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Abstract
Blend membranes based on polysaccharides are used in tissue engineering. In this study, six groups of blend membranes
were prepared with carboxymethyl chitosan (CMCTS) or carboxymethyl chitin (CMCT) as the main ingredient, blended
with gelatin (Gel) and potassium acetate (KAc). Then, each group was screened and evaluated for light transmission,
microstructure, and compatibility with corneal epithelial cells. The results showed that the CMCTS-Gel blend membrane
(#1) and the CMCT-Gel blend membrane (#4) (volume ratio of 20:1), which had high transmittance and good surface
properties, were more suitable for cell growth. Although the primary corneal epithelial cells (CECs) seeded on both blend
membranes maintained marker protein expression and did not undergo cell fibrosis, the CECs on the CMCT-Gel blend
membrane (#4) maintained the original epithelial morphology and showed substantially improved K12 protein levels.
Studies on the potential mechanism of the anti-fibrosis effect also showed that both membranes could block the
phosphorylation of Smad2 and Smad3. In addition, the CMCT-Gel blend membrane (#4) could depress the total expression
of native Smad2 and Smad3.This study provides a potential corneal epithelial scaffold that will be applied in corneal
epithelial reconstruction based on tissue engineering methods.

Introduction

In 2010, the World Health Organization released the latest
data, revealing that the number of blind people in China was
approximately 8.25 million. Corneal disease was the second
highest cause of blindness in China, accounting for 15.4%
of cases. Surveys from various regions showed that more
than half of the cases of blindness and visual impairment
can be prevented or treated [1]. Corneal transplantation is an
effective therapy for corneal blindness. However, there are
still many limitations including the source, the preservation

of donor cornea, postoperative graft rejection, and others,
which makes further research on artificial corneas a topic of
great interest in the field of tissue engineering.

Chitin (CT) is a natural polysaccharide with a positive
charge. Chitosan (CTS), the N-deacetylated derivative of
CT, has been widely used in the medical field [2–6].
Materials based on CTS have generally been used as cell
scaffolds in various tissues or organs such as the bone,
cartilage, intestine, peripheral nerve, and heart [7–11].
However, the applications of CTS and CT are highly
restricted because of their poor solubility [12]. However,
CTS and CT contain different groups that can be chemically
modified, and carboxymethyl chitosan (CMCTS) and car-
boxymethyl chitin (CMCT) are among the most important
water-soluble derivates and have been widely used in bio-
medical fields as drug carriers, antimicrobial materials, and
tissue engineering materials because of their relatively
toxicity and good biocompatibility [13]. To prepare mate-
rials that could be more suitable for cellular adherence and
cell growth in corneal tissue engineering, different con-
centration of porogens and crosslinking agents should be
considered. Potassium acetate has been applied in the field
of biomaterials as a porogen [14, 15] because it can change
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the microstructure of materials by varying the diameters of
holes and the spacing between them.

In addition, a number of studies have shown that CT,
CTS, and its derivatives have an inhibitory effect on fibrous
adhesion or scarring. This effect can be detected in the
abdominal wall, eye, and tendon, in epidural scar formation
and in other tissues and organs [16–19]. Thus, materials
based on CTS or CT may play an important role in pre-
venting fibrosis in corneal epithelia reconstruction. How-
ever, the effects of a scaffold based on CMCTS or CMCT
have not been evaluated.

Corneal wound healing reactivity is a process that often
leads to corneal scarring. Transforming growth factor-beta
(TGF-β) is perhaps the key cytokine in the pathogenesis of
cornea fibrotic disease [20]. If the TGF-β level rises sub-
stantially after injury, a fibrous scar will be formed easily,
and the transparency of the cornea will be severely affected
[21]. Therefore, we preliminarily investigated the effects of
CMCTS or CMCT blend membranes on the TGF-β sig-
naling pathway when the fibrosis of corneal epithelial cells
was induced by TGF-β.

