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A B S T R A C T

Limbal epithelial stem cells (LESCs) are responsible for the renewal of corneal epithelium. Cultivated limbal ep-
ithelial transplantation is the current treatment of choice for restoring the loss or dysfunction of LESCs. To per-
form this procedure, a substratum is necessary for in vitro culturing of limbal epithelial cells and their subsequent
transplantation onto the ocular surface. In this work, we evaluated poly-L/DL-lactic acid 70:30 (PLA) films func-
tionalized with type IV collagen (col IV) as potential in vitro carrier substrata for LESCs. We first demonstrated
that PLA-col IV films were biocompatible and suitable for the proliferation of human corneal epithelial cells.
Subsequently, limbal epithelial cell suspensions, isolated from human limbal rings, were cultivated using cul-
ture medium that did not contain animal components. The cells adhered significantly faster to PLA-col IV films
than to tissue culture plastic (TCP). The mRNA expression levels for the LESC specific markers, K15, P63α and
ABCG2 were similar or greater (significantly in the case of K15) in limbal epithelial cells cultured on PLA-col IV
films than limbal epithelial cells cultured on TCP. The percentage of cells expressing the corneal (K3, K12) and
the LESC (P63α, ABCG2) specific markers was similar for both substrata. These results suggest that the PLA-col
IV films promoted LESC attachment and helped to maintain their undifferentiated stem cell phenotype. Conse-
quently, these substrata offer an alternative for the transplantation of limbal cells onto the ocular surface.

1. Introduction

The limbus, located at the transition zone between the cornea and
the conjunctiva, is the niche for the maintenance and proliferation of
limbal epithelial stem cells (LESCs), which are responsible for corneal
epithelium regeneration [1]. This limbal niche is located in the palisades
of Vogt, where the LESCs correspond to 10% of the basal cells [2] and
are supported by the basement membrane and the underlying connec-
tive tissue. The limbal basement membrane provides cell support and
improves the adhesion, growth, and proliferation of LESCs due to the
associated extracellular matrix proteins, where type IV collagen (col IV)
is the most abundant protein [3].

The destruction or dysfunction of LESCs or their limbal niche leads
to a clinical entity known as limbal stem cell deficiency (LSCD). LSCD
is characterized by the presence of unstable corneal epithelium and sub-
sequent ulceration, invasion of the conjunctiva in the cornea, emer-
gence of neovascularization on the corneal surface, and persistent in-
flammation and chronic pain, which ultimately causes vision loss and
even corneal blindness [4,5]. Corneal transplantation is often the best
option for vision recovery when the cornea is damaged, but it will not
be successful if corneal damage is accompanied by the absence of vi-
able LESCs. In this situation, restoration of the stem cell population
is a possible treatment for LESC deficiency and must precede corneal
transplantation. Cultivated limbal epithelial transplantation (CLET) for
reconstruction of the damaged ocular surface in LSCD syndrome was
first reported in 1997 [6]. Subsequently, this strategy has been used by
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many other authors [7–10]. To perform CLET, a substratum is neces-
sary for both in vitro expansion of epithelial cells and the subsequent
transplantation onto the ocular surface. Biological substrata such as fib-
rin [9,11], human amniotic membrane [10,12–14], and cellular feeder
layers such as 3T3 fibroblasts [6] have been used to facilitate the expan-
sion of corneal epithelial cells. However, as natural products, none of
these agents can be standardized, and they are not optically transparent.
Furthermore, the risk of disease transmission, the limited availability of
these products, and the high economic cost [15] necessitate the investi-
gation of a new substrata for LESCs.

An ideal biomaterial for proliferation and transplantation of LESCs
onto the ocular surface would be biocompatible [16], biodegradable,
optically clear, sturdy enough to be handled and withstand suturing,
possess low immunogenicity, and would not induce cell differentiation.
Moreover, these biomaterials should resemble the structure and prop-
erties of the natural LESC niche to provide an ideal environment for in
vitro culturing of such cells. Various polymeric biomaterials have been
described as alternatives to natural materials as substrates or scaffolds
for stem cells. Biosynthetic materials like polycaprolactone [17], poly-
lactic glycolic acid, chitosan and gelatin membranes [18], collagen gels
[16,19–21] or elastin like polymers [22] have been used to support oc-
ular epithelial cells. Levis et al. described the use of collagen constructs
for the support of LESCs previously isolated on 3T3 fibroblasts for ob-
taining a stratified corneal epithelium [21]. The same group also de-
scribed the use of a surface-modified contact lens to support LESCs pre-
viously expanded on 3T3 fibroblasts [23]. Other groups have also used
type I collagen scaffolds, with embedded stromal fibroblasts, as sub-
strata for LESCs [24,25].

