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anes crosslinked by b-cyclodextrin
polyrotaxane monoaldehyde with good
biocompatibilities and repair capabilities for cornea
repair

Xuan Zhao,ab Wenjing Song, *ab Weichang Li,a Sa Liu,ab Lin Wangab and Li Ren *ab

Collagen is an excellent candidate for a cornea repair material. However, current use of collagen materials

for cornea repair is limited by their insufficient mechanical properties. Herein, we used the b-cyclodextrin

polyrotaxane monoaldehyde (b-CD-PR-4) a compound that has good biocompatibility for crosslinking

collagen in order to obtain the appropriate cornea repair material, Col-b-CD-PR-4. We characterized

the physical and chemical properties of Col-b-CD-PR-4 and compared it with that of collagen

crosslinked by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and glutaraldehyde (GA). The

results showed that Col-b-CD-PR-4 had an appropriate water content and good light transmittance.

Compared to the other crosslinkers, Col-b-CD-PR-4 had better mechanical properties, especially tensile

strength, suturability, and enzyme tolerance capacity. Col-b-CD-PR-4 also had high suture retention

strength as demonstrated by suture experiments showing tight suturing on rabbit cornea. Moreover,

Col-b-CD-PR-4 displayed good biocompatibility to human corneal epithelial cells in vitro. In vivo

lamellar keratoplasty (LKP) results showed that cornea had epithelized completely in approximately 16

days, and the transparency was restored quickly in 4 weeks. No inflammation and corneal

neovascularization were observed and corneal rejection reaction and keratoconus were not observed.

Overall, Col-b-CD-PR-4 showed excellent potential for use in corneal tissue engineering.
1. Introduction

The cornea is a transparent tissue at the outermost layer of the
eye. It protects the intraocular tissues and serves as an optical
element to transmit and focus light into the eye.1,2 It was re-
ported that 10 million people become blind every year because
of various corneal diseases such as keratohelcosis, keratitis, and
keratoconus. Corneal diseases constitute the second most
frequent eye disease that can lead to blindness in the world.3,4

Transplantation is an effective method used to cure corneal
blindness, but there is a severe shortage of donor corneas and
donor-derived infections are a serious complication and
a leading concern in eye and tissue banking.5–7 Thus, the use of
articial cornea repair materials is becoming an important
alternative to treat corneal injury/disease when needed.

The material requirements for cornea repair materials
include both physical and chemical properties such as good
optical performance, appropriate saturated water content,
g, South China University of Technology,
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mechanical strength, good nutrient permeability, controllable
size, no cytotoxicity, and good biocompatibility.

As the main component of the corneal stroma, collagen is an
excellent candidate for use as an articial cornea repair mate-
rial.8–11 However, current use of collagen materials for cornea
repair is limited by its insufficient mechanical properties, espe-
cially tensile strength and suturability.12 Chemical crosslinking is
the most effective method to solve the problems of mechanical
properties and the insufficiency of the stability of collagen. Studies
have reported the use of 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC) and N-hydroxysuccinimide (NHS) to crosslink
collagen.11,13–15 EDC is a carboxyl and amine reactive zero length
crosslinker, which reacts initially with the carboxyl group and
forms an O-acylisourea intermediate. This intermediate reacts
quickly with an amino group to form an amide bond and then
releases an isourea byproduct.16 While EDC-crosslinked collagen
works well and has better tensile strength, suturability, and low
cytotoxicity,17 it still has some problems. For example, the tensile
strength still cannot reach that of normal human cornea.18–20

Glutaraldehyde (GA) is known to be another common crosslinker
that reacts rapidly and efficiently with the amino groups of
collagen, but it has cytotoxic and is carcinogenic properties.21–24

Therefore, nding a collagen cross-linker that has high efficiency
and low cytotoxicity has become a problem of crucial importance.
RSC Adv., 2017, 7, 28865–28875 | 28865
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Fig. 1 Chemical structures of b-CD-PR-4.
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We previously reported that a multifunctional bio-crosslinker,
b-cyclodextrin polyrotaxane monoaldehyde (b-CD-PR-4), could be
used for crosslinking biomaterials with outstanding biocompat-
ibility (Fig. 1).25 Compared to GA and EDC, this crosslinker had
better crosslinking efficiency and lower cytotoxicity. However, b-
CD-PR-4 had never been used to crosslink collagen membranes
to prepare cornea repair materials and its relevant data regarding
physical and chemical properties needed to be characterized. In
this study, we tested the water content, optical transparency,
mechanical property, diffusion coefficient, and enzyme tolerance
capacity of collagen membranes crosslinked by b-CD-PR-4, and
compared the characteristics with those of collagen membranes
crosslinked by GA and EDC. We also tested the biocompatibility
of this collagen membrane with human corneal epithelial cells
(HCECs) in vitro. The characteristics of the membranes were
tested using an in vivo model of lamellar keratoplasty in New
Zealand white rabbits.
2. Experimental details
2.1 Materials

b-CD-PR-4 was prepared as previously described.25 This bio-
crosslinker was prepared by threading ca. 13 b-cyclodextrins
(b-CD) units onto a poly(propylene glycol) bis (2-amino-
propylether) (PPG–NH2, MW z 2000) chain and capped by
using b-CD monoaldehydes. Then it was directly oxidized to the
corresponding monoaldehyde and formed b-CD-PR-4 which
had ca. 15 b-CD units. The lling ratio of cyclodextrin can be
estimated to be 68% when the close packing is dened to be
100%.

