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Membranes based on carboxymethyl chitin as potential
scaffolds for corneal endothelial transplantation

Wenhua Xu'?3, Zheying Wang!3, Tong Li!, Liping Wang?, Wenhua Zhang!, Ye Liang? and Chengyu Liu'

To overcome the worldwide shortage of donor corneas, transplantation of cultured corneal endothelial cells (CECs) as substitutes
has been attempted in experimental studies to treat corneal endothelial dysfunction. In the present study, corneal endothelial
scaffolds were prepared using carboxymethyl chitin (CMCT) or carboxymethyl chitosan (CMCTS) as the main ingredient and
gelatin (gel) at a mass ratio of 20:1. The transmittances of the membranes were examined at different wavelengths (400, 500,
600, 700 and 800 nm). The cytotoxicity of the blend membranes was evaluated by MTT (3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyltetrazolium bromide) assay. The properties of both membranes, including biodegradability, immunogenicity and toxicity,
were determined by implantation experiments in Sprague-Dawley rats. Then the rabbit primary CECs were implanted onto the
blended membranes to evaluate their cytocompatibility. Results indicated that both the CMCT/gel and CMCTS/gel blended
membranes exhibited good transparency and cytocompatibility, with relatively low in vivo toxicity. However, the CMCT/gel
membranes showed a higher degradation rate and milder immune response in vivo compared with the CMCTS/gel. The
degradation time of the CMCT/gel membranes was <8 weeks in the subcutaneous tissues and 4 weeks in the skeletal muscles.
Thus the CMCT/gel blended membrane could be a more promising candidate for constructing endothelial scaffold in corneal

replacement.
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INTRODUCTION
The corneal endothelium is a monolayer between the corneal stroma
and the aqueous humor, which maintains corneal transparency via a
pump and barrier function. Any damage to the corneal endothelium
caused by pathological factors, such as Fuchs endothelial corneal
dystrophy, surgical trauma, and burns, cause severe vision loss.!
Unlike other cell types, corneal endothelial cells (CECs) close the
wound gap mostly by cell migration and dissemination because of
their limited proliferative ability.> Consequently, corneal transplanta-
tion is the sole therapeutic choice for treating corneal endothelial
dysfunction.> However, approximately 53% of the world’s population
has no access to corneal transplantation.* To overcome the worldwide
shortage of donor corneas, transplantation of CEC-cultured scaffolds
has been attempted in experimental studies as a substitute for corneal
replacement.”™8

Chitin is the second-most abundant biopolymer in nature and is
extracted from crustacean shells and the fungi cell walls. Chitosan is an
alkaline deacetylated product of chitin. Studies have shown that chitin
and chitosan are good biomaterials with unique physicochemical and
biological properties, such as biocompatibility, biodegradability, non-
toxicity, antimicrobial activity and accessibility, and is inexpensive.”!!

However, applications of chitin and chitosan have been limited
because of their insolubility in water and most common organic
solvents. Various chemical modifications have been performed to
broaden the applicability of these polymers.!> Among these, the
carboxymethyl chitin (CMCT) and carboxymethyl chitosan (CMCTS)
derivatives have increased water solubility,!! high moisture retention
ability,!? better  biodegradability,
nontoxicity'® and the ability to promote cell adhesion compared with