Besides the substrata mentioned above, there are other systems in
which a corneal epithelial cell sheet for transplantation can be acquired
without using a carrier. One of these systems is the Mebiol gel, which
remains liquid at temperatures below 20 °C, and gels over 20 °C [26,27].
Yang et al. proposed the use of thermosensitive culture plates, in which
changing the temperature allows for the growth of an epithelial cell
sheet without any enzymatic action, keeping the synthesized extracellu-
lar matrix intact [28].

Among the various materials available, a polylactic acid derivative
is one of the preferred choices. Polylactic acid is a lactic acid derivative
that can take on different mechanical properties by varying its structure
and altering its crystallinity degree [29]. It is known to be a biocom-
patible and biodegradable material of which the degradation products,
mainly carbon dioxide and water, are not toxic to the organism [30].
Polylactic acid has been used in several biomedical applications, such
as absorbable sutures, a transport medium for drug delivery, and tissue
engineering [29,31]. Currently, the use of polylactic acid has expanded
significantly in the field of bone regeneration [32–34] and combined
with glycolic acid (polylactic-glycolic acid) in conjunctival and corneal
reconstruction [35–37]. However, it has been demonstrated that cell ad-
hesion to polylactic acid films is poor, and that it is necessary to func-
tionalize the surface of this type of polymer to improve cell attachment
[38,39]. Col IV is an extracellular matrix protein described in the limbal,
corneal, and conjunctival epithelial basement membranes, specifically
in the basement membrane of the limbal epithelium. The α1 and α2
chains of col IV have been repeatedly described as limbal zone-specific
and they are not expressed in the differentiated corneal epithelial base-
ment membrane [3,40,41]. This type of collagen has been used to select
populations of LESCs based on their rapid adhesion to this protein. Ad-
ditionally, cells with greater adherence to col IV mainly expressed undif-
ferentiated LESC markers, where the expression of differentiated corneal
epithelial markers was decreased [42].

Based on these alternatives, the present work aimed to replace the
biological substrates and culture techniques currently used for cultur-
ing and transplanting LESCs onto the ocular surface with synthetic

biopolymers, avoiding the use of any animal components, in both the
substratum and in the culture medium for limbal epithelial cells. Addi-
tionally, to avoid the use of murine 3T3 fibroblasts to expand LESCs, the
surface of these polymers was functionalized with a human extracellular
matrix protein to promote cell adhesion to the substratum. The goal of
this work was to evaluate the suitability of poly-L/DL-lactic acid 70:30
(PLA) films functionalized with col IV (PLA-col IV) as potential carrier
substrata for human LESCs.

2. Material and methods

2.1. Reagents

Poly–L/DL lactic acid 70/30 (Purasorb PLDL 70/38, inherent viscos-
ity midpoint 3.8 dl/g, Mw 850,000 Da) (PLA from now on) was pur-
chased from Purac Biomaterials (Amsterdam, The Netherlands). Phos-
phate-buffered saline solution (PBS), Hanks balanced salt solution,
trypsin–ethylenediamine-tetraacetic acid (EDTA) 1X, Versene, Dul-
becco’s modified Eagle’s medium (DMEM/F12), fetal bovine serum
(FBS), epidermal growth factor (EFG), human insulin, penicillin/strep-
tomycin, gentamicin, and fungizone were purchased from Invitro-
gen-Gibco (Inchinan, UK). Human serum and cholera toxin were pur-
chased from Lonza (Basel, Switzerland) and Gentaur (Kanpenhout, Bel-
gium), respectively. The Viability-Cytotoxicity Assay Kit for Mammalian
Live and Dead Cells was purchased from Biotium, Inc. (Hayward, CA,
USA), and the proliferation assay kit Alamar Blue™ was purchased from
AbD Serotec (Oxford, UK). Col IV from human placenta (C7521) and all
the other reagents were purchased from Sigma-Aldrich (St Louis, MO,
USA) and used without further purification. The Micro BCA™ Protein
Assay Kit was purchased from Thermofisher Scientific (Waltham, MA,
USA).

2.2. PLA films fabrication

PLA films were obtained by solvent casting. Briefly, PLA was dis-
solved in CHCl3 (2.5% w/v) and was poured into Petri dishes with a
diameter of 12 cm. The solvent was allowed to evaporate for 3 days in
a solvent-saturated atmosphere. After this time, the obtained films were
stored in a vacuum and dry atmosphere until their use. The thickness of
the resulting films was 100 μm.

2.3. PLA films functionalization with col IV

The surface functionalization of the PLA films with col IV was car-
ried out following previously developed protocols [38,39]. In short,
PLA films were treated with sodium hydroxide 0.5 M for 30 min to hy-
drolyze the surface of the films. After extensively rinsing with water, the
films were activated with N-(3-dimethylaminopropyl)-N'-ethylcarbodi-
imide and N-hydroxysuccinimide (EDC and NHS) 0.1/0.2 M in PBS (pH
7.4) for 1 h. Further, films were washed twice with PBS, and col IV was
covalently attached to the surface of the material, incubating the films
in a PBS col IV solution at 20 μg/ml overnight. Finally, functionalized
films were washed again with water and vacuum sealed until their use.

