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Scheme 3. Coupling reaction of SH-chitosan with RGDSGGC in the presence of DMSO.

2.5. Cell adhesion assay

Cell adhesion assay was performed essentially accord-
ing to the method described previously [35,36]. In brief,
wells of 96-well microtiter plates (Nunc-Immuno™
Plates, NUNC, Rochester, NY, USA) were coated with
50 ul of the RGDSGGC—chitosan solution to each well
and incubated at 37°C for 1 h in a 5% CO, incubator.
Three kinds of plates were prepared in accordance with
the concentration of the material and were termed as
0.12% hybrid, 0.012% hybrid, and 0.0012% hybrid. In
addition, 0.00185% RGDSGGC solution, which is
equivalent to the amount of RGDSGGC in 0.12%
hybrid, was also used for coating the plate (in the text,
this plate was called as “‘non-hybrid). As a control,
non-coating wells were prepared. Nonspecific binding
sites were blocked by incubating the plates with 100 pl of
1% bovine serum albumin for I h at room temperature.
The wells were then washed three times with PBS.
Chondrocytes and fibroblasts (1 x 10° cells/well) in
100 ul of HEPES buffer were added to the wells and
incubated for 1h at 37°C. After the removal of the
unbound cells by gently rinsing the wells three times
with PBS, the cells attached to the 96-well plates were
added S0ul of 0.25% crystal violet (WAKO Pure
Chemicals Co. Ltd., Osaka, Japan) in 20% methanol
and incubated for 30min at room temperature. After
rinsing by distilled water, 100 pl/well of 20% acetic acid
was added. The degree of cell adhesion was quantified
with an optical density at 590 nm by Microplate Reader
Model 550 (Bio-Rad, Hercules, CA, USA).

2.6. Cell proliferation assay
Cell proliferation assay was performed by 2-(2-

‘methoxy-4-nitrophenyl)-3-(4-nitropheny!)-5-(2, 4-disul-
fophenyl)-2H-tetrazolium, monosodium salt (WST-8)

procedures basically as previously described [37,38]. 1-
methoxy-5-methylphenazinium methosulfate (1-Meth-
oxy PMS) and other reagents were obtained from -
Dojindo Laboratories (Kumamoto, Japan). 96-well
microtiter plates (Nunc MicroWell™ Plates, NUNC,
Rochester, NY, USA) were coated with 50ul of
RGDSGGC—chitosan conjugate solutions in a similar
manner as described in the section of cell -adhesion
assay. As controls, non-coating plate (Control 1) and
0.12% SH-chitosan-coated plate [chitosan-2-iminothio-
lane complex, the intermediate without RGDSGGC
(Control 2)] were also prepared. Non-specific binding
sites were blocked by incubating the plates with 100 pl/
well of 1% bovine serum albumin for 1h at room
temperature. The wells were then washed three times
with PBS. Chondrocytes (100pl, 2.25 x 10°cells/ml)
suspension was added to the wells and incubated at
37°C for 24h. Fibroblasts (100pul, 2.6 x 10°celis/ml)
suspension was added to the wells and incubated for
24h at 37°C. A 10 ul of the working solution containing
WST-8 and 1-Methoxy PMS (0.5mm and 20uM,
respectively, as the final concentration) was added to
each well. Then, the mixtures were incubated for an
additional 2h. The absorbance of each well was
measured at 490 nm by using Microplate Reader Model
550 (Bio-Rad, Hercules, CA, USA). Statistical analyses
were performed by using variance (ANOVA) and with
Fisher’s protected least significant difference post hoc
test. Differences were considered significant for p <0.05.

3. Results and discussion
3.1. Preparation of chitosan— RGDSGGC conjugate

It has been known that 2-iminothiolane reacts with
general primary amines including N-terminal a-and
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g-amino groups of peptides or proteins by a ring-
opening reaction [30]. As a result, a reactive sulfhydryl
group attached through the linker moiety with an
appropriate distance from peptide main chain could be
generated as a potential cross-linking group in the
proteins [30-33]. However, this useful method has not
been applied for the preparation of polysaccharide
derivatives yet. The reaction of 2-iminothiolane with
chitosan in proceeded smoothly in an acidic -aqueous
solution and finally gave a clear solution of the neutral
or alkaline condition. The merit of this much improved
solubility of novel SH-chitosan is evident because
subsequent coupling reaction with peptides or proteins
can be carried out under a mild and homogeneous
solution. As expected, the amino acid analysis of the
product (Fig. 2) revealed the high efficiency in the
coupling reaction of RGDSGGC with SH-chitosan in
the presence of DMSO as an oxidation reagent [34]. The
degree of substitution (DS) of the peptide on SH-
chitosan was estimated to be DS = 0.25. Although
extensive efforts had been paid toward derivatization
of chitosan in terms of the development of bio-related
materials, they usually require tedious and time-con-
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Asp
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0.0000 AR L ] A
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Fig. 2. Amino acid analysis of the hydrolysate of chitosan-
RGDSGGC conjugate.

suming processes for chemical modifications in the
general organic solvents [39]. Chitin derivative bearing
sulfhydryl groups at C-6 position (SH-chitin) was also
prepared as an intermediate for the synthesis of graft
copolymers such as chitin/polystyrene hybrid materials
[40]. However, these derivatives usually show extremely
poor solubility to water and aqueous buffer solutions.
Considering the feasibility to the preparation of a
variety of hybrid-type materials in tissue engineering,
water soluble SH-chitosan prepared on the basis of
2-iminothiolane will become a key versatile intermediate
both for conjugating bioactive components and for
coating (hybridizing) with other substances. In addition,
we have already reported that polyion complex (PIC)
fibers based on chitosan-alginate hybrid showed an
excellent property for scaffolds in cartilage tissue
engineering [41]. These results clearly suggest high
potentials and wide applicability of 2-iminothiolane-
based conjugation strategy of chitosan with biologically
important substances.