Freeze-dried type I collagen (HM Biotech Ltd., Guangzhou,
China) was extracted from bovine tendons.11 GL Biochem Ltd
(Shanghai, China) supplied both the EDC and NHS. A 25% GA
solution was supplied by Sinopharm Chemical Reagent Co. Ltd.
Deionized water was obtained from a water purication system
(Millipore S. A. S, Molsheim, France). All cell culture related
reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA). New Zealand white rabbits of either sex (8–10 weeks old
and 1.5–2 kg body weight) (Guangdong Medical Laboratory
Animal Center, Foshan City, Guangdong Province, China) were
used as animal transplant recipients and their use was
approved by the Medicine Ethics Committee at Sun Yat-sen
University, Guangzhou, China.
2.2 Preparation of collagen-based samples

Type I collagen was dissolved in 0.1 mol L�1 HCl solution at 4 �C
(6.5 mgmL�1). For the preparation of the b-CD-PR-4 crosslinked
28866 | RSC Adv., 2017, 7, 28865–28875
samples (Col-b-CD-PR-4), b-CD-PR-4 was dissolved in deionized
water (15 mg mL�1). Then, the two solutions were mixed at
amass ratio of Col : b-CD-PR-4¼ 6 : 1 at 4 �C. For preparation of
the EDC/NHS crosslinked samples (Col–EDC), EDC and NHS
were dissolved in deionized water at 4 �C (15 mg mL�1 each).
Then, the three solutions were mixed at a mass ratio of
Col : EDC : NHS ¼ 6 : 1 : 1 at 4 �C. For preparation of the GA
crosslinked samples (Col–GA), the two solutions were mixed at
a mass ratio of Col : GA¼ 6 : 1 at 4 �C. All of the mixed solutions
were stirred at 4 �C for 24 h to completely crosslink and mix the
solution. Aer crosslinking, the mixture was dispensed into
a specic mould. The samples were air dried, then rinsed three
times with deionized water, and further air dried. EDC/NHS-
crosslinked collagen membrane and GA-crosslinked samples
were selected as control.
2.3 Microscopic morphology assays

Samples were mounted on aluminum stubs and sputter coated
with platinum before examination by scanning electron
microscope (EVO18; Zeiss, Oberkochen, Germany). The cross-
sectioning of the samples was accomplished aer submersion
in liquid nitrogen.
2.4 Water content characterization

The equilibrated water content of the hydrogels was measured
as previously described.11 First, the samples were immersed in
phosphate-buffered saline (PBS) solution (pH ¼ 7.4). Aer
a specic time period, the weights of the wet samples (Mt) were
measured aer quickly blotting with a lter paper to remove the
supercial water. Then, the samples were vacuum dried to
a constant weight (M0). The water contents of the samples were
calculated according to the following equation: Wt ¼ (Mt � M0)/
Mt � 100%. Every reported value was the average of at least ve
measurements.
2.5 Evaluation of optical properties

Light transmission was measured using the UV3802
ultraviolet-visible spectrophotometer (Shanghai UNICO,
Shanghai, China) at 37 �C in a range from 350–800 nm. Before
testing, samples were immersed in PBS solution (pH ¼ 7.4) for
1 h, to absorb water completely, and the samples were then cut
into rectangles.
2.6 Diffusion coefficient assay

The diffusion coefficient of the samples was measured as previ-
ously described.20 Ion diffusion and tryptophan permeability
This journal is © The Royal Society of Chemistry 2017
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determinations of the lms were carried out at 35 �C using
a device with a two compartment chamber. The samples were
xed between the permeate chamber (lled with NaCl solution or
tryptophan solution) and the receptor chamber (lled with
deionized water), and then the solution in each chamber was
homogeneously stirred by an electromagnetic stirrer. The
concentrations of NaCl ions or tryptophan in the receptor
chamber were checked at different times by various methods.
The ionic conductivity of the NaCl solution in the receptor
chamber was determined by a DDS-11A conductivity meter (Jin-
mai, Shanghai, China). The colorimetric measurements of the
tryptophan solution in the receptor chamber were performed at
280 nm using a tryptophan assay kit (GAG020; Sigma-Aldrich)
with a UV3802 ultraviolet-visible spectrophotometer (Shanghai
UNICO). The values were t to the regression line of the standard
concentration curve.
2.7 Evaluations of the mechanical properties and suture
experiments

The mechanical properties of the samples was measured as
previously described.20 The tensile strength, elastic modulus,
and elongation at breaking (elasticity) were determined using
a uniaxial load testing instrument (Model #5567; Instron
Corporation, Issaquah, WA, USA) equipped with a load cell of
10 N capacity at a crosshead speed of 10 mm min�1 and an
initial grip separation of 10 mm. The PBS equilibrated samples
were cut into dumbbell shaped specimens of identical rect-
angular gage areas (width, 5 mm; gauge length, 10 mm;
thickness, 0.2 mm) with two 8 mm end tabs. To avoid breakage
and slippage of the sample in the jaws, there were 8 mm wide
tabs on the end of each dumbbell. Samples were not stress
preconditioned prior to testing to failure. During the test, the
samples were hydrated. Every reported value was the average
of at least ve measurements.