2.4. PLA-col IV films physico-chemical characterization

The physico-chemical characterization of the PLA films during the
different steps of the functionalization process has already been re-
ported elsewhere [39]. Contact angle (CA) measurements were carried
out with an optical contact angle device (OCA15, Dataphysics, Ger-
many) before and after col IV functionalization of the PLA films.

Immunofluorescence was used to determine the presence of col IV
on the surface of the PLA films. In brief, the samples were blocked for
20 min at room temperature with PBS-Glycine-bovine serum albumin.
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After washing with PBS-Glycine (2 × 5 min), the samples were incu-
bated with the primary antibody (Table 2) for 45 min at 37 °C and
washed with PBS-Glycine (2 × 5 min). The incubation of the secondary
antibody (Table 2) was performed in the dark over 45 min at 37 °C. The
samples were visualized with a Nikon E600 upright fluorescence micro-
scope (Tokyo, Japan). Different controls were performed by incubation
of either only primary or secondary antibodies.

For col IV quantification, a Micro BCA™ Protein Assay Kit was used,
following the manufacturer’s protocol. The experiment was conducted
in triplicate with six replicas per experiment.

2.5. Human corneal epithelial (HCE) cell culture

With the aim of delimitating a culture area of 1 cm2 and preventing
the polymer film from floating, reusable cell culture inserts made of sil-
icone (flexiPERM, Sigma Aldrich) were used. The flexiPERM was gently
pressed against the dry polymer film or the control tissue culture plastic
(TCP) before cell culture.

Simian virus-40-transformed HCE cells [43] (a kind gift from Arto
Urtti, University of Helsinki, Finland) were used in passage 40–48 to test
the polymer as cellular substratum. A total of 4 × 104 cells/cm2 were
seeded on the TCP and on each biopolymer and cultured using DMEM/
F12 culture medium supplemented with 15% FBS, 0.5% DMSO, 0.1 μg/
ml cholera toxin, 10 ng/ml EGF, 5 μg/ml human insulin, and antibi-
otics (62.5 U/ml penicillin, 62.5 mg/ml streptomycin). The cells were
incubated at 37 °C, under 5% CO2 and 95% humidified air. The culture
medium was carefully changed every 2–3 days.

2.6. HCE cell viability

The viability of HCE cells grown on the PLA-col IV film was analyzed
at 6 h and at 1, 2, 4, and 8 days. Cellular viability-cytotoxicity assays
were performed on attached cells by using the Viability-Cytotoxicity As-
say Kit for Mammalian Live and Dead Cells. The kit uses a combination
of calcein-AM and ethidium homodimer (EthD-III) to dye live cells green
and dead cells red. At each time point, the culture medium was gently
removed and cells were washed with PBS. After staining according to
the manufacturer’s instructions, the cultures were rinsed with PBS prior
to being viewed under a fluorescence microscope (Leica DMI 6000 B,
Leica, Wetzlar, Germany). Live and dead cells were counted in 5 random
fields per substratum and time. Viability was expressed as the percent-
age of live cells ± standard error of the mean (SEM) from 4 independent
experiments.

2.7. HCE cell proliferation

Cell growth was determined by using the fluorometric non-toxic Ala-
mar Blue™ (AB) assay, which depends on the conversion of resazurin
to resorufin, a pink fluorescent dye. The reaction is based upon chemi-
cal reduction of the culture medium resulting from cell growth. The AB
assay was performed after 1, 2, 4, and 8 days according to the manu-
facturer’s instructions. After 5 h of incubation, duplicate 300 μl samples
of culture medium for each test sample were transferred to a 24-well
plate. Fluorescence was measured on a SpectraMAx M5 (Molecular De-
vices, Sunnyvale, CA, USA) at an excitation wavelength of 560 nm and
emission wavelength of 590 nm, according to the specifications of the
manufacturer.

A total of 4 × 104 cells/cm2 were seeded onto TCP and the PLA-col
IV film. To consider only the cells adhered to the biopolymers, the poly-
meric membranes were transferred to another clean well. Proliferation
data were expressed as the relative cell density reached after 8 days
compared to the cell density at 1 day from 4 independent experiments.

2.8. Human limbal epithelial cell isolation and culture

The following protocols were approved by the IOBA Research Com-
mittee and the Valladolid Medical School Ethics Committee. Human tis-
sues were always handled according to the Tenets of Declaration of
Helsinki.

Cadaveric human corneoscleral buttons were obtained under in-
formed research consent from Barraquer Eye Bank of Barcelona (Spain).
The average age ± SEM of the donors was 75.6 ± 2.5 years. The buttons
were stored at 4 °C and were used within 3 ± 0.2 days of the donor’s
death.