enhanced biocompatibility,'*

those of their precursors. Several studies have focused on the use of
CMCTS or CMCT composites in bone, cartilage, vessel and tooth
tissue engineering.!"'® However, research on the biomedical utiliza-
tion of CMCTS- and CMCT-based materials as corneal endothelium
scaffolds are limited.!® Furthermore, studies on the differences in the
properties of these two biomaterials are lacking. In addition, research
on chitin and its derivatives as biomaterials is lagging behind that of
chitosan.2® However, chitin and its derivatives have significant and
inherently favorable material and chemical properties. Therefore, in
the present study, CEC scaffolds prepared with CMCT and CMCTS
were constructed and their properties were compared to determine the
suitability of either material as carrier of CECs.
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In this study, corneal endothelial scaffolds were prepared with
CMCT or CMCTS, blended with gelatin (gel) at the mass ratio of 20:1,
based on our previous studies.”! To evaluate and compare properties
of the blended membranes for use in corneal transplantation, we
examined their transparency, cytocompatibility, biodegradability,
immunogenicity and toxicity. The results indicated that both the
CMCT/gel and CMCTS/gel blended membranes exhibited good
transparency and cytocompatibility, with relatively low in vivo toxicity.
However, the CMCT/gel membranes degraded faster in vivo and
induced milder immune responses compared with the CMCTS/gel
membrane. Thus we suggest that the CMCT/gel blended membrane
might be more suitable as an endothelial scaffold for CECs in corneal
replacement.

MATERIALS AND METHODS

Materials and reagents

In this research, all animal procedures were performed in accordance with the
ARVO Statement for the Use of Animals. Sprague-Dawley (SD) rats were
purchased from Qingdao Laboratory Animal Center, Qingdao, China. New
Zealand Rabbits were purchased from Agriculture Science Research Depart-
ment of Shandong Province. The 1929 cell line was provided by typical culture
preservation commission cell bank, Chinese Academy of Sciences. CMCTS (the
degree of deacetylation was 96%, and the average molecular weight
was134 kDa) and CMCT (average molecular weight 115 kDa) were prepared
in our laboratory. Gel, 1,4-butanediol diglycidyl ether (BDDGE) and 3-(4,5-
dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma Chemical Co. (St Louis, MO, USA). Materials for cell culture,
including Dulbecco’s modified Eagle's medium (DMEM)/F12 culture medium,
fetal bovine serum (FBS), trypsin, penicillin and streptomycin were purchased
from Gibco Co. (Grand Island, NY, USA). Antibodies against leukocyte
common antigen (LCA) was purchased from Bioss (Beijing, China). All other
reagents used were of reagent grade.

Preparation of CMCTS and CMCT blended membranes

CMCTS or CMCT solution (2%) was mixed with 2% gel (weight ratio of
polysaccharide: gel=20:1) in tubes. 5% BDDGE ethanol solution was then
added to the mixture as crosslinker (with volume ratio of 200:1). After stirring
adequately, the mixtures were poured onto a flat glass and dried at 30 °C for
18 h to form thin membranes. The CMCTS or CMCT blended membranes
were soaked with double-distilled water, and discs with a diameter of 6 or
11 mm were excised with a puncher.

Measurement of the transparency of the blended membranes
The optical transmittance of the membranes was examined by irradiating them
with lights of different wavelengths (400, 500, 600, 700 and 800 nm) using a
spectrophotometer (Thermo Multiskan Go Spectrum, Vantaa, Finland).

Cytotoxicity evaluation of the blend membranes

According to the evaluation standard of cytotoxicity (GB/T16886.5-2003),?? the
relative growth rate (RGR) of L929 cells in the blend membrane extraction was
detected by MTT assay to evaluate the cell toxicity. The blend membrane was
placed in the DMEM medium containing 10% FBS for 24 h at 37 °C. The
superficial area of the membrane in the medium was 6 cm? ml~!. Then 1929
cells in logarithmic growth phase were digested in 3% 10* cellsml™! and
inoculated into the 96-cell culture plate. After culture for 24 h at 37 °C/5%
CO,, medium of the experimental group was changed into the membrane
extract. The cells cultured with fresh culture medium served as the control
group. The growth of the cells was detected using MTT assay at 24 and 48 h.
The optical density at 490 nm (ODyg) values were determined using a
spectrophotometer (Thermo Multiskan Go Spectrum). Medium without cells
was used as the blank group. The RGR (%) was calculated with the following
formula: RGR (%) = (OD;—0Dy)/(0OD,~0Dy) x 100%, where OD,, OD; and
OD, were the average OD of the blank, experimental and negative control
groups, respectively. Experiments were performed in quintuplicate.