3.2. Cell adhesion assay

Fig. 3 shows phase-contrast microscopic pictures of
chondrocytes adhering on plates. It was clearly observed
that chondrocytes adhered preferentially onto the plate
coated with chitosan-RGDSGGC (Fig. 3A, 0.12%
hybrid) in comparison with the plate coated with
RGDSGGC (Fig. 3B, non-hybrid). As shown in
Fig. 4, the plates coated with 0.12% hybrid had the
highest adhesivity of chondrocytes among all plates.
Similarly, fibroblasts also adhered onto the plates coated
with chitosan-RGDSGGC conjugate in proportion to
the amount of the hybrid scaffold employed (Fig. 5).
These results suggest that introduction of RGDSGGC
moiety to SH-chitosan markedly enhanced affinity both
of chondrocytes and fibroblasts with this polysaccharide
scaffold.

3.3. Cell proliferation assay

Next, we examined the effect of the introduction of
the cell adhesive peptide to chitosan on the cell shape

Fig. 3. Pictures of phasc-contrast microscope showing chondrocytes adhering to the plates coated with (A) 0.12% hybrid (chitosan-RGDSGGC),
(B) non-hybrid (RGDSGGC) and (C) control (original magnification x 40).
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Fig. 4. Chondrocyte cell adhesivity. Chitosan-RGDSGGC conjugates
(0.12% and 0.012% hybrid) and non-hybrid showed significant cell
adhesion capacities to chondrocytes (*p<0.0001 vs. control). 0.12%
hybrid cxhibited the highest adhesivity with chondrocytes. 0.12%
hybrid also showed significant cell adhesion capacity compared with
non-hybrid (®p<0.0001 vs. non-hybrid).
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Fig. 5. Fibroblast cell adhesivity. All chitosan-RGDSGGC conju-
gales and non-hybrid showed significant cell adhesion capacities to
fibroblasts (*p<0.0001 vs. control). Two chitosan-RGDSGGC con-
jugates (0.12% hybrid and 0.012% hybrid) exhibited much higher

adhesivities with fibroblasts than non-hybrid (°p<0.000! vs. non-
hybrid).

change in terms of the characterization of the suitability
as a scaffold material having potentials for inducing cell
proliferation on the plates. As shown in Fig. 6,
chitosan-RGDSGGC conjugate (Fig. 6A, 0.012%
hybrid) also exhibited much improved cell proliferation

Fig. 6. Pictures of phase-contrast microscope showing chondrocytes
proliferation on the plates coating with (A) 0.012% hybrid and (B)
non-hybrid (RGDSGGC) (original magnification x 40).
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Fig. 7. Chondrocyte cell proliferation activity. Chitosan~-RGDSGGC
conjugates (0.12% hybrid and 0.012% hybrid) showed higher celi
proliferation activities than Control 1 and Control 2 (*p<0.001 vs.
Control | and °p<0.001 vs. Control 2), respectively. These results
indicated that 0.012% hybrid had the most effective cell proliferation
activity to chondrocytes (°p <0.02 vs. others).

activity of chondrocytes compared with RGDSGGC
(Fig. 6B, non-hybrid). Adhered chondrocytes on the
plate coated with 0.012% hybrid significantly induced
their shape change, while the plate coated with non-
hybrid showed little effect on the cell proliferation
activity to adhered chondrocytes. Cell proliferation
activities of the novel chitosan derivatives were evalu-
ated by using chondrocytes and fibroblasts as shown in
Figs. 7 and 8. It was suggested that the introduction of
RGDSGGC component to chitosan significantly en-
hanced chondrocyte cell proliferation and the optimal
effect on the cell shape change was observed in the case
of the plate coated with 0.012% hybrid. There was not
so meaningful difference of the chondrocytes prolifera-
tion activity among these three hybrid materials. On the
other hand, fibroblast cell proliferation was enhanced in
proportion to the concentration of  chito-
san—RGDSGGC used for the coating the plates as
shown in Fig. 8.

The improved cell adhesion and proliferation activ-
ities of chitosan—-RGDSGGC conjugate seem to be
greatly dependent on the integrin-mediated signal
transduction. Integrins have been well known to bind
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Fig. 8. Fibroblast cell proliferation activity. Chitosan-RGDSGGC
conjugates (0.12% hybrid and 0.012% hybrid) showed significant cell
proliferation activities, while Control 2 and non-hybrid exhibited
significant anti-proliferation activities (*p <0.00! vs. Control 1).
Control | and all chitosan-RGDSGGC conjugates showed significant
cell proliferation activities compared with Control 2 (°p<0.001 vs.
Control 2). These results indicated that 0.12% hybrid had the most
effective cell proliferation activity to fibroblasts (°p <0.01 vs. others).

a variety of cells and influence cellular functions such as
cell proliferation, cell differentiation, and productions of
ECM molecules. In the living body, they are involved in
embryogenesis, inflammation, wound healing, and
thrombosis as well as tumor invasion and metastasis
[42,43]. Expression of integrin subunits ay, as, oy, By, b4,
and fi5, was found on the cell surface of freshly isolated
human chondrocytes [44—46], while integrin subunits oy,
o3, o5, and f;, were proved to be expressed on the cell
surfaces of fibroblasts. Especially, fibronectin receptor
asf is involved in chondrocyte and fibroblast adhesion,
spreading, and proliferation on fibronectin [47], and acts
as a mechanoreceptor [48,49]. These findings are
consistent with our current results.