Human limbal epithelial cells were grown from single cellular sus-
pensions obtained from corneoscleral buttons, as described previously
[44]. Briefly, the corneoscleral tissue from 11 different donors was
rinsed with Hanks balanced salt solution containing 50 µg/ml gentam-
icin and 2.5 µg/ml fungizone. The excess of conjunctiva, iris, and
corneal endothelium tissues were carefully removed, and a 7.5 mm
trephine was used to isolate the central cornea from the limbus. Then,
limbal rings were excised in two pieces and each piece was incubated at
37 °C for 2 h with dispase enzyme (1.2 U/ml), which digests the base-
ment membrane collagen and separates epithelial cells from the stroma.
Then, the limbal epithelial cells were collected and treated with trypsin
(0.25%) for 10 min at 37 °C to separate them into a suspension of sin-
gle cells. The single cells were seeded on PLA-col IV and TCP at a den-
sity of 4 × 104 cells/cm2. To improve the cell adhesion on the sub-
strata, cells were maintained for 2 h with 200 µl (in 1cm2) of culture
medium, based on DMEM/F12 supplemented with 10% human serum,
5 ng/ml EGF, 5 μg/ml human insulin, 0.4 μg/ml hydrocortisone, 1 μM
isoproterenol, 0.18 mM adenine, 2 nM triiodothyronine, 50 µg/ml gen-
tamicin, and 2.5 µg/ml fungizone [18]. After 2 h, a total of 500 µl of cul-
ture medium were added, and the total amount of 1 ml/cm2 was added
when cells were attached.

All cultures were incubated at 37 °C in a humidified atmosphere con-
taining 5% CO2. The medium was freshly replaced every 2–3 days, and
the cultures were monitored using a phase contrast microscope (Eclipse
TS100, Nikon). The time when single cells started to adhere and reach
confluence was recorded.

2.9. Real-time reverse transcriptase polymerase chain reaction (RT-PCR)

Real-time RT-PCR was performed to determine the expression levels
of specific corneal and limbal genes. Cytokeratins 3 (K3) and 12 (K12)
are differentiated corneal epithelial cell cytoskeletal markers [45–47].
Cytokeratin 15 (K15) [13], the transcription factor P63α (P63α) [48],
and the ATP-binding cassette transporter G2 (ABCG2) [49] are LESC
markers [50]. Limbal epithelial cells grown from the single cell suspen-
sion were harvested at confluence. Total RNA was isolated using the
RNeasy® Mini Kit (Qiagen, Valencia, CA, USA) according to specifica-
tions of the manufacturer. The RNA concentration was measured by a
fluorometric method using the Quant-iT RNA assay and treated with
RNase-Free DNase Set (Qiagen).

Total RNA (1 μg) was retrotranscribed to cDNA using SuperScript®
Vilo™ cDNA Synthesis Kit (Invitrogen-Gibco, UK). The RNA was mixed
with 5X Vilo Reaction Mix and 10X Superscript Enzyme Mix (7:1:2) and
thermocycled at 25 °C for 10 min, at 42 °C for 120 min, and finally at
85 °C for 5 min. PCR amplifications using specific probes (Table 1) were
performed in a PCR 7500 Real Time PCR System (Applied Biosystems,
Carlsbad, CA, USA) according to specifications of the manufacturer.

All experiments were performed in duplicate. A non-template neg-
ative control was included in all experiments to evaluate DNA and
RT-PCR contamination of the reagents. Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) was used as a housekeeping gene for each reac
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Table 1
Taqman probes used for real-time PCR analysis.

Gene name Symbol
Identification number of Applied
Biosystems

Glyceraldehide-3-phosphate
dehydrogenase

GAPDH 4352934E

ATP-binding cassette transporter
G2

ABCG2 Hs00184979_m1

Cytokeratin 3 (K3) K3 Hs00365080_m1
Cytokeratin 12 (K12) K12 Hs00165015_m1
Cytokeratin 15 (K15) K15 Hs00267035_m1
Transcription factor P63α P63α Hs 00978338_m1

Table 2
Primary and secondary antibodies used for immunofluorescence staining.

Antibodies Category
Catalog
No. Source

Working
dilution

PRIMARY
Cytokeratin

AE5 (K3)
Mouse
(monoclonal)

69143 Mp Biomedical
(Illkirch, France)

1:50

Cytokeratin 12
(K12)

Rabbit
(polyclonal)

25722 Sta Cruz
(Heidelberg,
Germany)

1:50

Cytokeratin 15
(K15)

Mouse
(monoclonal)

CBL272 Chemicon/Millipore
(Billerica, MA, USA)

1:50

ABCG2 Mouse
(monoclonal)

MAB4146 Chemicon/Millipore
(Billerica, MA, USA)

1:20

P63α Rabbit
(polyclonal)

4892 Cell Signaling
(Boston, MA, USA)

1:50

Col4 A Mouse
(monoclonal)

Santa Cruz
(Heidelberg,
Germany)

1:100

SECONDARY
Anti-mouse

IgG
Alexa fluor
488

Donkey Invitrogen
(Inchinnan, UK)

1:200

Anti-rabbit
IgG
Alexa fluor
488

Donkey Invitrogen
(Inchinnan, UK)

1:300

Anti-mouse
IgG
Alexa fluor
488

Goat Invitrogen
(Inchinnan, UK)

1:250

tion. The comparative cycle threshold (Ct) method (Applied Biosystems
User Bulletin, No.2; P/N 4,303,859) was used to analyze the results
[51]. Six independent experiments from different donors were carried
out.