Polymer Journal

The cytotoxicity scoring criteria are shown as follows: (1) Material with RGR
>100% grades 0 and is qualified; (2) Material with RGR ranging from 80% to
99% grades 1 and is similarly qualified; (3) Material with RGR ranging from
50% to 79% grades 2 and should be comprehensively evaluated with the cell
morphology; (4) Material with RGR ranging from 30% to 49% grades 3 and is
not qualified; and (5) Material with RGR <29% grades 4 and is not qualified.

Evaluating in vivo histocompatibility and degradability

Surgery. The in vivo degradability and histocompatibility of the membranes
were examined by implanting the blended membranes into the subcutaneous
tissue and skeletal muscle of SD rats. The rats, weighing about 200 g, were kept
under specific pathogen-free conditions throughout the experiment. The sterile
CMCTS or CMCT blended membranes (6 mm in diameter) were embedded
into both subcutaneous tissue and skeletal muscle of anesthetized rats. Rats
implanted with 3-0 nonabsorbable surgical sutures served as the negative
control. The rats of the sham operation group were operated but did not
receive an implant.

General observation and hematoxylin—eosin (HE) staining of the implanted
membranes.  After surgery, at least three rats in each group were killed at 1,
2, 4 and 8 weeks after the implantation. At these time points, the membranes in
the subcutaneous tissue were observed and photographed. The surgery sites in
both the subcutaneous tissue and skeletal muscle were then removed. The
samples of membranes and their surrounding tissues were fixed in 10%
neutral-buffered formaldehyde for 24 h, dehydrated in a graded series of
ethanol solutions, embedded in paraffin and stained with HE for histological
observation.

Immumohistochemical staining. The samples (1 and 2 weeks after the surgery)
embedded in paraffin were cut on a microtome at a thickness of 10 pm and
blocked for 1 h in 10% normal goat serum in phosphate-buffered saline (PBS)
containing 0.3% Triton X-100 and then incubated overnight at room
temperature in primary antibodies diluted in 1% normal goat serum in PBS
containing 0.3% Triton X-100. The sections were then incubated overnight
(4°C) in rabbit anti-LCA antibody (1:200, Bioss, Beijing, China) and then
washed thrice for 10 min in PBS and then incubated in anti-rabbit immu-
noglobulin G (ZSZB Bio, Beijing, China) for 2 h. After several PBS washes,
tissues were mounted onto slides and allowed to briefly dry before
coverslipping.

Liver, kidney and spleen index and histological observation. The index of liver,
kidneys and spleen of the killed animals were calculated using the following
formula: Relative weight = W/W),, where W was the weight of the liver, kidneys
or spleen and W), was the body weight of the experimental animal. The samples
of liver, kidneys and spleen of the killed animals at 8 weeks were also fixed in
10% neutral-buffered formaldehyde for 24 h, dehydrated in a graded series of
ethanol solutions, embedded in paraffin and stained with HE for histological
observation.

Membranes as potential scaffold for CECs

Rabbit CEC primary culture. CECs of young New Zealand rabbits (1-month
old) were separated together with the Descemet’s membrane and cultured with
DMEM/F12 medium supplemented with 15% FBS using the tissue block
method.?? The cells were then cultured in a CO, (5%) incubator at 37 °C. After
reaching 80% confluence, cells were used in subsequent experiments after one
generation.

CEC culture on membranes and fluorescence microscope imaging. Sterile
blended membranes (11 mm in diameter) were placed in the wells of 48-well
cell culture plates. CECs were seeded onto the CMCTS or CMCT blended
membranes at a density of 5.0 x 10° cells ml~ . The control group comprised
CEC-treated wells without membranes. Cells were cultured at 37 °C/5% CO,.
After culturing for 48 h, CECs seeded on the two kinds of scaffolds were
washed by PBS and labeled with 5,6-carboxyfluorescein diacetate succinimidyl
ester (CFSE). Cell morphology and attachment were monitored using light and
fluorescence microscopy (CKX41SF, Olympus, Tokyo, Japan). On the third



day, growth of the cells was detected using the MTT assay. ODyqy values were
determined using a spectrophotometer (Thermo Multiskan Go Spectrum).