Since one of the considerable limitations is that the
present study showed no in vivo data, we must perform
further investigation to evaluate the biocompatibility
and biodegradability in animal models. Then, the novel
chitosan conjugate will be applied to the scaffold
materials for the tissue regeneration experiments. The
other limitation is that the current results are based on
only the chondrocytes and fibroblasts. Ideally, various
kinds of cells should be evaluated to clarify the effects of
this novel material on the cellular functions. For
instance, similar results have been observed with porcine
aortic endothelial cells, where covalently attached
RGD-peptides stimulated adhesion and spreading of
the cells on different polymers [50]. Moreover, adhesion
of several cell types (e.g. human aortic smooth muscle
cells and human dermal fibroblasts) proved to be
enhanced by increasing the amount of RGD-peptide
coated on glass substrates. To control the signal
transduction between celis and the scaffold materials,
we will design and prepare new chitosan-based scaffold

materials on the basis of the present 2-iminothiolane
mediated conjugation strategy.

4. Conclusions

In the present study, we established a facile and
efficient method for the conjugation of chitosan with
SH-containing synthetic peptide on the basis of 2-
iminothiolane mediated selective cross-linking under a
mild and homogeneous solution. It was demonstrated
that chitosan-RGDSGGC conjugate exhibited highly
excellent cell adhesion and proliferation activity in
chondrocytes and fibroblasts. The results obtained in
this study clearly suggest that introduction of cell
adhesive-small-peptide component related to the cell
binding domain of fibronectin provides chitosan with
much improved and desirable properties as a potent
scaffold material in musculoskeletal tissue engineering.
The merit of this method is evident because the flexible
sulfhydryl groups attached at C-2 positions of chitosan
could be applied for the modification not only by small
peptides but also high-molecular-weight of proteins that
regulate cell growth and/or cell differentiation as well as
cell proliferation.
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Abstract Selecting the material for a scaffold is critically
important for the success of tissue engineering. To simplify
complicated biosynthetic matrices and achieve a novel class
of potential materials, a model of polyion complex fibers
was prepared from alginate and chitosan. In the current in
vitro study, we thought that alginate-based chitosan hybrid
biomaterials could provide excellent supports for fibroblast
adhesion. In the current study, alginate polymer fiber (algi-
nate group) and alginate-based chitosan hybrid polymer fibers
(alginate with 0.05% chitosan, alginate-chitosan 0.05% group;
alginate with 0.1% chitosan, alginate-chitosan 0.1% group)
were originally prepared. We investigated the adhesion
behavior of rabbit tendon fibroblast onto alginate polymer
fibers versus the adhesion of the fibroblast onto alginate-based
chitosan hybrid polymer fibers. Furthermore, mechanical
properties and synthesis of the extracellular matrix were in-
vestigated. Mechanically, the novel fiber has considerable ten-
sile strength of more than 200 MPa. We demonstrated that the
alginate-based chitosan hybrid polymer fibers showed much
improved adhesion capacity with fibroblast compared with
alginate polymer fiber. Additionally, morphologic studies re-
vealed the dense fiber of the type I collagen produced by the
fibroblast in the hybrid polymer fibers. We concluded that an
alginate-based chitosan hybrid polymer fiber has considerable
potential as a desirable biomaterial scaffold for tendon and
ligament tissue engineering.

Introduction

Severe ligament injuries are frequently treated with
autograft reconstruction. On the other hand, the use
of an autograft results in donor site morbidity. Fur-
thermore, the grafts initially undergo necrosis after
implantation. Therefore, the biological grafts often
do not provide adequate mechanical strength during the
remodeling process.

Offprint requests to: T. Majima
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The tissue engineering approach using biodegradable
three-dimensional (3D) scaffolds seeded with cells have
more potential alternatives for the treatment of severe
ligament and tendon injury.! The principal role of the
3D scaffold in tissue engineering is to provide a tempo-
rary template with the biomechanical characteristics of
the native extracellular matrix (ECM) until the cells
produce their own. In addition, the role of scaffolds
would be that of a biological stimulator to regulate cell
adhesion, growth, migration, differentiation, tissue or-
ganization, and matrix remodeling.? Cells in a ligament
and tendon tissue are embedded in an intricate ECM.
Through the cell-ECM adhesions, the ECM transduces
physiological signals regulating cell growth, cell prolif-
eration, cell differentiation, and matrix remodeling
to the cells. The ECM affects survival, development,
shape, polarity, and behavior of cells.> The ideal 3D
scaffold would mimic the cell environment and manipu-
late the functional characteristics of a cell to achieve the
desired behavior. Thus, selecting the material for such a
scaffold is critically important for the success of tissue
engineering.

There are some potent biopolymers that can be
used as starting materials to prepare stable scaffolds
for ligament and tendon tissue engineering.*® Because
the biodegradable materials need sufficient mechanical
strength until tissue regeneration, collagen, gel}
collagen sponge,” and collagen construct* do not have
enough strength for a scaffold in ligament tissue engi-
neering.>* Furthermore, collagen fiber scaffolds suffer
from batch-to-batch variability, making consistent
reproduction of these constructs difficult.” The major
limitation is that the collagen scaffold induces an im-
munogenic reaction.” Other scaffolds, such as polygly-
colic acid,” have limited application because of their
mechanical brittleness and the lack of functional groups
for signaling molecules.®

In the current study, we focused on complicated, 3D
networks of ECMs composed of a variety of cell adhe-
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sive proteins and proteoglycans. To simplify these com-
plicated biosynthetic matrices and to achieve a novel
class of potential materials, a model of polyion com-
plex fibers was prepared from alginate and chitosan.
Alginate is one of the naturally abundant and anionic
polysaccharides composed of the disaccharide repeating
unit [GlcAB(1-4)Glcf(1-3)]. Moreover, this polysac-
charide is a hyaluronic acid-like biocompatible polymer
often used in biomaterials because it contains b-
glucuronic acid as a main sugar residue of the repeating
unit.!12 On the other hand, chitosan has been employed
as an excellent biocompatible material for wound heal-
ing and tissue repair.’31 Because chitosan is regarded as
a cationic polysaccharide showing excellent cell adhe-
sive properties,’s we thought that a hybrid material com-
posed of alginate combined with chitosan might prove
to be a novel class of polyion complex effective for
scaffolds.