2.10. Immunofluorescence staining

Cultured cells were harvested by incubation in Versene for 30 min at
37 °C. A total of 50,000 cells in 250 µl of DMEM-F12 were pelleted by
cytocentrifugation for 10 min at 800 rpm using low acceleration. Cells
were deposited onto a 28 mm2 area of a poly-L-lysine–treated glass slide
and fixed with cold methanol at -20 °C for 10 min.

For immunofluorescence staining, the cells were incubated for 1 h
at room temperature with blocking buffer (5% donkey serum in PBS).
The cells were then incubated with primary antibody (Table 2) in a hu-
midified chamber at 4 °C overnight. Afterwards, they were rinsed with
PBS and incubated with the secondary antibody (Table 2) in the dark at
37 °C for 1 h. Nuclei were counterstained with propidium iodide and the
samples were analyzed under fluorescent microscope (Leica DMI 6000
B, Leica).

Positively and negatively stained cells in 5 random fields of 4 inde-
pendent limbal epithelial cultures were counted. The percentage of pos-
itive cells was calculated for each field, and the mean percentage of pos-
itive cells for each marker was determined.

2.11. Statistical analysis

Statistical significance was determined by one-way factorial ANOVA.
Comparison between two groups was made using Student’s t-test. All
values were expressed as means ± SEM. P-values ≤ 0.05 were consid-
ered statistically significant.

3. Results

3.1. Functionalization of p PLA films with col IV

The PLA and PLA-col IV substrata were obtained as transparent
films (Fig. 1, left). The functionalization process with col IV did not
alter the transparency, handleability and suturability of the films. The
physico-chemical characterization and optimization of the different
steps of the functionalization process had been described elsewhere. CA
measurements were performed to evaluate the changes in hydrophobic-
ity before and after the functionalization with col IV. The CA of a pris-
tine PLA is 78.8 ± 1.9°, as expected for a slightly hydrophobic polymer.
However, the contact angle decreased to a value of 53.0 ± 11.0° upon
covalent binding of col IV. Immunofluorescence was performed to in-
vestigate the presence of immobilized col IV in the surface of the mate-
rials (Fig. 1, right). Both controls using only the primary or secondary
antibodies, and in samples of pristine PLA, showed no fluorescence, in-
dicating the selectivity of the proposed method for the detection of im-
mobilized col IV on the surface of the PLA-col IV films.

The quantification of col IV in the surface of the materials was per-
formed by a microBCA assay. PLA discs of 1.5 cm of diameter were

Fig. 1. PLA-col IV films. Photography of PLA-col IV film (Left). Immunofluorescence staining for collagen type IV of PLA-col IV film (magnification 40x) (Right). Scale 50 μm. PLA-col IV:
poly-L/DL-lactic acid 70:30 biopolymers functionalized with type IV collagen.
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functionalized following the previously described protocol. The results
showed that 8.3 ± 1.3 μg/cm2 of col IV were grafted to the surface of
the material, which corresponds to a grafting yield of 73.5%.

3.2. Limbal epithelial cell adhesion to bare PLA films

Taking into account that we had previously observed poor cell adhe-
sion to bare PLA substrata using different cell types [38,39] we decided
to first test the adhesion capacity of limbal epithelial cells to bare PLA
films in order to evaluate if the PLA films without col IV could serve as
control substrata for the subsequent studies. To that end, limbal epithe-
lial cells isolated from human limbal rings were cultured on bare PLA
films and on TCP. As we expected, limbal epithelial cells did not adhere
to the surface of PLA films whereas they did adhere to TCP after 24–48 h
(data not shown). Consequently, PLA films without col IV were not used
as control substrata in any experiment.

3.3. HCE cell viability and proliferation on PLA-col IV films

HCE cells were grown onto membranes composed of PLA-col IV and
TCP as control substratum.

The cell viability was around 90% (Table 3) for the 8-day study pe-
riod, and no significant differences were observed between both sub-
strata.

HCE cell proliferation on each substratum was assessed by AB test-
ing at 1, 2, 4, and 8 days in culture. The relative cell density reached at
8 days onto TCP (as control substratum) was significantly higher than
the cell density on PLA-col IV membranes at 8 days (p < 0.05) (Fig. 2).