Scanning electron microscopy (SEM) of CECs cultured on scaffolds. CECs were
seeded on the two types of membranes as described in the previous section.
After culturing for 2 days, the CEC-cultured scaffolds were washed thrice with
PBS and fixed in 2.5% glutaraldehyde for 4 h. Subsequently, the samples were
dehydrated in ascending grades of alcohol, sputter-coated with gold and
visualized using SEM (JSM-840, JEOL, Tokyo, Japan).

Statistical analysis

Data are shown as the meanz+s.d. of a representative point from repeated
experiments. Statistical analysis of the data was performed using Student’s -test
or one-way analysis of variance. A value of P<<0.05 was considered significant
(computed by the SPSS version 19.0 software, IBM, New York, NY, USA).

RESULTS

Optical transmittance of the blended membranes

The optical transmittances of these membranes at wavelengths ranging
from 400 to 800 nm were measured and the results are shown in
Table 1. The transparency of the membranes was > 80% at the tested
visible wavelengths. Previous studies demonstrated that, in these
spectral regions (at 450, 500, 550, 600 and 650 nm), light transmission
values of human corneas increased from 50% to 75%.24 According to
this data, the blended membranes were more transparent than human
corneas. The results indicated that optical transmittance of the blended
membranes could meet the requirement for CEC carriers.

Cytotoxicity evaluation of the blend membranes

The cell growth of L929 in the blend membrane extract is shown in
Table 2. The results indicated that RGR in both the CMCT and
CMCTS experimental groups was between 88% and 98%. According
to the evaluation criterion GB/T16886.5-2003, cytotoxicity of the
blended membrane extract was of scoring 1 and qualified.

Evaluation of histocompatibility and degradability in vivo

General observation of the blended membranes in subcutaneous tissues.
We investigated the degradability of the CMCTS/gel and CMCT/gel
blended membranes in vivo by implanting them into the subcutaneous
tissue and skeletal muscle of rats. The animals were killed at 1, 2, 4 and
8 weeks after implantation to remove tissue specimens. The mem-
branes in the subcutaneous tissue could be observed by the naked eye
before surgery for removing the samples. As shown in Figure 1, larger
fibrous encapsulations were formed around the implants of the
CMCTS group compared with those of the CMCT and the suture
groups at 1 week postimplantation. At 2 weeks postimplantation, there
was no macroscopic fibrous encapsulation in any implant group. In
addition, the CMCTS/gel membranes could be detected in the
subcutaneous tissues until the eighth week, whereas the CMCT/gel

Table 1 Optical transmittance of the membranes

T of the blended membranes (%, mean + s.d.)

Wavelength (nm) CMCTS cmer

400 85.17+0.68 82.26+0.50
500 89.67+0.46 88.03+0.26
600 90.47+0.38 89.24+0.27
700 90.82+0.35 89.90+0.24
800 90.67 +0.39 89.98+0.31

Abbreviations: CMCT, carboxymethyl chitin; CMCTS, carboxymethyl chitosan.
Each point represents the mean +s.d. of five experiments.
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membrane could only be observed in the first 4 weeks after
implantation. In the control groups, the sutures did not degrade until
the eighth week, and nothing was found in the sham operation and
blank groups.

HE staining of the blended membranes in subcutaneous tissues. Histo-
logical examination was used to observe microscopic changes of the
subcutaneous tissues around the implanted membranes using HE
staining. The result was consistent with the general observations.
There were remarkable differences between CMCTS and CMCT
blended membranes (shown by arrows in Figure 2) in terms of
biodegradability in the subcutaneous tissue. The CMCTS/gel mem-
brane was found in the subcutaneous tissues until the eighth week,
whereas the CMCT/gel membrane was observed only in the first
4 weeks. As shown in Figure 2, both the implanted CMCTS/gel and
CMCT/gel membranes showed degradation at 4 weeks compared with
their homogeneous appearance at 1 and 2 weeks. In the negative
control group, the suture showed no degradation until the eighth
week. In the sham operation group, only the wound area was observed
compared with the blank control.