Suture experiments were conducted in vitro by hanging a 5 g
weight, as previously described.15 The 5 g weight was used to
simulate the force of the suture. Before the surgery, the
membrane was soaked in deionized water for more than 1 h
until saturation. Membranes with a diameter of 5 mm were
sutured and tensioned by using two interrupted 10-0 nylon
sutures in the in vitro suture experiments.
2.8 Enzyme tolerance capacity assay

The resistance of collagen-based samples to collagenase was
evaluated as described previously.13 Samples weighing approx-
imately 50 mg were equilibrated for 1 h in 5 mL of 0.1 M Tris–
HCl buffer (pH 7.4) containing 5 mM CaCl2 at 37 �C. Subse-
quently, 1 mg mL�1 (288 U mL�1) of collagenase solution was
added to give a nal collagenase concentration of 5 UmL�1. The
collagenase solution was replaced every 8 h to maintain the
collagenase activity. At various time intervals, the samples were
removed from the solution, gently blotted on lter paper, and
weighed. All samples were tested in triplicate. The percent
residual mass of the sample was calculated according to the
equation: residual mass% ¼ Wt/W0 � 100%, where W0 is the
This journal is © The Royal Society of Chemistry 2017
initial weight of the hydrogel and Wt is the weight of the lm at
each time point.

2.9 In vitro biocompatibility

The HCECs were obtained from the State Key Lab of Ophthal-
mology, Zhongshan Ophthalmic Center, Sun Yat-sen University.
HCECs were cultured in high glucose Dulbecco's Modied
Eagle's Medium (DMEM; Gibco BRL, Waltham, MA, USA) with
15% fetal bovine serum (Gibco), 2 mM L-glutamine, 5 mg mL�1

insulin, 5 mg mL�1 human transferrin (Sigma-Aldrich), 100 U
mL�1 penicillin, 10 ng mL�1 human epidermal growth factor
(EGF; Gibco BRL) and 100 mg mL�1, streptomycin (HyClone,
Logan, UT, USA). Cells were grown to conuency in 25 cm2

polystyrene tissue culture asks at 37 �C in 5%CO2 and 95% air,
and conuent cells were subcultured every 2–3 days by trypsi-
nization with trypsin/EDTA solution.

The Col–EDC and Col-b-CD-PR-4 membranes were washed
ve times in PBS under aseptic conditions, sterilized by ultra-
violet radiation for 1 h, and washed three times in PBS. The
samples were then transferred to a 24-well tissue culture plate
(BD Biosciences, Tokyo, Japan). A specic volume of HCEC
suspension was separately seeded onto the samples (50 000
cells per cm2). The culture medium was replaced every 2 days.
The response of HCECs to the samples was examined aer the
samples were washed with PBS. Microscopic images were taken
using an inverted uorescence microscope (Zeiss Observer A1)
for observing the cellular morphology.

HCECs were seeded in 96-well tissue culture plates (BD
Biosciences) at 5000 cells per cm2. The HCEC culture media
contained different concentrations of EDC, b-CD-PR-4, and GA
(experimental group, n¼ 5). The proliferation of the HCECs was
quantitatively determined by the CCK-8 (Dojindo, Kumamoto,
Japan) assay using an optical density (OD) of 450 nm with
a microplate reader. The OD value was recorded at 2 days aer
the addition of crosslinker to the culture medium.

2.10 Wound healing assays of the HCECs

The Col–EDC and Col-b-CD-PR-4 membranes were placed in 48-
well tissue culture plates (BD Biosciences) and HCECs were
seeded onto the surface of the samples. For the control group,
the HCECs were seeded directly onto the tissue culture plates
(TCPs). Once the HCECs were grown to conuency, a scratch
was made through the conuent cells by using a 200 mL pipette
tip. Microscope photographs were taken at 0 h, 3 h, 6 h, 12 h,
and 24 h by using an inverted uorescence microscope (Zeiss
Observer A1).