Table 3
Cell viability of the human corneal epithelial cell line (HCE).

Substrata Cell viability (%)

1 day 2 days 4 days 8 days

TCP 98 ± 0.002 99 ± 0.001 97 ± 0.010 99 ± 0.007
PLA-col IV 98 ± 0.007 99 ± 0.004 95 ± 0.010 85 ± 0.030

TCP: tissue culture plastic; PLA-col IV: poly-L/DL-lactic acid 70:30 biopolymers
functionalized with type IV collagen. Mean±SEM based upon cell counts of 5 random
fields of 4 independent experiments.

Fig. 2. PLA-col IV films are suitable for the proliferation of HCE cells. Plot representing
the relative cell density reached on TCP (gray, up) and PLA-col IV (blue, down) along 8
days, compare to the density at day 1. Plot represents the average ± SEM (N = 4 inde-
pendent experiments). *p < 0.05, **p < 0.01, ***p < 0.001. PLA-col IV: poly-L/DL-lactic
acid 70:30 biopolymers functionalized with type IV collagen; HCE: human corneal epithe-
lium; TCP: tissue culture plastic.

3.4. Limbal epithelial cell isolation and expansion on PLA-col IV films

A population of limbal epithelial cells was cultured on different films
of PLA-col IV and TCP as control substratum. For both substrata, the
outgrowth was developed as a monolayer of cells. The cells were mor-
phologically homogeneous, presenting a polygonal structure typical of
epithelial cells.

Cell adhesion of the single cell suspension obtained from human
limbal rings started after 2 h from seeding on PLA-col IV, and after
24–48 hours when they were cultured on TCP (Fig. 3A), observing a
significant difference (p < 0.01). Cellular confluence (1 cm2) was ob-
served at 9.4 ± 1.0 days on PLA-col IV, and after 10.1 ± 0.9 days on
TCP (Fig. 3B). No significant differences were found to reach confluence
on PLA-col IV and TCP at the different time points. However, adhesion
was better on the PLA-col IV films than on the control substratum. These
results suggest that the substratum PLA-col IV improves the human lim-
bal epithelial cell adhesion and did not affect the growth of limbal ep-
ithelial cells compared to TCP.

3.5. Characterization of the limbal epithelial cell population obtained on
PLA-coI IV films

The relative expression of cytokeratins K3 and K12 (as markers of
differentiated corneal epithelial cells) and the expression of K15, the
transcription factor P63α and the transport protein ABCG2 (as LESC
markers) was analyzed by real-time PCR in limbal primary cultures cul-
tivated on PLA-col IV films and TCP.

In order to compare the expression levels of the different markers
(Table 1) between TCP and PLA-col IV, the mRNA relative expression of
the different markers was analyzed by using the expression of K3 in cells
cultured on TCP as calibrator (Fig. 4A). In this case, the relative expres-
sion of K15 on PLA-col IV (1122.1 ± 86.6 fold) was significantly higher
(p < 0.01) than the expression on TCP (713.4 ± 197.4 fold). Further-
more, the expression of K15 was significantly higher than the expression
of all the rest of the markers (p < 0.001). In case of the transcription
factor P63α, no differences were observed between TCP (95.3 ± 13.8
fold) and PLA-col IV (97.3 ± 11.7 fold).

On the other hand, the expression of K12 was significantly higher
(p < 0.05) in the biopolymer (439.8 ± 135.5 fold) than in TCP
(178.3 ± 80.6 fold). Moreover, K12 expression was higher than the
ABCG2 and K3 expression when limbal epithelial cells were cultured on
PLA-col IV.

Subsequently, the expression of K3 in cells cultured on PLA-col IV
was used as calibrator to compare the expression levels of the different
markers in cells cultured on PLA-col IV films (Fig. 4B). The relative ex-
pression of K15 in cells cultured on PLA-col IV (68.5 ± 5.3 fold) was
significantly higher (p < 0.001) than the expression of K3 (1 ± 0 fold),
K12 (26.8 ± 8.3 fold), ABCG2 (1.4 ± 0.4 fold) and P63α (5.9 ± 0.7
fold). The relative expression of P63α (5.9 ± 0.7 fold) was also signif-
icantly higher (p < 0.01) than the K3 and ABCG2 expression in cells
cultured on the tested biopolymer. Moreover, K12 expression was sig-
nificantly higher (p < 0.05) than the K3 expression when limbal ep-
ithelial cells were cultured on PLA-col IV. These expression levels de-
tected in the cells cultured on PLA-col IV films indicate the presence of
a stem-cell-rich limbal epithelial cell population.