In the present study, we hypothesized that alginate-
based chitosan hybrid polymer fibers could provide
superior support for fibroblast adhesion compared to
that provided by alginate polymer fiber. To test this
hypothesis, we investigated the in vitro adhesion
behavior of rabbit tendon fibroblast onto alginate-based
chitosan hybrid polymer fibers. The objectives of this in
vitro study were to determine the material properties of
the alginate-based chitosan hybrid polymer fiber and to
evaluate fibroblast adhesion and ECM synthesis in the
novel polymer fiber.

Materials and methods

Preparation of polyion complex fiber

A solution of sodium alginate (4% w/w; mol. wt 600000;
D-mannuronic acid/L-guluronic acid ratio 1.0) (Kibun
Food Chemifa, Tokyo, Japan) and chitosan oligomer
(0, 0.5, or 0.1% w/w, mol. wt. 18000, degree of
deacetylation of ~70%) (Kimitsu Chemical, Tokyo,
Japan) in water was used. The process of preparing the
fibers using the original apparatus was reported previ-
ously.'¢ Briefly, dope of alginate was spun into a coagu-
lation system (first coagulation bath: 0.05% chitosan or
0.1% chitosan; second coagulation bath: 3% CaCl, in
water-MeOH) through a nozzle containing 50 holes,
each with a diameter of 0.1 mm. The fibers were washed
with methanol and dried at room temperature; they
were then used for further experiments after steriliza-
tion. In the current study, alginate polymer fiber (algi-
nate group) and alginate-based chitosan hybrid polymer
fibers (alginate with 0.05% chitosan, alginate-chitosan
0.05% group; alginate with 0.1% chitosan, alginate-
chitosan 0.1% group) were originally prepared.

In a preliminary experiment, we found that the con-
centration of chitosan on the alginate fiber depended on
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the concentration of chitosan coagulation bath up to
0.1%. However, the concentration on the alginate fiber
did not increase when the concentration of the chitosan
coagulation bath increased to more than 0.1%. Further-
more, chitosan is a cationic polysaccharide consisting of
glucosamine residues. The calcium ion and chitosan ex-
ist in the first coagulation bath. The strength of alginate
fibers would decrease owing to the inhibition of chela-
tion of calcium ion with alginate chains at higher con-
centrations of chitosan. Therefore, in this study, we did
not prepare the hybrid fibers coated with more than
0.1% chitosan concentration.

Polymer fiber of Polyglactin 910 — a 90:10 copoly-
mer of glycolide and lactide, coated with polyglactin
370 and calcium stearate (9-0 Vicryl suture material
(Ethicon, Somerville, NJ, USA) USA) — was also used
as a control material. This fibrous material, which has
the same diameter as the novel fibers, has been widely
used in clinical fields.

Measurement of material properties

Material properties of each fiber were measured ac-
cording to the Japanese Industrial Standards (JIS)
L1015 in a dry condition (room temperature 22° = 2°C,
humidity 50%). Tensile tests for five samples of each
material were performed at a crosshead speed of
20 mm/min using the material testing machine (P/N346-
51299-02; Shimadzu, Kyoto, Japan). The cross-sectional
areca was determined using a microscope (BXS50;
Olympus, Tokyo, Japan) and a video dimension
analyzer (VM-30; Olympus). After material testing, the
water content of the polymer fiber was 15.76% in the
alginate group, 16.56% in the alginate-chitosan 0.05%
group, and 16.42% in the alginate-chitosan 0.1% group.

Cell preparation

Fibroblasts were isolated from the patellar tendon of a
Japanese white rabbit under sterile conditions as de-
scribed by Nagineni et al.”” The culture medium used in
the present study was made from Dulbecco’s modified
Eagle’s medium (D5796; Sigma, St. Louis, MO, USA),
10% fetal bovine serum (10099-141; Invitrogen,
Carlsbad, CA, USA), 100X concentrated of Penicillin-
Streptomycin-Fungizone mixture (17-745H; Biowhit-
taker Walkersville, MD, USA) (medium I). Cells were
incubated at 37°C in a humidified atmosphere of 5%
CO, and supplemented at 3-day intervals with medium
I. Three weeks after preparing the culture, the
explanted pieces of the patellar tendon were discarded
and the outgrown cells were removed with trypsin-
EDTA for subculture. Cells were maintained in the
culture using standard procedures at a second passage.
The fibroblasts suspension was concentrated to 1.4 X
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Table 1. Material properties of each fiber
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Material Tensile strength (MPa) Strain at failure (%)
Control 886.2 = 7.7 28.1 + 0.6
Alginate 2741 = 4.9% 9.0 = 0.4*
Alginate/chitosan 0.05% 221.7 = 5.4% 10.6 = 0.7*
Alginate/chitosan 0.1% 2352 + 8.5* 12.3 = 0.3*

* P < 0.05 vs. control (n = 5, mean = SD)

107 cells/ml using a hemocytometer, and the viability of
the fibroblasts was found to be more than 95%, as deter-
mined by the trypan blue indicator method.