In this study, we used CMCTS or CMCT as the main
ingredient to prepare blend membranes with good light
transmittance, surface properties, and cell compatibility.
Primary corneal epithelial cells cultured on these blend
membranes were able to maintain the original morphology
and the presence of marker proteins. The membranes were
able to prevent cell fibrosis by regulating the total levels or
the phosphorylation levels of the Smad2 and Smad3 pro-
teins induced by TGF-β and therefore could potentially
serve as scaffolds for corneal epithelial reconstruction.

Materials and methods

Materials and reagents

CMCTS and CMCT were prepared in our laboratory [22,
23]. Gel, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) and 1,4-butanediol diglycidyl
ether (BDDGE) were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). Materials for cell culture, including

1640 culture medium, fetal bovine serum (FBS), trypsin,
penicillin and streptomycin, were purchased from Gibco
Co. (Grand Island, NY, USA).The human corneal epithelial
cell line (HCE) was procured from ATCC. The Agriculture
Science Research Department of Shandong Province pro-
vided us with rabbits, and all procedures involving rabbits
were performed in accordance with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research.

Preparation of CMCTS and CMCT blend membranes

First, a 2% CMCTS or CMCT solution was mixed with 2%
Gel and different ratios of potassium acetate (KAc). Then,
5% BDDGE ethanol solution was added to the mixtures (at
a volume ratio of 200:1) as crosslinker. After adequate
stirring, the mixtures were poured into flat-bottomed dishes
and dried at 30 °C to form thin membranes, which were
numbered from #1 to #6 (Table 1). Then, the CMCTS or
CMCT blend membranes were soaked with double-distilled
water and drilled with a puncher to obtain diameters of 6 or
11 mm.

Transparency and surface microstructure of the
blend membranes

The transparency was examined by penetrating the mem-
branes with different wavelengths (400,500, 600, 700, 800
nm)of light and zeroing with distilled water(Thermo Mul-
tiskan Go Spectrum, Finland). The surface microstructure of
the blend membranes was detected by a scanning electron
microscope (SEM) (JEOL JSM-840, Japan). Six groups of
membranes were preserved separately in normal saline.
Then, the membranes were dried with a critical point dryer,
sputter-coated with gold in a high-vacuum evaporator and
visualized by SEM.

Evaluation of cytocompatibility with HCE cells

Sterile blend membranes (11 mm in diameter) were first
placed in 48-well tissue culture plates in advance. Then,
HCE cells were seeded on the membranes at a density of
5 × 105 cells/ml. Wells without membranes but otherwise
treated the same were used as controls. All the wells were
cultured at 37 °C/5% CO2 with the medium changed every
2 days. The adhesion and proliferation of the cells were
monitored by light microscopy. On the 4th day, the cell
growth was detected by the MTT assay. Medium without
cells was used as a blank control. The relative growth rate
(RGR, %) was calculated by the following formula: RGR
(%)= (OD1−OD0)/(OD2−OD0) × 100%. OD0, OD1, and
OD2 were the average OD values of the blank, experimental
and control groups, respectively. Experiments were per-
formed in sextuplicate.

Table 1 Formulas of the six groups of blend membranes

Membrane Components Ratio of the components

#1 CMCTS-Gel 20:1

#2 CMCTS-Gel-KAc 20:1:5

#3 CMCTS-Gel-KAc 20:1:10

#4 CMCT-Gel 20:1

#5 CMCT-Gel-KAc 20:1:5

#6 CMCT-Gel-KAc 20:1:10
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Primary corneal epithelial cells cultured on scaffolds

Primary corneal epithelial cells (CECs) were excised from
the normal eyes of New Zealand white rabbits aged
2–3 months. The rabbit CECs were cultured with DMEM/
F12 medium containing 15% FBS by the tissue block
method. The cultured cells were then incubated at 37 °C/5%
CO2 for subsequent experiments. Cytocompatibility was
also evaluated by culturing CECs on the screened mem-
branes by the same method as in 2.4. CECs on blend
membranes were incubated at 37 °C in 5% CO2 for 48 h and
then labeled with 5,6-carboxy fluorescein diacetate succi-
nimidyl ester (CFSE).The adhesion and proliferation were
observed by fluorescence microscope (CKX41SF, Olym-
pus, Japan).