The expression of the same markers in cells cultured on PLA-col
IV films and TCP was also studied by immunofluorescence. In this
case, the results were expressed in percentage of positive cells for each
marker (Fig. 5). The specific limbal epithelial cytokeratin K15 was ex-
pressed in about 29.4% ± 0.1 of cells on PLA-col IV, which is signifi-
cantly lower that the percentage of cells that expressed K3 (p < 0.01),
K12 (p < 0.001) and ABCG2 (p < 0.01). However, no significant dif-
ferences were found between the expression of ABCG2 compared with
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Fig. 3. PLA-col IV films improve limbal epithelial cell adhesion compared to TCP. A, left) Histogram representing the human LESCs adhesion time (hours) after seeding on PLA-col IV
(blue, right bar) and TCP (gray, left bar); A, right) Representative bright field images (magnification ×40) of human LESCs plated on TCP and PLA-col IV after 2 h. B, left) Histogram
representing the time (days) needed for human LESCs to reach confluence (1cm2) on PLA-col IV (blue, right bar) and TCP (gray, left bar); B, right) Representative bright field images
(magnification ×40) of confluent cultures of human LESCs on TCP and PLA-col IV. Plot represents the average ± SEM of cell cultures obtained from 11 different donors (N = 11). Scale
50 µm. *p < 0.05, **p < 0.01, ***p < 0.001. PLA-col IV: poly-L/DL-lactic acid 70:30 biopolymers functionalized with type IV collagen; TCP: tissue culture plastic.

Fig. 4. Human LESCs cultivated on PLA-col IV films maintain the phenotype (at mRNA expression level) of the LESC population. Relative mRNA expression levels of limbal (K15, P63α
and ABCG2) and corneal (K3 and K12) epithelial cells markers using the expression of K3 on TCP (gray, left bars in A) (A) or K3 expression on PLA-col IV (blue) (B) as calibrators. N = 4
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. PLA-col IV: poly-L/DL-lactic acid 70:30 biopolymers functionalized with type IV collagen; TCP: tissue culture plastic;
LESC: limbal epithelial stem cell.

K3 and K12, showing 78.3% ± 0.1 positive cells for ABCG2, and 80.9%
± 0.1 and 96.2% ± 0.0 positive cells for K3 and K12, respectively (Fig.
5). Otherwise, a high percentage of cells expressed the transcription fac-
tor P63α (36.9% ± 0.1), described in limbal epithelial stem cells.

4. Discussion

In the present work, PLA biopolymers, functionalized with col IV,
were evaluated as potential carrier substrata for the culture and further
transplantation of LESCs to the ocular surface. These PLA-col IV films
ensured enough flexibility and transparency to make this biomaterial
ideal for use in tissue engineering. In addition, PLA is biocompatible
and biodegradable, and it is known that its degradation products are
non-toxic. Several analogs of PLA have been used in different biomed-
ical applications as well as in advanced therapy drugs in tissue engi

neering. In the field of ophthalmology, some members of the PLA family
(pure or combined with other materials) are being used in preclinical
studies [37]. However, it is known that PLA alone is not adequate for
the adhesion of some cell types [38,39].

To improve cell attachment to PLA, we functionalized the films with
a human extracellular matrix protein. It has been described that the
limbal epithelial basal membrane has several extracellular matrix pro-
teins. These proteins are secreted by stromal and limbal epithelial cells,
and they are essential for the adhesion of LESCs. Among all the pro-
teins, col IV α1 and α2 chains have been described as the specific pro-
teins in the limbal area, and they are not present in the differenti-
ated corneal epithelial basal membrane [3,40,41]. Additionally, type
IV col has been used to select LESC populations based on their fast
attachment to these surfaces. It has also been demonstrated that cells
containing higher col IV-adhesion properties mainly expressed LESC
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Fig. 5. Human LESCs cultivated on PLA-col IV films maintain the phenotype (at protein expression level) of the LESC population. (A) Immunofluorescence staining (green) for K15, P63α,
ABCG2, K3 and K12. Red nuclear counterstain with propidium iodide; magnification ×40. Scale 50 µm. B) Histogram representing the percentage of positive cells ± SEM of each marker
on TCP (gray, left bars) and PLA-col IV (blue, right bars). Micrographs are representative of four independent experiments (N = 4). *p < 0.05, **p < 0.01, ***p < 0.001. PLA-col IV:
poly-L/DL-lactic acid 70:30 biopolymers functionalized with type IV collagen; TCP: tissue culture plastic; LESC: limbal epithelial stem cell.

markers, with decreased expression of corneal differentiated markers
[52].