2.11 Lamellar keratoplasty in rabbits

Adult New Zealand white rabbits of either sex, aged 10 weeks,
and weighing 1.5–2 kg, were used as animal transplant models
(n ¼ 6) and control (n ¼ 3). All animals were treated in accor-
dance with the ARVO Statement on the Use of Animals in
Ophthalmic and Vision Research. Five mm diameter Col-b-CD-
PR-4 samples were trephined, and then washed in sterile PBS
and gentamicin. Aer the implants were dried, they were sealed
by a sealing machine in an aseptic environment. Before the
RSC Adv., 2017, 7, 28865–28875 | 28867
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surgery, the samples were immersed in sterile water for more
than 1 h to absorb water until saturation. Samples were
implanted into the right corneas of the rabbits by lamellar
keratoplasty (LKP). Only one eye of each animal was operated
on. Briey, in LKP, a 4.5 mm diameter circular incision was
made using a trephine under general anesthesia. The depth of
the lamellar incision was 150–200 mm. A lamellar dissection was
then performed using amicrokeratome along a natural uniform
stratum in the corneal stroma to remove the host epithelium
and anterior stroma. The sample gra was sutured into the
recipient bed by using eight interrupted 10–0 nylon sutures.
Cornea without repair material aer removing its anterior
stroma was set as control group. Dexamethasone eye ointment
was used three times daily for 7 days aer LKP. Clinical exam-
inations were followed up, including sodium uorescein
staining to assess epithelial integrity, slit lamp microscopy to
assess corneal optical clarity, neovascularization determina-
tions, corneal deformation assessments, and rejection reaction
determinations. The repair status of the implants and regen-
erated neo-corneas was assessed by examining the changes in
thickness and shape. Anterior segment optical coherence
tomography was used to monitor the change in corneal repair.
All animal experiments were performed with permission from
the Medicine Ethics Committee at Sun Yat-sen University,
China.

The repair status of the implants and the regenerated neo-
corneas were assessed by examining the changes in thickness
and shape. Anterior segment optical coherence tomography
(OCT) was used to monitor the change in cornea repair.

2.12 Statistical analysis

All data were expressed as the mean � standard deviation.
Experiments were analyzed using the analysis of variance to
determine the signicant differences among the groups.
Statistical signicance was dened as p < 0.05.
Fig. 2 The surface (top) and section (bottom) morphology of collagen m
b-CD-PR-4 had rough surfaces and collagen fibers could be observed
structure than that of Col–EDC and Col-b-CD-PR-4.

28868 | RSC Adv., 2017, 7, 28865–28875
3. Results
3.1 Microscopic morphology

The surface and section morphologies of three kinds of samples
are shown in Fig. 2. Col–EDC and Col-b-CD-PR-4 had rough
surfaces and collagen bers could be observed on the surface of
the samples, while Col–GA had a smooth surface without
observation of collagen bers. All of the samples showed multi-
layered lamellae, and the human corneal tissue also had
a multi-layered lamellar structure. However, Col–GA had a more
compact lamellar structure than that of Col–EDC and Col-b-CD-
PR-4.
3.2 Water content

The water content of collagen membranes crosslinked by EDC,
GA, and b-CD-PR-4 are shown in Fig. 3. Aer the samples had
been stored in deionized water for 30 min, the water absorption
of the membranes tended to be constant. The water content of
the Col–EDC (81.38 � 1.74%) and Col-b-CD-PR-4 (69.79 �
1.35%) samples showed a signicant difference (p < 0.05), with
Col–GA (35.50 � 0.79%) having the lowest water content. The
water content of the Col–EDC and Col-b-CD-PR-4 samples were
similar to the human cornea (78.0 � 3.0%), while the water
content of the Col–GA sample was lower than that of the human
cornea.18
3.3 Optical properties

The light transmittance of Col–EDC, Col–GA, and Col-b-CD-PR-
4 membranes are shown in Fig. 4. The transmittance of the Col–
GA and Col-b-CD-PR-4 samples were higher than that of Col–
EDC. The results showed that the light transmission of all
samples increased with increasing wavelength, similar to that of
the human cornea. The light transmittance of the Col-b-CD-PR-
4 sample reached nearly 90% that of the human cornea.
embranes crosslinked by EDC, GA and b-CD-PR-4. Col–EDC and Col-
on the surface of the samples. Col–GA had a more compact lamellar

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The water content of collagen (Col) membranes crosslinked by
EDC, GA, and b-CD-PR-4. Col–EDC and Col-b-CD-PR-4 had similar
water content to human cornea. *Statistically significant at p < 0.05
(n ¼ 5).

Fig. 4 The optical properties of collagen membranes crosslinked by
EDC, GA, and b-CD-PR-4 in the range from near ultraviolet to visible
light.

Table 1 Permeabilities of the three kinds of samples and human
cornea

Membranes
Permeability of
NaCl (cm2 s�1)

Permeability of
tryptophan (cm2 s�1)

Col–EDC 8.05 � 10�5 8.37 � 10�8

Col–GA 3.72 � 10�7 6.09 � 10�8

Col-b-CD-PR-4 1.36 � 10�6 7.09 � 10�8

Human cornea >10�7 >10�8
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3.4 Diffusion coefficient

Because the cornea is avascular, nutrients for corneal tissues are
mainly dependent on the aqueous humor, and to a lesser extent,
on the limbal vasculature. Thus, the permeability of cornea
repair material determines the success of regeneration of
cornea epithelial cells and tissue repair.