Markers of CECs identified by immunofluorescence
and western blot assay

The preparation of stromal cells is similar to that of CECs.
Stromal cells were also excised from the normal eyes of
New Zealand white rabbits aged 2–3 months. The cornea is
divided into three layers, the middle layer of which consists
of stromal cells and the outermost layer of corneal epithelial
cells. The middle layer of tissue was sheared and then
cultured with a trypsin enzyme-digesting technique in vitro.
Finally, the cells were cultured in DMEM/F12 medium
containing only 10% FBS by the tissue block method. The
cells were then incubated at 37 °C in 5% CO2 for sub-
sequent experiments.

CECs were cultured on the preliminarily screened
membranes. In addition, cells were grown on glass slides as
a control. After 4 days, the cells were rinsed with PBS, fixed
in 4% paraformaldehyde at room temperature for 15 min
and washed with PBS. The fixed cells were incubated in
blocking buffer (5% BSA) at room temperature for 30 min,
then with primary anti bodies against cytokeratin 3+ 12
(K3+ 12, Abcam, Cambridge, UK) and vimentin (Bioss,
Beijing, China) diluted in the same blocking buffer at 4 °C
overnight and with Cy3 or FITC-conjugated secondary
antibodies for 1 h at room temperature. After rinsing with
PBS, DAPI was used to stain the cell nuclei at room tem-
perature for 10 min. The immunofluorescence slides were

observed under a fluorescence microscope (CKX41SF,
Olympus, Japan).

After CECs were cultured on screened membranes for
4d, the cell lysates were harvested for western blot analysis,
which was performed according to a standard protocol.
Mouse monoclonal anti-K3+ 12 antibody, rabbit poly-
clonal anti-vimentin antibody, and mouse monoclonal anti-
GAPDH antibody (Novus, Colorado, USA) were used as
the primary antibodies. Chemiluminescent substrate for
HRP detection was purchased from Millipore (Bedford,
MA, USA).An imaging system (Vilber Lourmat Fusion
FX7, France) was used to image the protein bands. The data
were normalized to GAPDH.

The potential mechanism by which blend
membranes prevent epithelial cell fibrosis via the
TGF-β pathway

Because of the limitations of anti-rabbit antibodies, HCE
cells were used for the study of the mechanism. In the
experimental groups, screened CMCTS and CMCT mem-
branes were first placed into 48-well plates, and then cells
were seeded at a density of 5 × 105 cells/ml. Cells cultured
on the plate alone were used as normal controls. Half of
each group was treated with TGF-β (10 ng/ml) for 1.5 h to
induce cell fibrosis. The cell lysates of all groups were
harvested for use in Western blot analysis. Antibodies
against phospho-Smad2 (P-Smad2, Ser465/467), phospho-
Smad3 (P-Smad3, Ser423/425), Smad2, and Smad3 were
purchased from Cell Signaling Technology (CST, Denver,
USA). An antibody against GAPDH was purchased from
Sigma Chemical Co. (St. Louis, MO, USA). An imaging
system (Vilber Lourmat Fusion FX7, France) was used to
image the protein bands.

Statistical analysis

The data are shown as the mean ± SD (standard deviation)
of a representative point from duplicated experiments.
Statistical analysis of the data was performed by one-way
analysis of variance or t-test, and a value of P < 0.05 was
considered to reflect a significant difference (computed by
SPSS version 19.0).

Table 2 Properties of CMCTS and CMCT

Material Molecular
weight

Water
content

Degree of
deacetylation

Degree of
carboxymethylation

Heavy metal
content

CMCTS 134 kDa 18.23% 96.44% 103.64% ≤10 μg/g

CMCT 115 kDa 17.21% 40.5% 96.76% ≤10 μg/g
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Results