Considering all these findings, col IV was used in the present study
to functionalize the PLA films, to improve the culture, attachment, and
enrichment of LESCs. Col IV has been described in some studies not only
as an adhesion protein, but also as a biomaterial that supports the cul-
ture of LESCs and stromal cells. Several types of collagen, such as col-
lagen I (Vitrigel) [53], collagen III [16], or collagen together with chi-
tosan [54] have been used for the in vitro reconstruction of the corneal
epithelium [55]. Moreover, some studies have demonstrated the use of
a compressed collagen matrix containing embedded fibroblasts, which
simulate the corneal stroma, as substrates for LESCs [21,24,56]. In most
of those studies, the authors tried to get a stratified and differenti-
ated corneal epithelium using the air-lifting technique. However, in our
case, this was not one of our aims because when the cells start to form
more than one layer, they lose the stem cell phenotype [41]. Therefore,
the aim of our work was to obtain cell monolayers in order to avoid
cell differentiation and retain the stem cell-ness to further transplant a
stem-cell-rich population onto the ocular surface. Furthermore, to elude
non-human, animal components in the cell cultures, murine feeder cells
were not used and the culture medium was free of animal supplements
[18]. To our knowledge, there are no studies that have used PLA-col IV
substrates with similar goals to our study, making it impossible to com-
pare our results with any publication.

Due to the difficulty of obtaining human limbal epithelial primary
cultures, a human corneal epithelial (HCE) cell line was used for a via-
bility-cytotoxicity test to determine the biocompatibility of the PLA-col
IV substrates. The PLA-col IV substrates were not toxic, and even after
observing a lower cell density at the final time point of cells cultured
on the polymer (compared to the ones cultured on TCP), the cell den

sity on the PLA-col IV substrates increased by approximately four times
over 8 days, making this substrate a potential carrier for human corneal
epithelial cells. Despite the lack of studies found on the specific interac-
tion of this polymer with corneal epithelial cells, the successful biocom-
patibility results obtained with the HCE cells are in line with other stud-
ies that used analog biomaterials, and with other investigations related
to collagen use for corneal epithelial cell culture [16,53,54]. Addition-
ally, the increase in cell proliferation of HCE cells grown on PLA-col IV
also coincides with other studies performed with similar materials com-
bined with col IV.

Once biocompatibility of the PLA-col IV was demonstrated with
HCEs, we wanted to try its suitability as a carrier substrate for hu-
man LESCs. To study cell adhesion from isolated cells, limbal epithelial
cells were obtained by enzymatic dissociation of cadaveric human cor-
neoscleral buttons instead of from small biopsies. The enzymatic action
of dispase increased the purified isolation of corneal epithelial cells and
decreased the stromal cell percentage [7,44,57]. Another advantage of
using the presented technique is that it allows the initial plating cell
density to be the same, making it possible to compare different experi-
mental conditions easily.

A total of 4 × 104 human limbal epithelial cells/cm2 were plated
on each substrate and it was observed that the cells adhered signifi-
cantly faster to the PLA-col IV films (2 h) compared to TCP (24–48 h).
As mentioned previously, some authors have described the capacity of
col IV to be used as a method to select LESCs. Considering this, the
biopolymer used in the present work could not only improve the at-
tachment capacity of LESCs, but also the selection and enrichment of a
stem cell population. In order to test the maintenance of the stem cell
population, the expression of LESC and differentiated corneal epithelial
cell markers was analyzed. At the mRNA level, the expression of the
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LESC specific marker, K15, was significantly higher in limbal epithelial
cells grown on PLA-col IV compared to the expression in the same cells
cultured on TCP. Moreover, K15 expression was also greater than some
differentiated corneal epithelial cell markers (K3 and K12), and the rel-
ative expression of P63α (another specific marker of LESCs) was also
higher than the expression of K3 in limbal epithelial cells cultured on
the PLA-col IV substrates. Considering all this data together, our results
suggest that the PLA-col IV substrate, apart from improving the LESC
attachment to the surface, can maintain the undifferentiated stem cell
phenotype of these cells.

At the protein level, the percentage of cells expressing p63α and
ABCG2 was similar in limbal epithelial cells cultured on PLA-col IV and
TCP. However, the percentage of cells expressing the LESC marker, K15,
was lower than the percentage of cells that expressed ABCG2, K3, or
K12. The mRNA and protein expression results might seem contradic-
tory, but the parameters analyzed were different in each technique. Rel-
ative mRNA quantification was completed using real time PCR, while
the percentage of cells expressing each protein was calculated by im-
munofluorescence, where a quantitative expression level for each pro-
tein was not determined. Previous reports have shown that only around
5–10% of cells present in the limbal niche are undifferentiated stem cells
[2,58], so as expected, the percentage of cells grown on PLA-col IV ex-
pressing LESC markers (K15 and P63α) was lower than the percentage
of cells expressing K3 and K12 as corneal epithelial cell markers. Never-
theless, due to the fact that only 5–10% of the limbal cells are stem cells
[](58) [2,58], the percentage of cells found on PLA-col IV films express-
ing K15, P63α, and ABCG2 should be considered as adequate.

5. Conclusion

Our results demonstrate that PLA-col IV films are suitable for the
attachment, proliferation, and maintenance of a stem-cell-containing
population of limbal epithelial cells, and support the use of synthetic
biopolymers as carrier substrata for the transplantation of limbal epithe-
lial cells onto the ocular surface.
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