According to Fick's law, the relationship of the NaCl and
tryptophan concentrations in the receptor chamber and the
diffusion time can be described according to the following
formulas:

�ln

�
1� 2C

C0

�
¼ 2PS

Vd
t

P ¼
�ln

�
1� 2C

C0

�
Vd

2St

where P denotes the diffusion coefficient; V and S are the volume
of the solution in the chambers and the round through-hole area
between the chambers, respectively; d is the thickness of the wet
membrane; t is the diffusion time; C0 is the initial ion concen-
tration of the permeate chamber; C is the ion concentration of
This journal is © The Royal Society of Chemistry 2017
the receptor chamber at the target time. The through-hole area
between the chambers was 3.14 cm2 (S). The volumes of the
solution in the two compartment chambers were both 250mL (V)
and the thickness of the wet membrane was 100� 10 mm (d). The
permeability data of the Col–EDC, Col–GA, and Col-b-CD-PR-4
membranes are shown in Table 1. Col-EDC and Col-b-CD-PR-4
had better NaCl permeability than that of the human cornea
and had appropriate tryptophan permeabilities. Col–GA had the
lowest value of NaCl and tryptophan permeability.

3.5 Mechanical properties and suture experiments

In a previous study, we found that b-CD-PR-4 had good cross-
linking efficiency, but had not been tested for the mechanical
properties of the collagen membranes that it crosslinked.25 The
mechanical properties data of Col–EDC, Col–GA, andCol-b-CD-PR-
4 membranes are shown in Fig. 5a–c, respectively. The tensile
strength of Col–EDCwas 1.25� 0.13MPa and that of Col-b-CD-PR-
4 was 2.38 � 0.13 MPa, which showed a signicant difference (p <
0.05). Col-b-CD-PR-4 had a tensile strength that wasmuch closer to
that of the normal human cornea (about 3 MPa).19 Col–GA had the
highest tensile strength value (5.17 � 0.25 MPa) and the lowest
elongation at break (5.44 � 0.11%). The elongation of break of
Col–EDC was 51.57 � 2.43% and was signicantly lower than that
of Col-b-CD-PR-4 (79.78 � 3.11%; p < 0.05). Because of the high
tensile strength and low elongation at break, Col–GA had a very
high modulus (95.04 � 0.06 MPa), which was much higher than
that of Col–EDC (2.43� 0.10MPa) and Col-b-CD-PR-4 (2.87� 0.07
MPa). The modulus of the collagen membranes showed signi-
cant differences between any two samples. The results of suture
testing are shown in Fig. 5d. In vitro, Col-b-CD-PR-4 could with-
stand a hanging 5 g weight with 10-0 nylon sutures for 10 min.

3.6 Enzyme tolerance capacity

The enzyme tolerance capacities of Col–EDC and Col-b-CD-PR-4
are shown in Fig. 6. The degradation of Col–EDC was completed
by about 32–33 h, while it took approximately 42 h to complete
the degradation of Col-b-CD-PR-4. However, with the cross-
linking of GA, the residual mass of Col–GA was still about 100%
at 42 h. Our present results showed that Col-b-CD-PR-4 had
better stability than that of Col–EDC.

3.7 In vitro biocompatibility

The IC50 assay results of the HCECs on Col-b-CD-PR-4 are shown
in Fig. 7a. The half maximal inhibitory concentration of EDC, b-
CD-PR-4, and GA were 0.129 mg mL�1, 2.262 mg mL�1, and
RSC Adv., 2017, 7, 28865–28875 | 28869
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Fig. 5 The mechanical properties of Col–EDC, Col–GA, and Col-b-CD-PR-4 membranes. (a) The tensile stress; (b) the elongation at break; (c)
the modulus. (d) Suture testing in vitro. Col-b-CD-PR-4 could withstand a hanging 5 g weight with 10-0 nylon sutures.White arrow: 10-0 nylon
sutures. Red box: Col-b-CD-PR-4 membrane. *Statistically significant at p < 0.05 (n ¼ 5).

Fig. 6 In vitro collagenase biodegradation of collagen membranes
crosslinked with EDC, GA, and b-CD-PR-4 (n ¼ 6).
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0.046 mg mL�1, respectively. This suggested that, compared to
EDC and GA, b-CD-PR-4 had better biocompatibility for the
growth of HCECs. The in vitro assay shown above showed that b-
CD-PR-4 and Col-b-CD-PR-4 had good biocompatibility for the
adhesion and proliferation of HCECs in vitro.

Fig. 7b shows the morphology of HCECs on Col-b-CD-PR-4 at
different time points. The cells could attach onto the samples at
28870 | RSC Adv., 2017, 7, 28865–28875
1 day, and the samples were almost completely covered by
HCECs aer 5 days.