Physicochemical properties and optical
transmittance of the blend membranes

The materials CMCTS and CMCT, which were used to
prepare the blend membranes as the scaffold of corneal
transplantation, possess good water solubility, and their
properties are presented in Table 2. The prepared CMCTS
was measured to have a molecular weight of 134 kDa with
96.44% degree of deacetylation and 103.64% degree of
carboxymethylation. And the prepared CMCT was deter-
mined to have a molecular weight of 115 kDa with 40.5%
degree of deacetylation and 96.76% degree of carbox-
ymethylation. The water content of CMCTS and CMCT
was presented to be 18.23 and 17.21%, respectively. Heavy
metal content was lower than 10 μg/g, which conforms to
the national standards. We measured the optical transmit-
tance for wavelengths ranging from 400 to 800 nm (Fig. 1a,
b), as the transparency of the membrane is a critical indi-
cator for a transplantation scaffold. The observed trans-
mittance of all the membranes observed was almost
uniformly greater than 90% under the tested visible wave-
lengths. The results indicated that the optical transmittance
of these blend membranes could meet the requirements for
corneal epithelial carriers. Previous studies have demon-
strated that in certain spectral regions (at 450, 500, 550,
600, and 650 nm), the light transmission values of human
corneas in the eye bank ranged from 50 to 75% [24].
According to these data, the blend membranes were
obviously more transparent than human corneas.

The microstructure of the blend membranes

Surface properties are very important for evaluating
potential scaffolds. The microstructure and roughness of the
membranes will directly affect cell adhesion and growth.
The microstructure of each blend membrane is shown in
Fig. 2. Membranes #1, #2, and #3 are shown to have
punctiform surfaces, and the porosity increases gradually
with increasing porogen (KAc) content. On the other hand,
blend membranes #4, #5, and #6 exhibit diagonal surface
character. However, the surface of membrane #6, with the
higher concentration of KAc, is much smoother than that of
#4 and #5. Accordingly, the analysis of the surface prop-
erties of these membranes and the growth status of epithelial
cells cultured on them will be described below.

Morphology and activity of HCE cells on the
membranes

To investigate the cytocompatibility of the membranes,
HCE cells were cultured on sterile blend membranes, and
the cell status was observed by optical microscopy at 24 and
48 h (Figs. 3a, b). The results showed that cells on mem-
branes #1 and #4 could reach almost complete confluence at
48 h, while cells on membrane #5 reached nearly 50%
confluence, and membrane #2 and #3 barely showed
adhering cells. However, some cells appeared on membrane
#6 at 24 and 48 h, which might be related to its smoother
microstructure, as mentioned above. On day 4, the cellular
activity of each group was detected by MTT assay (Fig. 3c).
The OD490 value of each experiment group was consistent

Fig. 1 Optical transmittance of membranes#1, #2, and #3 (a) and membranes #4, #5, and #6 (b) underlight wavelengths ranging from 400 to 800
nm. Each point represents the mean ± SD of three experiments
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with the respective micrographs. Thus, membranes #1 and
#4 were screened in the subsequent studies.

Rabbit primary cells of corneal epithelia cultured on
the screened membranes

The morphology of the primary CECs was observed by
light microscopy, which emigrated from the tissue block
after being cultured for 24 h and reached confluence after
being cultured for 5 days (Fig. 4a). CECs were grown on
the preliminarily screened membranes #4 and #1. After
being cultured for 48 h, fluorescence microscope imaging at
different magnification revealed the cell adhesion and
morphology (Fig. 4b).There were more round cells on
membrane #1, while the cells on membrane #4 could attach
to each other and maintain the original epithelial morphol-
ogy, in contrast to CECs cultured on glass slides as the
control. These results showed that the membrane based on
CMCT (#4) could be more suitable for culturing CECs than
CMCTS (#1).

Effect of membranes on the marker protein
expression of CECs, as shown by immunofluorescent
observation

To further investigate the influence of the membranes on the
CECs, immunofluorescent staining was carried out to detect
the marker protein expression. Cytokeratin 3 and 12 (K3+
12), which are specifically expressed in the corneal epi-
thelia, are the typical marker proteins of CECs. In addition,
vimentin is the marker protein of cells exhibiting, including
stromal cells (SCs). Hence, vimentin staining (green) is
used to indicate whether fibrosis is occurring in CECs
cultured in vitro, and its expression in SCs serves as the
positive control. Figure 5 shows that the CECs cultured on
membrane #4, membrane #1 and glass slides (the control)
all maintained K3+ 12 expression (red). However, green
fluorescence could be detected in the control, and there was
no vimentin staining for the CECs cultured on membranes

#4 and #1. All these results indicated that the CECs could
maintain marker protein expression and did not undergo cell
fibrosis.