Cell adhesion study

The cell adhesion study was performed according to a
previous repore.'® Briefly, the fibrous samples were cut
into 7mm lengths and packed in a Teflon tube (30mm
length, 7mm inner diameter). Then 0.1ml of the
fibroblast suspension (1.4 X 107 cells/ml) was loaded
onto the column. The cells were allowed to adhere in a
humidified incubator for 1h. Each column was rinsed
with 1ml of phosphate-buffered saline, and the unat-
tached cells were quantified by the microscopic obser-
vation of the rinse solution. Five samples for each of
the polymer fibers were measured.

Histological observation

Cell proliferation and ECM production were observed
by light microscopy 14 days after the culture in three
types of 3D scaffolds. Moreover, scanning electron
microscopy (SEM) observations were performed 14
days after culture. Specimens were also evaluated im-
munohistochemically for type I and type III collagen
production 14 days after culture.

For SEM (S-4500; Hitachi, Tokyo, Japan) obser-
vation, samples were rinsed with Ringer’s solution to
remove unattached cells at the end of the incubation
period. The cells on the scaffold were fixed overnight
with 2.5% glutaraldehyde supplemented with 0.1M
phosphate buffer. After fixation, the SEM specimens
were rinsed with phosphate buffer and fixed in 1%
0sO, for 1h and then soaked in 1% tannic acid for
an additional 1h. These procedures were repeated
three times. The specimen was dehydrated, mounted on
an aluminum stub, and then coated with argon using
an ion coater (HCP-2; Hitachi, Tokyo, Japan) for
observation.

For immunohistochemical observation, the samples
were stored in deep-frozen conditions. Frozen sections
of 8um were cut, mounted on microscope slides,
thawed, and fixed with acetone for S5min at —20°C.
After drying, the sections were hydrated with a solution
of phosphate-buffered saline for S5min. The cells and

scaffolds were incubated with the primary antibodies, a
mouse monoclonal antibody to human collagen type 1
(1:100), type II (I:100), and type III (1:100) (Fuji
Chemicals, Takaoka, Japan), for 60min at room tem-
perature. The sections were washed three times and
incubated with the peroxidase-labeled polymer-
conjugated anti-rabbit antibody (Envision System;
Dako, Carpinteria, CA, USA) for 1h. The reaction was
developed with a 3,3’-diaminobenzidine tetrahydro-
chloride (DAB) (Sigma) solution.

Statistical analysis

Statistical comparisons were performed for the material
properties and cell adhesion study using one-way analy-
sis of variance (ANOVA) and Fisher’s protected least
significant differences (PLSD) test. The significance
level was set at 0.05.

Results

Material properties

The material properties of each fiber are shown in

- Table 1. The tensile strength of each fiber group was

274.1MPa in the alginate group, 221.7MPa in the
alginate-chitosan 0.05% group, and 235.2MPa in the
alginate-chitosan 0.1% group. The mean tensile
strengths of all the new materials were significantly
lower than that of a control polyglactin fiber (P < 0.05).
The strain at failure was 9.0% in the alginate group,
10.6% in the alginate-chitosan 0.05% group, and 12.3%
in the alginate-chitosan 0.1% group. Strain at failure in
the control fiber was significantly higher than that of the
new polymer fibers (P < 0.05) (Table 1). There were no
significant differences in the tensile strength or strain
at failure between the alginate group and alginate-
chitosan groups.

Cell adhesion

As shown in Fig. 1, the numbers of unattached cells
in the alginate-chitosan groups were significantly
lower than that in the control (P < 0.001) and alginate
(P < 0.05) groups. There was no significant difference
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between the alginate-chitosan 0.05% group and the
alginate-chitosan 0.1% group.

Cell morphology

The SEM observations showed that the fibroblasts
spread on the polymer fibers directly produced collagen
fibril-like matrices on the polymer fiber. The length of
the cell was 20-50um (Fig. 2). There was no effect of the
composition of the polymer fiber on cell morphology
after 14 days in culture.

Immunostaining for type I collagen was prominent
around the alginate-chitosan 0.1% polymer fibers 14
days after the culture (Fig. 3A). Type I collagen was
more abundant around the surface of the polymer fiber.

180

160 | *:p<0.01(vs. Control)

*4:p<0.05(vs. Alginate)
140

120 |
100 |
80 |
60 |
40 |

* ok * %k

Number of cells (1x10* cells/m!)

Alginate- Alginate-
chitosan 0.05% chitosan 0.1%

Control Alginate

Fig. 1. Number of washed-out fibroblasts from control,
alginate, and alginate-based chitosan hybrid polymer fibers.
Chitosan coating significantly reduced the number of unat-
tached cells (P < 0.05)
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Type 1I collagen was not stained around the surface of
the scaffold. Immunolabeling for type III collagen was
not clear around the polymer fibers 14 days after culture
(Fig. 3B). There were no significant differences in stain-
ing among the three types of scaffold.