Wound healing assay results for the HCECs on Col–EDC and
Col-b-CD-PR-4 are shown in Fig. 8. Tissue culture plate controls
(TCPs) were used as controls. All the experimental groups
exhibited complete wound healing in 24 h. Compared to the
TCPs, the healing speed of the Col–EDC and Col-b-CD-PR-4
groups were similar, indicating that Col–EDC and Col-b-CD-
PR-4 had outstanding biocompatibilies.
3.8 Evaluation of Col-b-CD-PR-4 in the LKP model

To characterize the repair effect of the Col-b-CD-PR-4 in vivo,
Col-b-CD-PR-4 was transplanted into rabbit corneas. As shown,
the samples could be sutured tightly on the rabbit ocular
surface (Fig. 9a). The surgical sutures were removed aer 2
weeks. Infectious or hemorrhagic complications did not occur
during the operation. The transparency of the cornea was
quickly restored in 4 weeks. The anterior segment optical
coherence tomography images are shown in Fig. 9b. From the
images, white stripes on the surface of the cornea were observed
at 1 day and 1 week, indicating that Col-b-CD-PR-4 had not yet
degraded and could be sutured tightly because no void was
observed. A white stripe was seen at 2 weeks and 3 weeks in the
corneal stroma, indicating that the corneal stroma had gradu-
ally repaired, the neo-stroma had formed, and the corneal
stroma had recovered to its normal thickness. The white line
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 In vitro biocompatibility of three crosslinkers and images of collagen membranes crosslinked by b-CD-PR-4. (a) The IC50 assay of EDC,
Col-b-CD-PR-4, and GA cultured with HCECs (n ¼ 5). (b) Morphology of HCECs seeded on Col-b-CD-PR-4 for 1 day, 3 days, and 5 days (scale
bar ¼ 200 mm).

Fig. 8 Wound healing assays of HCECs on tissue culture plates (TCPs), Col–EDC, and Col-b-CD-PR-4 (scale bar ¼ 200 mm). Photographs were
taken at 0 h, 3 h, 6 h, 12 h, and 24 h after the wound was created.
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indicated the presence of corneal epithelial cell. A thin white
line can be seen on the surface of the cornea at 14 d, 21 d, 28
d and healthy cornea in Fig. 9b. And we can only see a wide
white stripe which was the image of Col-b-CD-PR-4 at 1 d and 7
d. This indicated the cornea had not nished epithelization at 7
d, and almost nished at 14 d. The result was same as that of
sodium uorescein staining. The edema was observed in
control group at 7 days aer operation (Fig. 9a). The edema can
This journal is © The Royal Society of Chemistry 2017
change the water content and transparency of cornea tissue and
nally affect vision. It can also increase the risk of infection.
Moreover, corneal stroma is a non-regenerated tissue. The area
of operation remained indentation in control group which can
be observed by OCT images (Fig. 9b) and this may affect vision.
The cornea tissue became thinner than normal cornea aer the
operation and continued to at least 28 days. This may lead to
intraocular hypertension and leak of aqueous humor aer the
RSC Adv., 2017, 7, 28865–28875 | 28871
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Fig. 9 Postoperative observations of LKP using membranes crosslinked by b-cyclodextrin polyrotaxane monoaldehyde (b-CD-PR-4). (a) The
process of restoration of transparency. (b) Anterior segment optical coherence tomography images of the corneas, which repaired until 4 week.
The depth of the lamellar incision was about 180 mm. Photographs were taken at 1 d, 7 d, 14 d, 21 d, and 28 d after the operation. Cornea without
repair material after removing its anterior stroma and healthy cornea was set as control group. White Arrow: The white line which indicated the
presence of corneal epithelial cell. Green Line: Cornea with normal thickness. Red Line: Cornea with thinner thickness after operation. LKP ¼
lamellar keratoplasty.
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operation if there were no materials covered on it. Col-b-CD-PR-
4 can avoid part of postoperative adverse reactions and it
contributed to the thickness restoration of cornea aer
operation.

In Fig. 10a, the green color indicated the area in which no
epithelial cells covered the cornea. The area with green color
Fig. 10 (a) Slit lamp biomicroscopy photographs at 4 weeks after impla
cornea was restored quickly in the first postoperative 30 days. (b) Slit
biosynthetic corneal substitutes. (c) H&E stained section of Col-b-CD-PR
The depth of the lamellar incision was 180 mm (scale bar ¼ 200 mm).

28872 | RSC Adv., 2017, 7, 28865–28875
become smaller and disappeared as time went on, this indi-
cated the epithelization of cornea was completed gradually. The
completely epithelization time of Col-b-CD-PR-4 was approxi-
mately 16 days. No inammation, corneal neovascularization,
and keratoconus were observed within 4 weeks (Fig. 10b). The
hematoxylin & eosin stained histological sections are shown in
ntation with biosynthetic corneal substitutes. The transparency of the
lamp biomicroscopy photographs at 4 weeks after implantation with
-4 which was transplanted onto the rabbit ocular surface for 6 months.

This journal is © The Royal Society of Chemistry 2017
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Fig. 10c. Aer 6 months, the thickness of the cornea recovered,
and 3–4 layers of rabbit corneal epithelial cells covered the
entire surface of the cornea. The lm had already degraded, and
neo-corneal stromal cells could be seen in the stroma, which
was regenerated aer the operation.