Detection of marker protein expression levels

Western plots were used to compare the expression levels of
the epithelial marker K3+ 12 and the fibrosis marker
vimentin in CECs grown on membranes #4 and #1 with the
control cells cultured on glass plates (Fig. 6a). The data
were normalized to GAPDH, and there were no significant
changes in the K3 protein levels (P > 0.05) between the
different groups of CECs (Fig. 6b). In addition, the K12
protein level in the cells grown on membrane #4 was sub-
stantially better than that of the control (Fig. 6c). The most
important is the level of vimentin protein, which was
expressed in the control, although it was much lower than in
the positive control of SCs (Fig. 6d). However, vimentin
was not detected in the two experimental groups (Fig. 6a).
These results showed that the CECs cultured on the two
membranes in vitro could maintain the native properties of
the epithelia and did not undergo fibrosis when they were
cultured, which was in accordance with the conclusions
based on immunofluorescence.

Blend membranes suppressed epithelial fibrosis by
regulating the TGF-β/Smad pathway

According to the results above, the CECs grown on mem-
branes #4 and #1 maintainednormal epithelial morphology
and K3+ 12 markers, and cell fibrosis could be prevented,
which may be related to the role of the membranes. The
potential mechanism was studied simultaneously. The
expression data were normalized to GAPDH, and the
phosphorylation of Smad2 and Smad3inducedby TGF-β
were significantly reduced in epithelial cells cultured on
membranes #4 and #1 in comparison with the group treated
with TGF-β alone (Figs. 7a, b, d, e).There were no sig-
nificant changes in the total Smad2 and Smad3incells

Fig. 2 Microstructure of the
blend membranes observed by
SEM. Membranes #1, #2, and
#3 showed different degrees of
punctiform structure, while
blend membranes #4, #5, and #6
had diagonal surface character
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cultured on membrane #1. However, for cells on membrane
#4 without TGF-β induction, the total endogenous levels of
Smad2 and Smad3 were significantly reduced (Figs. 7c, f).

Discussion

The corneal epithelia are located in the outermost layer of
the cornea, which is easily injured. During wound healing,
epithelial regeneration can be a critical factor in maintaining

the transparency and function of the cornea. If the wound
cannot be healed in time, the eyesight is affected, and
corneal scarring occurs easily. Corneal epithelial trans-
plantation is one of the potential methods for corneal
reconstruction after injury, but it requires the assistance of
some form of scaffold. In this study, CMCTS or CMCT
derived from the natural polymers chitin and chitosan were
used for the preparation of epithelial scaffolds (Table 1).
KAc was used as a porogen. In our previous studies, the
presence of KAc resulted in the formation of holes in the

Fig. 3 The spread of the HCE cells on the six groups of blend
membranes wasobserved by light microscopy after culturing for 24 h
(a) and 48 h (b), and the arrows indicate that cells accumulatedon
membrane #6 at both 24 and 48 h after cultivation. The OD 490 values

at 96 h for HCE cells cultured on the blend membranes (c). Each result
represents the mean ± SD of six experimental data points. *p < 0.05:
significantly different; **p < 0.01: highly significantly different
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Fig. 4 Photomicrographs
showing the primary CECs
cultured by the tissue block
method on the 2nd (CEC-2nd),
3rd (CEC-3rd), and 5th (CEC-
5th) days (40×). The spread of
CECs on the blend membranes
based on CMCT (#4) (#4-CECs,
100×) and CMCTS (#1) (#1-
CECs, 100×) after culturing for
48 h was observed by
fluorescence microscopy. The
corresponding amplification
photos for #4 and #1 are #4-
CECs and #1-CECs (200×),
respectively. At the same time,
CECs on glass slides were
observed under afluorescence
microscope at magnifications of
100× (control-CECs) and 200×
(control-CECs) as a control