By HE staining, numerous leukocytes were detected in the
subcutaneous tissues around the two blended membranes at 1 week
after the implantation surgery (Figure 2). The CMCTS/gel membranes
appeared to show a more severe immune response than the CMCT/gel
membranes. However, a significant decrease in the inflammatory
reaction in both experimental groups was observed after the second
week. In the control groups, the immune response of the suture group
was similar to that of the CMCT membrane group in the first week,
which was observed till week 8. There was no obvious immune
reaction in the sham operation and blank groups.

HE staining of the blended membranes in the skeletal muscle. Micro-
scopic changes of the muscle around the implanted membranes were
observed using HE staining. Remarkable differences between the
CMCTS/gel and CMCT/gel blended membranes (shown by arrows
in Figure 3) in terms of biodegradability were observed in the skeletal
muscle of rats. The CMCTS/gel membranes were detected by HE
staining at 4 weeks, whereas the CMCT/gel membrane was detected
only in the first 2 weeks. Neither of the embedded blended
membranes was detected in the muscle tissues at 8 weeks, and the
CMCT/gel membrane appeared to have cracked after the first week. In
the control groups, the suture showed no degradability until the eighth
week, and in the sham operation group, only the wound area was
observed compared with the blank group. Overall, the blended
membranes implanted in the skeletal muscles showed faster degrada-
tion rate than those in subcutaneous tissues.

Numerous leukocytes were detected in the muscles around the two
kinds of embedded membranes after 1 week (Figure 3). Similar to the
subcutaneous tissues, the CMCTS/gel membranes showed more severe
inflammatory reaction than the CMCT/gel membranes, with an
obvious decrease in response in both the experimental groups after
the second week. The immune response of the suture group was
similar to that of the CMCT membrane group in the first week and
disappeared in the eighth week. There was no obvious immune
reaction in the sham operation and blank groups.

Immumohistochemical staining. LCA is the common antigen of
leukocytes. The results of immunohistochemical staining were in
accordance to HE staining. As shown in Figure 4, the CMCTS/gel
membranes showed more severe inflammatory reaction than the
CMCT/gel membranes both in the subcutaneous and skeletal muscles
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tissues. And the inflammatory reaction decreased obviously in both
the experimental groups after the second week when time went on.

Liver, kidney and spleen index and histological observation. The index
of liver, kidney and spleen at 1, 2, 4 and 8 weeks after implantation
were calculated to explore the toxic effect of the scaffolds. As shown in
Figure 5a, neither the CMCTS/gel nor the CMCT/gel membranes
showed any statistically significant effect on the relative weight of these
organs during 8 weeks in vivo compared with the blank group
(P>0.05). The tissue structure of the liver, kidney and spleen at

Table 2 Cytotoxicity ranking of the CMCT and CMCTS blend
membranes

Group Absorbance RGR (%) Toxicity ranking
Control—24 h 0.2689+0.0159

CMCT—24 h 0.2552+0.0187 93.3 1
CMCTS—24 h 0.2575+0.0127 92.6 1
Control—48 h 0.4133+0.0162

CMCT—48 h 0.3820+0.0178 94.1 1
CMCTS—48 h 0.3991+0.0159 95.1 1

Abbreviations: CMCT, carboxymethyl chitin; CMCTS, carboxymethyl chitosan; RGR, relative
growth rate.
Each point represents the mean +s.d. of five experiments.

8 weeks after implantation was observed by HE staining. In Figure 5b,
neither the CMCTS/gel nor the CMCT/gel membranes showed any
significant effect on the tissue structure of these organs at 8 weeks
in vivo. Thus both membranes did not influence the normal weights
or tissues structure of the liver, kidney and spleen and were relatively
safe for use as in vivo cell scaffold transplantation.

