are adjusted 
appropriately. However, this method still leads to 
relatively thick sections.50 Using electrospinning, col
lagen fiber orientation—and subsequent cell align
ment—can be achieved with thin lamellae, but with 
the drawback that it is a complicated method that 
requires specialized equipment.51,52 Our model is 
both affordable and easily reproducible, and it could 
serve as a good platform for further development of 
systems for studies of specific corneal injuries. Since 
the epithelium does in part influence the repair phe
notype of the keratocytes in a wound healing, the 
addition of an epithelial layer would be needed for 
a more comprehensive model. With this model, add
ing layers to increase its complexity and similarity to 
the native cornea is feasible. Furthermore, the 
improved morphology of the keratocytes in the bot
tom layers of the 3D model may provide an interest
ing new path for exploring keratocyte phenotype 
maintenance.

In the present study, a collagen film-based tissue 
model with a grooved topography was developed. 
The model supports stromal cells and guides the 
cell orientation in individual layers similarly to 
a native cornea while also maintaining a more ker
atocyte-like phenotype. Patterned collagen vitrigels 
have the potential to be a rapidly reproducible cul
ture system that is highly accessible, without requir
ing specialized equipment. The realization of this as 
a fully representative corneal model, however, 
requires the addition of other corneal elements.
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