4. Discussion

Among natural polymers, and the main components of the
corneal stroma, collagen has excellent biocompatibility.9,10

Collagen is a protein with three polypeptide chains and is the
most abundant protein (by weight) in animals, accounting for
30% of all proteins. Collagen fullls a variety of mechanical
functions, particularly in mammals. There are various types of
collagen in most of the extracellular matrix. Collagen type I and
III are mainly present in skin and arteries, while the cornea is
mainly comprised of collagen type I and IV. Collagen type II and
XI are the main components of cartilage. Collagen is a versatile
material with biological properties that make it useful for the
fabrication of implantable devices in medicine, dentistry, and
scaffold materials in tissue engineering.25 This makes collagen
an excellent candidate material for corneal regeneration.

Regarding corneal replacement, cornea repair materials
should have sufficient mechanical and suture retention
strength to ensure that they can be sutured well on the ocular
surface and will maintain their integrity aer transplantation,
and can withstand changes in intraocular pressure, including
eye rubbing, minor trauma, and nursing.15,17 The current use of
collagen membranes as cornea repair materials is limited by its
insufficient mechanical properties.14,15,19

Rotaxane formation can change the molecular structure and
the state of aggregation. b-CD-PR-4 contained ca. 15 b-CD units
and had much aldehyde group which can react with amino on
collagen. This structure made it an effective crosslinker. More-
over, hydroxyl on b-CD can promote the solubility of b-CD-PR-4
in water and the water content of Col-b-CD-PR-4. It was neces-
sary that the bio-crosslinker had high solubility in water
because that can avoid using potentially toxic organic solvent.
Appropriate water content was also important to cornea repair
materials and affected other physical and chemical properties.
In order to produce a collagen membrane with better
mechanical properties, especially tensile strength and sutur-
ability, enzyme tolerance capacity, and biocompatibility, we
chose b-CD-PR-4 to crosslink collagen membranes. Aer
comparing the properties of Col-b-CD-PR-4 to that of Col–EDC
and Col–GA, we found that Col-b-CD-PR-4 had major advan-
tages. Because the cornea is a tissue without blood vessels, the
nutrients are transported by permeation. Therefore, the cornea
repair materials must have appropriate water content and light
transmittance similar to normal human cornea. The stable
diffusion of nutrients across the membrane materials is also
very important.26,27 Col–EDC had lower light transmittance than
that of the human cornea (80% at 430 nm)28 and Col–GA had
a lower water content. Col-b-CD-PR-4 met the repair material
requirements the best (Fig. 3 and 4) because its water content
and light transmittance properties were similar to that of the
human cornea. Because low water content might lead to a low
This journal is © The Royal Society of Chemistry 2017
diffusion coefficient, Col–GA showed a low diffusion coefficient
for nutrients, as shown in Table 1. However, many biological
molecules require water to be soluble and to be transported
(e.g., NaCl and tryptophan) an important requirement for the
cornea.29 Lower water content and a lower diffusion coefficient
are detrimental to the proliferation of corneal epithelial cells,
and could nally lead to failure of corneal epithelization and to
other serious complications.

The results of the mechanical property experiments showed
that the tensile strength of Col-b-CD-PR-4 was about two-fold
higher than Col–EDC. However, similar to another report,30

Col–GA had the highest tensile strength, due to its low elon-
gation at break, but it could not be sutured onto the ocular
surface because it was too crisp. Col-b-CD-PR-4 had a high
elongation at break, so it could withstand a hanging 5 g weight
with 10-0 nylon sutures in vitro for 10 min (Fig. 5d). We also
conrmed that, in vivo, Col-b-CD-PR-4 could be sutured tightly
onto the rabbit ocular surface (Fig. 9a), with no ruptured place
observed. Col-b-CD-PR-4 also had a better enzyme tolerance
capacity than that of Col–EDC (Fig. 6). Because of the excessive
crosslinking of GA, the residual mass of Col–GA was still
approximately 100% at 42 hours, indicating that Col–GA had
a perfect enzyme tolerance capacity, similar to another reported
study.30 All of these properties of Col–GA were due to the high
efficiency crosslinking of GA,31 but excessive crosslinking may
result in degeneration of collagen and this could make Col–GA
an inefficient repair material. The surface and sectional
morphology of Col–GA demonstrated the degeneration of
collagen, because the structure of the collagen ber was not
observed on the surface of Col–GA. A more compact structure
also indicated excessive crosslinking that could be a cause of
the low water content and diffusion coefficient. A compact
structure would not hold sufficient water and excessive cross-
linking might make the membrane undergo limited swelling.