Membranes as potential scaffold for CECs

Morphology and growth of CECs cultured on membranes. The growth
of primary rabbit CECs in the cell culture dish is shown in Figure 6a.
The Descemet’s membrane was covered with CECs at 0 h (Figure 6al),
and the cells migrated from the tissue block within 24 h (Figure 6a2).
To investigate the cytocompatibility of the scaffolds, rabbit CECs were
cultured on the CMCTS and CMCT blended membranes. Figure 6
shows the micrographs of the CECs spread on the membrane surface
after 48 h of culture. Cell adhesion and growth were observed using
light and fluorescence microscopy (Figure 6b). Cell adhesion and
morphology could not be observed clearly using light microscopy.
After CFSE fluorescent staining, a large number of CECs were
observed to have reached confluence with a cobble-stone appearance.
The results showed that the cells reached confluence and maintained
their normal morphology and adhesion activity in both blended
membranes. The viability of the CECs was detected quantitatively
using the MTT assay at 24 and 48h (Figure 6¢). There was no

Figure 1 General observations of the carboxymethyl chitosan (CMCTS) (a-d) and carboxymethyl chitin (CMCT) (e-h) blended membranes in subcutaneous
tissues at 1, 2, 4 and 8 weeks after implantation, respectively. The sutures in the subcutaneous tissues at 1 and 8 weeks are shown in (i, j), while the sham
operation and control groups shown in (k, I), respectively. An arrow indicates the implanted membranes or sutures in the subcutaneous tissues. A full color

version of this figure is available at the Polymer Journal online.
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CMCTS

CMCT

Figure 2 Histological section photomicrographs of the subcutaneous tissues around the carboxymethyl chitosan (CMCTS) and carboxymethyl chitin (CMCT)
implanted membranes, suture and blank groups under light microscopy (x40). The membranes, sutures, wounds or normal areas are magnified in the box.
An arrow indicates the implanted membranes (in the experiment groups) or sutures (in the negative control group) in the subcutaneous tissues. A full color

version of this figure is available at the Polymer Journal online.

Polymer Journal



Carboxymethyl chitin in corneal transplants
W Xu et al

794

CMCTS

Figure 3 Histological section photomicrographs of the muscle around the carboxymethyl chitosan (CMCTS) and carboxymethyl chitin (CMCT) implanted
membranes, sutures and blank groups under light microscopy (x40). The membranes, sutures, wounds or normal areas are magnified in the box. An arrow
indicates the implanted membranes or sutures in the muscle tissues. A full color version of this figure is available at the Polymer Journal online.
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subcutaneous tissue muscle tissue

" i

Figure 4 Immumohistochemical staining of subcutaneous and skeletal muscle tissues around the implanted blended membranes at 1 and 2 weeks after the
surgery. A full color version of this figure is available at the Polymer Journal online.
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Figure 5 Relative weight (a) and histological observation (b) of the liver, kidney and spleen of laboratory animals. Both the carboxymethyl chitosan (CMCTS)/
gelatin and carboxymethyl chitin (CMCT)/gelatin groups showed no significant effect on the relative weight or tissue structure of these organs during 8 weeks.
A full color version of this figure is available at the Polymer Journal online.
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100 pm

Figure 6 Micrographs of primary rabbit corneal endothelial cells (CECs) obtained by the tissue block method at O h (al) and 24 h (a2) and the CECs spread
on the carboxymethyl chitosan (CMCTS) and carboxymethyl chitin (CMCT) blended membranes and cell cultured plate after culture for 2 days observed by
light microscopy (x100) and fluorescence microscopy (x100) (b). Analysis of the ODggg values (c) for CECs cultured on the blended membranes for 72 h
shows no statistically significant difference between the two blended membranes (P>0.05). Asterisk denotes significant differences of OD4gg values in both
the CMCTS and CMCT groups at 48 h compared with that at 24 h (P<0.05) as determined by the Student’s t-test. CECs cultured on CMCTS (d1) and CMCT
(d2) membranes were detected by scanning electron microscopy (SEM) (x1000). A full color version of this figure is available at the Polymer Journal online.

statistically significant difference in cell proliferation between the
CMCTS and CMCT blended membranes (P>0.05) at the same time.
However, there were significant differences of ODggq values in both
the CMCTS and CMCT groups at 48 h compared with that at 24 h
(P<0.05), which showed that CECs could grow on the two
membranes.