Fig. 5 Fluorescence images showing cell markers, including cytoker-
atin 3+ 12 (K3+ 12, red), vimentin (green) and cell nuclei (blue).
CECs were cultured on glass slides as a control and on membranes #4

and #1 as experimental groups. Stromal cells were stained as a positive
control for vimentin and a negative control for K3+ 12 (stromal cells)
(200×)
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surface of membranes and promoted cell adhesion [25].
However, in this study, the materials containing different
amounts of KAc, membranes #2, #3, #5, and #6, were not
more suitable than membranes #1 and #4 for cell attachment
(Fig. 3). Therefore, we confirmed that KAc could change
the microstructure of blend membranes (Fig. 2) but that the
added amount should be varied according to the char-
acteristics of the materials and the degree of crosslinking.

A successful tissue engineering scaffold for the cornea is
proposed to have certain characteristics, the most important
of which is good cytocompatibility. We tested the properties
of the blend membranes with different ratios of compo-
nents, and the results demonstrated that HCE cells cultured
on membranes #4 and #1 could maintain good activity and
normal epithelial morphology (Fig. 3). However, this
situation cannot completely reflect the real situation of
primary corneal epithelial cells. Therefore, in further
experiments, primary CECs were cultured on the blend
membranes (Fig. 4), and the marker proteins of the CECs
were studied by fluorescence microscopy (Fig. 5), which is
of great value in the study of blend membranes used for
tissue engineering. Basing on the microscopy results, there
were more round cells on membrane #1, while the cells on
membrane #4 could attach to each other and maintain the

original epithelial morphology, which showed that mem-
brane #4 might be more suitable for culturing CECs than
membrane #1. However, according to the results of protein
expression analysis, CECs cultured on both blend mem-
branes maintained the expression of the epithelial marker
protein K3+ 12 and did not express the fibrosis marker
protein vimentin (Figs. 5, 6). In addition, the K12 protein
level in the cells grown on membrane #4 was substantially
improved. Based on these results, we explored the potential
mechanism by which the membranes prevented fibrosis via
related pathways in the subsequent studies.

Scarring in the cornea is characterized by the appearance
of myofibroblasts. TGF-β has been confirmed as an
important modulator of corneal myofibroblast development
in vitro and in vivo and plays a critical role in wound
healing via its pleiotropic effects on cell proliferation, dif-
ferentiation and ECM accumulation [26]. The TGF-β sig-
naling pathway is essential for modulating tissue growth as
well as for wound healing after injury. However, TGF-β is
arguably the most important ligand in the pathogenesis of
fibrotic disease, and its overexpression in the cornea could
lead to scarring [20]. In addition, the TGF-β/Smad signaling
pathway is a classic route of TGF-β transduction. The effect
of TGF-β can be mediated by serine/threonine kinase

Fig. 6 Protein expression levels of K3+ 12 and vimentin were ana-
lyzed by a western blot assay (a). Quantification of K3 (b), K12 (c),
and vimentin (d) protein levels, normalized by GAPDH. Data are

presented as the mean ± SD for each group from three experiments. *p
< 0.05: significantly different; **p < 0.01: highly significantly different
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receptor. When type I receptors are activated by TGF-β,
Smad2 and Smad3 are phosphorylated to P-Smad2 and P-
Smad3. Then, the activatedP-Smad2 and P-Smad3 combine
with Smad4 to form oligomers and transfer to the nucleus to
regulate gene expression. Research has shown that over
activation of the TGF-β/Smad signaling path way could
promote corneal fibrosis and result in scar formation [27].
Thus, inhibiting the over activation of the TGF-β/Smad path
way could prevent corneal scarring.