Discussion

The study demonstrated that the adhesivity of
fibroblasts is significantly higher on the alginate-based
chitosan hybrid polymer fiber than on the alginate poly-
mer fiber. Madihally and Matthew!® reported that the
cationic nature of chitosan allowed electrostatic inter-
actions with anionic GAGs, proteoglycans, and other

Fig. 2. Scanning electron micrograph of rabbit fibroblast
seeded on alginate-based 0.1% chitosan hybrid fiber after 14
days of culture

Fig. 3. Photographs of immunostaining for type I and type 111
collagen in the alginate-based 0.1% chitosan hybrid polymer
fibers 14 days after culture. Type I collagen was more abun-

dant, and type II collagen was not detected around the fibers.
A Type I collagen staining. B Type III collagen staining. A,B
%200
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negatively charged species. These ionic interactions
may serve as a mechanism for retaining and recruiting
cells, growth factors, and cytokines in a tissue scaffold.
Consequently, alginate-based chitosan hybrid polymer
has great potential as a desirable biomaterial for tissue
scaffolds.?0-2

There was no significant difference in material
proerties between alginate and alginate/chitosan hybrid
fibers. It has been reported that congelation of sodium
alginate solution occurred with egg box formation,
which is produced by chelate combination between car-
boxyl residue of alginate and calcium ions.? In the first
coagulation bath, the concentration of calcium ion is
much higher than that of chitosan. The difference in
concentration of chitosan and calcium ion leads to a
dominant reaction between alginate and calcium ions.
This may be the reason why coating of chitosan did not
change the material properties of alginate.

A scaffold for ligament and tendon tissue engineering
requires adequate mechanical strength to maintain the
initial shape of the implanted scaffold. During the de-
velopment of the novel fiber, one of the most critical
points was to increase the mechanical strength of the
fiber for 3D fabrication. The obtained material proper-
ties of the novel fibers indicate enough mechanical
strength to create a 3D fabricated scaffold. The hybrid
polymer fibers in our study can be fabricated to obtain
the desirable mechanical strength and shape. For exam-
ple, the failure Joad of 8mm diameter fabricated hybrid
fibers is approximately 10000 N. This is about five times
greater than the failure load of the anterior cruciate
ligament; the ultimate load of young anterior cruciate
ligament is 2160N.2* This novel fabric consisting of
alginate-chitosan hybrid polymer fiber may serve as an
ideal scaffold with adequate strength for ligament and
tendon tissue engineering.

The novel fibers provided a suitable support for ECM
production. In a normal ligament, more than 90% of
collagen consists of type I collagen, with a low percent-
age of type III collagen.?? On the other hand, injured
ligament and tendon contains more type III collagen,
which is mechanically weak.?? In the present study,
seeded fibroblasts in an alginate and chitosan hybrid
polymer fiber scaffold produced type I collagen pre-
dominantly. These results indicated that the novel
hybrid fibers might offer a superior environment for
ligament and tendon tissue engineering. The quantita-
tive studies concerning ECM products in the 3D culture
should be further examined.

One of the limitations of the present study is that the
mechanical strength of the fibers in vivo has remained
unknown. Tamura et al. reported that chitosan-coated
alginate filament significantly depends on the chitosan
molecular weight, especially in wet properties, because
of tight ionic interaction of chitosan with alginate fila-

T. Majima et al.: Hybrid fiber for tissue engineering

ment.?” They also reported that tensile strength in the
wet condition decreased around 40% of that in dry
condition. Mechanical strength of alginate fiber is main-
tained by crosslinking of calcium ion. When the alginate
fiber is implanted in vivo, calcium ion is replaced
by natrium ion, following which the alginate fiber de-
grades. On the other hand, chitosan coating suppresses
this degradation because the replacement of calcium
ion in alginate fiber is interrupted. Our strategy for soft
tissue regeneration is not to reconstruct it with a syn-
thetic nonbioabsorbable graft but to replace it with tis-
sue ingrowth using a bioabsorbable scaffold seeded with
cells. In line with this strategy, in vivo biocompatibility
and biodegradability of the hybrid fibers should be
studied. Although the biodegradability of these hybrid
polymer fibers remains unclear, we can adjust the deg-
radation rate of the fibers by manipulating the degree of
deacetylation in chitosan fibers or fabrication of hybrid
fiber.

Conclusions

Introducing chitosan into the fundamental scaffold
material for tissue engineering increased cell adhesive
potential and biological effects on the cultured fibro-
blast. Therefore, the alginate-based chitosan hybrid
polymer fibers have potential as a scaffold material for
ligament tissue engineering.
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Application of Tissue Engineering
Techniques for Rotator Cuff
Regeneration Using a Chitosan-Based
Hyaluronan Hybrid Fiber Scaffold
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Background: The current surgical procedures for irreparable rotator cuff tears have considerable limitations. Tissue engineer-
ing techniques using novel scaffold materials offer potential alternatives for managing these conditions.

Hypothesis: A chitosan-based hyaluronan hybrid scaffold could enhance type | collagen products with seeded fibroblasts and
thereby increase the mechanical strength of regenerated tendon in vivo.

Study Design: Controlied laboratory study.

Methods: The scaffolds were created from chitosan-based hyaluronan hybrid polymer fibers. Forty-eight rabbit infraspinatus
tendons and their humeral insertions were removed to create defects. Each defect was covered with a fibroblast-seeded scaf-
fold (n = 16) or a non-fibroblast-seeded scaffold (n = 16). In the other 16 shoulders, the rotator cuff defect was left free as the
control. At 4 and 12 weeks after surgery, the engineered tendons were assessed by histological, immunohistochemical (n = 2),
and biomechanical (n = 6) analyses.

Results: Type | collagen was only seen in the fibroblast-seeded scaffold and increased in the regenerated tissue. The tensile
strength and tangent modulus in the fibroblast-seeded scaffold were significantly improved from 4 to 12 weeks postoperatively.
The fibroblast-seeded scaffold had a significantly greater tangent modulus than did the non-fibroblast-seeded scaffold and the
control at 12 weeks.