The cytotoxicity and potential carcinogenicity of GA may also
limit the application of GA in biomaterials. As a crosslinker, b-
CD-PR-4 had a higher IC50 than that of EDC and GA, indicating
that b-CD-PR-4 had a better biocompatibility than EDC and GA.
We also tested the biocompatibility of cultured HCECs on the
membrane samples. Col-b-CD-PR-4 had a remarkable biocom-
patibility, and was similar to Col–EDC. The rough surface,
which was similar to that of Col–EDC, also benetted the cell
adhesion.32,33 EDC byproducts and unreacted EDC are soluble in
water. Therefore, EDC will not be present aer crosslinking the
materials, and this may be a reason that EDC had obvious
cytotoxicity, while Col–EDC was not cytotoxic. Unlike EDC, b-
CD-PR-4 and GA were only minimally present in the materials
aer the crosslinking reactions. They can be released during the
degradation of collagen and may act on cells. The higher IC50 of
b-CD-PR-4 suggested that it was an excellent crosslinker for
collagen.

EDC is a widely accepted crosslinker of collagen. The reaction
condition and dosage of EDC are optimized and conrmed.
Compare to EDC, b-CD-PR-4 is a multi-point crosslinker. Multi-
point crosslinkers had more advantages than two-point cross-
linkers such as higher crosslinking efficiency and denser struc-
ture aer crosslinking. In this study, the nal concentrations of
RSC Adv., 2017, 7, 28865–28875 | 28873
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EDC, b-CD-PR-4 and GA in the mixed reaction solution were
about 5.33 mmol L�1, 0.0526 mmol L�1 and 10.21 mmol L�1,
respectively. The concentrations of aldehyde group on b-CD-PR-4
and GA were about 0.736 mmol L�1 and 20.42 mmol L�1,
respectively. Obviously, Col-b-CD-PR-4 still had a higher tensile
strength and better enzyme tolerance capacity even the working
concentration of b-CD-PR-4 was much lower than EDC. Mean-
while, b-CD-PR-4 was a crosslinker with good biocompatibility,
better properties can be obtained by increasing the dosage of b-
CD-PR-4 without obvious cytotoxicity. Recently, some researchers
had synthesized several multi-point crosslinkers such as den-
drimers and neoglycopolymer for cornea applications in their
laboratory and showed good crosslinking effect and biocompat-
ibility.34,35 The Young's modulus of collagen crosslinked by
polypropylene octamine dendrimers was about 1.4 MPa accord-
ing to other literature while that of Col-b-CD-PR-4 was about
2.87 MPa and the maximum load of the sutured collagen cross-
linked by dendrimers was about 5 g which was similar to that of
Col-b-CD-PR-4.34 The tensile strength of collagen crosslinked by
neoglycopolymer was about 0.44 MPa which was lower than that
of Col-b-CD-PR-4 (2.38 � 0.13 MPa) and Col-b-CD-PR-4 had
a better enzyme tolerance capacity (degradation time was about
42 h) than that of collagen crosslinked by neoglycopolymer
(about 25 h).35 Compared to these other multi-point crosslinkers,
b-CD-PR-4 had a simpler structure and higher crosslinking effi-
ciency. But other frequently-used chemical crosslinkers of
collagen show high cytotoxicity or chromogenic reaction and they
are not suitable for cornea repair.36,37

The epithelization of corneal cells is the rst and the key step
of corneal wound healing. Corneal epithelial cells can protect
cornea stroma form infection, corneal calcication and further
damage.38,39 A fast epithelization process of cornea aer oper-
ation can avoid infection and part of postoperative complica-
tions. Compared to others' research, collagen gras crosslinked
by EDC needed about ve weeks to nish the cornea epitheli-
zation.10 Col-b-CD-PR-4 only spent two weeks to nish it, which
is faster three weeks than that of Col–EDC. Some researchers
made attempts to modify the surface of cornea repair materials
to enhance epithelization with successes.27,40,41 But the modied
methods were mostly complex and no repeatability.42–44 We just
altered the crosslinker to accelerate the epithelization time. On
the one hand, Col-b-CD-PR-4 had different degree of cross-
linking compared to Col–EDC to make it with different surface
roughness. On the other hand, we believed that due to b-CD-PR-
4 of good biocompatibility, adding it to collagen improved the
epithelization process. Moreover, this method has no inam-
mation, corneal neovascularization, and keratoconus (Fig. 10b).
It is suggested that Col-b-CD-PR-4 had good repair effects in vivo
and showed a satisfactory epithelization process. Col-b-CD-PR-4
had potential clinical applications. Next, it will be explored to
understand the reason of Col-b-CD-PR-4's advantage for cornea
repair.

5. Conclusions

We prepared collagen membranes crosslinked by b-CD-PR-4 for
use in cornea repair. In general, Col-b-CD-PR-4 had better
28874 | RSC Adv., 2017, 7, 28865–28875
mechanical properties, especially tensile strength, suturability,
and enzyme tolerance capacity, than that of Col–EDC, and
better biocompatibility than that of Col–GA. The animal
experiments showed that Col-b-CD-PR-4 induced cornea repair.
The data therefore suggested that Col-b-CD-PR-4 was the most
appropriate cornea repair material. These results showed that
the collagen based cornea repair material cross-linked by b-CD-
PR-4 has future clinical applications.
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