SEM of CECs cultured on membranes. The CECs cultured on the
membranes were observed using SEM on the second day. Cohesive
cell organization and abundant microvillion on the surface of the
spread cells were observed (Figures 6d1 and d2), which indicated that
the attachment and exchange functions among consecutive cells were
similar to those of native CEC.2> Therefore, the results suggested that
the blended membranes had good cytocompatibility.

DISCUSSION

Recently, corneal tissue engineering has evolved dramatically from
in vitro cell culture to generation of biomedical scaffolds for artificial
corneas using materials such as the Descemet’s membrane,?® amniotic
membrane,?’” thin gel membranes,?® collagen sheets,® silk fibroin
membranes and different synthetic polymers. Although these carriers
have good biocompatibility, they cause complications after transplan-
tation into the corneal stroma.?’ Therefore, despite the significant
progress in engineered corneal replacements, problems persist that
require further improvement and research.

Naturally derived polymers have received much attention in
medical materials science and biotechnology for their distinct bio-
compatible properties. Several studies have focused on chitosan or
chitin-based materials as corneal endothelial carriers. Young et al.°
examined the proliferative abilities, phenotypic expressions and
extracellular matrix protein production of bovine CECs seeded on
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chitosan/polycaprolactone blended membranes. The results suggested
the membranes to be an optimized biomaterial for the fabrication of
bioengineered corneal endothelium. Liang et al?' demonstrated that
membranes composed of hydroxyethyl chitosan, gel and chondroitin
sulfate had superior transparency, equilibrium water content, ion and
glucose permeability and biocompatibility as CEC carrier. CMCTS and
CMCT are water-soluble derivatives of chitosan and chitin that possess
excellent properties. However, few studies have focused on the use of
CMCTS or CMCT composites in corneal endothelium transplanta-
tion. Studies on the different properties of these biomaterials are
limited. In our study, CMCT and CMCTS blended membranes with
good mechanical strength and flexibility were selected as trial corneal
endothelial carriers.

The transparency of the implanted membranes is a critical indicator
of the quality of corneal transplantation. Implanted chitosan or chitin-
based materials have good transmittance. Gao et al.>! demonstrated
that the transmittance of the hydroxypropyl chitosan membrane
ranged from 90% to 97%. Chen et al.>? determined the transmittance
of collagen/chitosan blended membrane to be 78-95%. In the present
study, the optical transmittance of the membranes in the wavelength
range of 400-800 nm ranged from 82% to 91%. The transmittance
was higher compared with that of human corneas, which suggested
that both CMCTS/gel and CMCT/gel blended membranes were
suitable as corneal endothelial scaffolds in terms of transparency.

Chitin and chitosan are both depolymerized predominantly by
lysozyme, a muramidase that is distributed widely in human tissues.
However, the details of the degradation mechanism of chitin and
chitosan (and their derivatives) in vivo are unclear, and there may be
underlying mechanisms that increase their degradation over time.
Generally, the rate and extent of degradation of materials are related to



the average molecular weight and the degree of deacetylation.
Compounds with lower molecular weight and degree of deacetylation
are more susceptible,® possibly because lysozyme targets acetylated
residues.>* Several studies have been performed on the degradability of
chitin or chitosan-based implant materials in vitro and in vivo.'>3
However, chitin and chitosan occur in variety of forms that differ in
size and degree of deacetylation, and numerous chemical modifica-
tions increase this diversity exponentially.’®37 As the derivatives may
possess markedly different characteristics compared with their parent
material, further studies on their degradability and elicited immune
responses are still required.