Conclusion: This scaffold material enhanced the production of type [ collagen and led to improved mechanical strength in the
regenerated tissues of the rotator cuff in vivo.

Clinical Relevance: Rotator cuff regeneration is feasible using this tissue engineering technique.

Keywords: chitosan; hyaluronan (HA); tissue engineering; rotator cuff; scaffold

The rotator cuff has limited healing potential for massive musculotendinous transfers and patch grafts using biolog-
tears. Therefore, various surgical techniques, including ical or synthetic materials, have been used for the treat-
ment of irreparable tears.">” However, musculotendinous

*Address correspondence to Tadanao Funakoshi, MD, PhD, transfers result in donor site morbidity, and patch grafts
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become mechanically weaker over time as they cause
adverse reactions. New strategies to treat irreparable

Presented in part at the 50th annual meeting of the Orthopaedic rotator cuff tears must therefore be developed.
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have been developed to construct scaffolds of ligaments
and tendons. %1% Awad et al* reported that the repair
of patellar tendon injuries treated with mesenchymal stem
cells and collagen gel composition achieved twice the
structural properties of the contralateral gap controls.
Altman et al' reported the success of ligament tissue
regeneration using bone marrow stem cell-seeded silk
materials. Although these studies have shown the feasibil-
ity of tissue engineering techniques for the regeneration of
ligaments or tendons, there are still a number of limita-
tions to the clinical application of these engineering tech-
niques.

One of the most important considerations is that
implanted tissue, including a biodegradable scaffold mate-
rial, must increase the mechanical strength by augment-
ing the extracellular matrices (ECMs) produced by seeded
cells during the process of tissue regeneration. A strategy
for achieving this ideal process is to develop a scaffold
material that can enhance this process and mechanically
support the regeneration process. To our knowledge, there
is no presently available ideal scaffold material for the tis-
sue engineering of ligaments and tendons.

The main component of ECMs in ligaments and tendons
is type I collagen. The mechanical properties of regenerated
tissues, which predominantly consist of type III collagen,
are likely to be inferior to those of the native tissues.>*
Therefore, to improve the mechanical properties of regen-
erated tendon, it is essential to increase type I collagen
content in the regenerated tissues.

We have recently developed a novel chitosan-based
hyaluronan (HA) hybrid polymer fiber.?’ An in vitro trial
demonstrated that this novel material provided excellent
support for cultured fibroblast adhesion and type I colla-
gen production.11 In addition, the mechanical strength of
this fiber can make it possible to create a 3D fabricated
scaffold. We have developed a novel 3D scaffold based on
this material for rotator cuff regeneration. The hypotheses
of this study are that this novel scaffold could enhance
type I collagen production with seeded fibroblasts and
increase the mechanical strength of the regenerated ten-
dons in vivo. To test these hypotheses, we created rabbit
models of rotator cuff defects and treated them with tissue
engineering techniques using this scaffold material. We
aimed to measure the production of type I collagen as a
main component of the regenerated rotator cuff and to
evaluate any alterations in the mechanical properties of
the regenerated tissues. The results obtained here should
thus provide fundamental information on the in vivo inter-
actions between fibroblasts and this novel scaffold material
for rotator cuff regeneration.

MATERIALS AND METHODS

Preparation of 3D Chitosan-Based HA
Hybrid Polymer Fiber Scaffold

Chitosan-based HA hybrid polymer fibers were developed
by the wet spinning method that has been previously
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described."” The chitosan dope was spun into a calcium
coagulant through a stainless steel spinneret. A 50% aque-
ous methanol solution was used for a second coagulation
bath, and 0.1% HA dissolved in 50% aqueous methanol
solution was used for a third coagulation bath. All 3 coag-
ulation baths were performed at room temperature. The
concentration of HA used was based on its potential for
adhering to the fibers and on its mechanical properties
according to an in vitro trial study."' The fiber wound in
the roller was washed in 90% aqueous methanol and dried
at room temperature. We twisted 2 threads of the chitosan-
based HA fibers together to make a string using a twister
machine (AMT-2; Marui Textile Machinery Co, Osaka,
Japan). Two such strings were further twisted in the oppo-
site direction to make 1 braid. The scaffold (10 mm in
length, 7 mm in width, and 0.7 mm in thickness) was cre-
ated from 13 braids using a braiding machine in the ratio
of 80:30 (rotation to sending; 102-C; Kokubun Limited Co,
Shizucka, Japan) (Figure 1A). The angle between each
braided fiber was 100° (Figure 1B). The 3D materials were
sterilized in an autoclave at 135°C for 20 minutes before
adding fibroblast cultures. The mechanical properties of
the 3D scaffold were measured according to Japanese
Industrial Standards L1015 under dry conditions. In addi-
tion, to test the degradability of the scaffold, the properties
were evaluated again after 4 weeks of incubation in the
standard medium, as mentioned below.

Fibroblast Culture in 3D Scaffold

Fibroblasts were isolated from the patellar tendon of a
Japanese White rabbit under sterile conditions as
described by Nagineni et al.”” The patellar tendon is easier
to manipulate than is the rotator cuff tendon. The peri-
tendinous tissues were carefully removed to avoid cellular
contamination. The culture medium used in the present
study was Dulbecco’s modified Eagle’s medium (D5796;
Sigma Chemical Co, St Louis, Mo), with 10% fetal bovine
serum (10099-141; Invitrogen Corp, Carlsbad, Calif) and
100 TU/mL penicillin, 100 pg/mL streptomycin, and 0.25
png/mL fungizone (17-745H; Biowhittaker, Walkersville,
Md). Cells were incubated at 37°C in a humidified atmos-
phere of 5% CO, and supplemented at 3-day intervals with
fresh culture medium. Three weeks after culturing, the
explanted pieces of patellar tendon were discarded, and
the outgrown cells were removed for subculture using
trypsin digestion. The fibroblasts were used at a second
passage in this study. Cell viability was more than 95%, as
determined by trypan blue exclusion. A 50-mL aliquot of
the fibroblast suspension (8.0 x 10° cells/mL) was loaded
onto each 3D scaffold. The materials were used for the cell-
seeded scaffold (CSS) after 4 weeks of culture.