Chitosan (CTS), the partially deacetylated form of chitin
(CT), is a biocompatible polymerthat is widely distributed
in the shells of crustaceans and the cytoderms of some
fungi. CMCTS and CMCT can be slowly degraded to non-
toxic monosaccharides in vivo, and can therefore function
in the ECM by supporting cell adhesion and growth [28,
29]. Previous research [30] has studied the effects of
CMCTS on normal and keloid skin fibroblasts and showed
that CMCTS could promote the proliferation of normal skin
fibroblasts and inhibit the proliferation of keloid fibroblasts.
CMCTS inhibited the secretion of type I collagen,
decreasing the collagen type I/III ratio in keloid fibroblasts,
which has a close relationship with fibrosis inhibition. This
study indicated that CMCTS can reduce fibrosis, which is
consistent with our research. In addition, other studies have

examined carboxymethyl chitosan as an ingredient in pre-
paring a “phase change” anti-adhesion barrier for reducing
peritoneal adhesion [31] and concluded that materials based
on carboxymethyl chitosan can block fibrosis. Furthermore,
N, O-carboxymethyl chitosan was shown to possess post-
operative anti-adhesion ability in a rat model of cecal
abrasion, reducing the expression of TGF-β1 and exhibiting
a positive inhibitory effect on fibrosis [32]. However, these
studies were not based on the further anti-fibrosis regulation
mechanisms of CMCTS but on cellular activity and cyto-
kine secretion. Additional instances of the suppression of
fibrosis by CTS have been reported [33, 34], although there
have been few reports about chitin. CTS can improve ten-
don healing after surgery, which is reduced by the high
expression of miR-29b and its down-regulation of the TGF-
β1/Smad3 level and inhibition of fibroblast growth [32].
However, there have been no studies comparing the inhi-
bitory effects of CMCT and CMCTS on fibrosis via the
TGF-β1/Smads pathway. In addition, the inhibition of
fibrosis by membranes based on CMCTS or CMCT has not
been previously reported in corneal tissue engineering, and
there were no clear reports on the specific mechanism of
corneal fibrosis inhibition.

Fig. 7 Western blot analysis of
phosphorylationand total Smad2
and Smad3 in HCE cellson
CMCTS or CMCT blend
membranes (a, d).
Quantification of P-Smad3 (b),
total Smad3 (c), P-Smad2 (e),
and total Smad2 (f), normalized
to GAPDH. Data are presented
as the mean ± SD for each group
from three experiments. *p <
0.05: significantly different; **p
< 0.01: highly significantly
different
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In our study, it was shown that the screened blend
membranes could maintain the normal epithelial morphol-
ogy and markers of CECs. Hence, taking TGF-β/Smad
signaling as a starting point, experiments were conducted
in vitro to investigate the underlying molecular mechanisms
of the anti-fibrosis effects on corneal wound healing. The
major finding of this study was that the phosphorylation
levels of Smad2 and Smad3 induced by TGF-β were sig-
nificantly decreased in epithelial cells cultured on CMCTS
or CMCT membranes (#1 and #4). In addition, the total
endogenous expression levels of Smad2 and Smad3 in the
epithelial cells grown on membrane #4 were also sig-
nificantly depressed. Therefore, the CMCT-based mem-
brane inhibits fibrosis by regulating both the
phosphorylation levels and the total endogenous levels of
Smad2 and Smad3, and the application of this membrane in
wound healing could play further positive roles in tissue
engineering or medical therapeutics.

This study provides a novel engineering scaffold for
corneal epithelial reconstruction. However, epithelial
transplantation with these membranes in vivo also needs to
be assessed in animal models in further studies.

Conclusion

In this study, two corneal epithelial carriers prepared with
CMCTS (#1) or CMCT (#4) were successfully screened and
showed good cytocompatibility. Both allow cells to main-
tain epithelial protein markers and prevent cell fibrosis.
However, epithelial cells grown on membrane #4 maintain
their original epithelial morphology and showed greatly
improved K12 protein levels, and it was also proven that
this blend membrane could block epithelial cell fibrosis by
regulating both the endogenous levels and the phosphor-
ylation and levels of the Smad2 and Smad3 proteins. This
study provides a novel corneal epithelia scaffold that will be
applied in corneal epithelial reconstruction based on tissue
engineering methods.
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