In our study, the two types of membranes implanted in the
subcutaneous tissue and skeletal muscle of rat showed remarkable
differences in biodegradability. In subcutaneous tissues, the CMCTS/
gel membrane persisted until week 8, whereas the CMCT/gel
membrane was only observed in the first 4 weeks. HE staining showed
that the implanted CMCTS/gel and CMCT/gel membranes were
degraded after 4 weeks compared with their homogeneous appearance
at 1 and 2 weeks postimplantation. In the skeletal muscles, the
CMCTS/gel membranes could still be detected at 4 weeks, while the
CMCT/gel membrane was only observed in the first 2 weeks after
implantation. Both the embedded blended membranes disappeared
after 8 weeks. Thus the CMCT/gel membrane degraded faster than the
CMCTS/gel membrane in the subcutaneous tissue and skeletal muscle,
which might be related to its higher acetylation. Moreover, the
blended membranes implanted in the skeletal muscles degraded faster
than those embedded in subcutaneous tissues, possibly because of
increased fluids and enzymes in the former.

The immune response to the blended membranes is another
important aspect in the application of CMCTS and CMCT in tissue
engineering.?’ During the degradation process, the scaffold might
induce immune cell stimulation and local cell proliferation, ultimately
affecting integration of the implanted material with the host tissue.>® At
the first week after implantation, numerous neutrophils were observed
in both the subcutaneous and muscle tissues around the two blended
membranes; however, this inflammatory reaction reduced significantly
after the second week in both the experimental groups. The immune
response might be ascribed to the availability of amino groups to
immunocytes”; however, there was no continuous rejection of the
extraneous membranes during degradation. The CMCTS/gel mem-
branes showed a more severe immune response than the CMCT/gel
membranes in subcutaneous and muscle tissues. Therefore, the results
suggested that the CMCT/gel membranes possessed lower immuno-
genicity and might be a promising cell scaffold for tissue engineering.

Although there appears to be much potential for the application of
both CMCTS and CMCT as scaffolds for tissue transplantation, more
attention should be focused on the toxicity of the biomaterials in vivo,
especially during their degradation. In our study, the relative weights
of the liver, kidney and spleen after the implantation showed no
significant differences among the groups, which indicated that both
the CMCTS/gel and CMCT/gel membranes were nontoxic and
relatively safe for use in cell scaffold transplantation in vivo.

CECs, especially human CECs, have limited proliferation rates
because they are arrested in the G1 phalse.‘“)’41 Therefore, researchers
are actively seeking to replace the corneal endothelium through cell
culture and tissue engineering-based techniques. Cell death and poor
initial vitality of CECs are assumed to be responsible for the majority
of corneal transplant failures.*> In both the CMCT and CMCTS
membrane groups, viable CECs could attach tightly on the surface of
the blended membranes with numerous microvilli, as observed using
SEM, which indicated that the attachment and exchange among
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consecutive cells was similar to those of native CECs.*> The MTT assay
showed that there was no statistically significant difference in cell
viability between the CMCTS and CMCT membrane groups
(P>0.05). Thus both the CMCTS/gel and CMCT/gel blended
membranes showed similar cytocompatibilities. In both the CMCTS
and CMCT membrane groups, the OD,qy values at 48 h were higher
than those at 24 h. This showed that both membranes supported the
proliferation of CECs.

Considering these characteristics, materials based on CMCT could
be attractive candidates for future use in CEC scaffold tissue
regeneration. To date, however, attention has been paid to chitosan
and its derivative-based biomaterials in other diverse applications.
However, importantly, chitin and its derivatives possess inherently
favorable material and chemical properties. Nonetheless, the develop-
ment of an ideal biomedical scaffold for tissue engineering remains a
challenge.

CONCLUSIONS

In our study, corneal endothelial scaffolds were prepared successfully
with CMCTS or CMCT blended with gel at a mass ratio of 20:1. Both
the CMCTS/gel and CMCT/gel blended membranes exhibited good
transparency, cytocompatibility and relatively low toxicity. However,
the CMCT/gel membranes showed a higher degradation rate in vivo
and a milder immune response compared with the CMCTS/gel
membrane. Thus the CMCT/gel blended membrane is a more
promising candidate for constructing CEC endothelial scaffold for
corneal replacement.
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