Study Design and Surgical Procedure

Animal experimentations were approved by institutional
animal care committees. Forty-eight shoulders in 24
mature female Japanese White rabbits weighing 3.2 £ 0.2
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Figure 1. A, 3-dimensional scaffold (10 mm in length, 7 mm
in width, and 0.7 mm in thickness) was created from 13
braids using a braiding machine. B, the angle between each
braided fiber was 100°.

kg (mean = SE) were used. Under general anesthesia
using intravenous pentobarbital (0.05 mg/kg) followed by
isoflurane in oxygen gas anesthesia, the infraspinatus ten-
don and its humeral insertion were removed to create a
defect of 10 x 7 mm in length and width. A trough was cre-
ated in the cortical bone over the insertion of the infra-
spinatus tendon until cancellous bone was exposed. In 16
right shoulders, the defects were covered with 10 x 7-mm
patches of the CSS (CSS group) (Figure 2). The distal ends
of the scaffolds were fixed into the bony trough with two 3-
0 nylon mattress sutures. The proximal stumps of the scaf-
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Figure 2. Surgical procedure. The infraspinatus tendons
from a rabbit were removed to create the defects. A bony
trough was created over the insertion of the infraspinatus
tendon, and a scaffold was inseried.

folds were then sutured to the infraspinatus tendons using
the same technique. The 4 sides of the scaffolds were fur-
ther sutured to define the area of implantation. In the 16
contralateral shoulders, the defects were covered with the
non-cell-seeded scaffold (NCSS group) using a similar pro-
cedure. In the other 16 shoulders in 8 rabbits, the rotator
cuff defects were left free as controls (control group). After
surgery, the animals were not immobilized and were
allowed to move freely in their cages.

Histological and Immunchistochemical Observation

Two rabbits were sacrificed using intravenous pentobarbi-
tal overdoses at each time period (4 and 12 weeks) for his-
tological and immunohistochemical analyses. En bloc spec-
imens, including the greater tuberosity, were harvested
from each shoulder. The specimens were fixed in 10%
buffered formalin and decalcified in formaldehyde and
formic acid. They were longitudinally split to obtain full-
thickness sections from the regenerated tissues. The sec-
tions were embedded in paraffin wax, cut into 5-mm-thick
longitudinal sections, and stained with hematoxylin and
eosin. For immunohistochemistry, we used mouse mono-
clonal antibodies for human type I, type II, and type III
collagen (1:100; Fuji-Chemicals, Takaoka, Japan).*
The sections were washed 3 times and incubated with
peroxidase-labeled, polymer-conjugated antirabbit anti-
body (Envision System; DakoCytomation California Inc,
Carpinteria, Calif) for 60 minutes. The peroxidase reaction
was developed using 3,3-diaminobenzidine tetrahy-
drochloride.

Measurement of Mechanical Properties

At 4 and 12 weeks after surgery, 6 shoulders in each group
were obtained for biomechanical evaluation. The speci-
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mens were wrapped in gauze wetted with physiclogical
saline solution, covered with plastic film, and stored at
—32°C until the start of biomechanical testing. Before ten-
sile testing, each shoulder was thawed overnight at 4°C.
The rotator cuff~humerus complex was dissected, and its
surrounding tissues were carefully removed, referring to
the 4-corner suture makers. The cross-sectional area of
each regenerated tendon was measured by the contact
method using an area micrometer (2050F-60; Mitutoyo,
Tokyo, Japan), as described previously.” A bone-tendon
preparation was mounted and attached to a conventional
tensile tester (P/N346-51299-02; Shimadzu, Kyoto, Japan).
The regenerated tendon site in each specimen was cut to
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Figure 3. Micrographs of each group 4 weeks after surgery. A, cell-seeded scaffold (hematoxylin and eosin staining). B, cell-
seeded scaffold (hematoxylin and eosin staining, original magnification x100). Hybrid fibers have not been absorbed (short black
arrows). Although many fibroblasts and macrophages were observed, there was no severe immune reaction (long black arrows).
Collagen fibers were not observed. C, non-cell-seeded scaffold (hematoxylin and eosin staining). Note that there were no sig-
nificant differences in cell numbers and collagen formation in the scaffolds with or without cells (black arrows). D, control defect
(hematoxylin and eosin staining). Note that only a thin membrane was present (black arrows).

create a dumbbell shape 3 mm wide for biomechanical
study. The free end of the tendon was secured with a spe-
cially designed cryo-jaw device.”® The mechanical testing
protocol was based on a previous report.”’ After a preload
of 0.5 N was applied for 10 minutes, the specimen was sub-
jected to 10 cycles of loading and unloading for precondi-
tioning with between 0 and 0.5 mm of crosshead displace-
ment. Tensile tests in all specimens were performed at a
crosshead speed of 20 mm/min. A stress-strain curve was
obtained from the load-displacement relationship, in
which stress was calculated by dividing the tensile load by
initial cross-sectional area, and strain was calculated by
dividing the displacement by initial gauge length. Tensile
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Figure 4. The gross appearance of the cell-seeded scaffold
12 weeks after surgery. Note the good continuity with the
infraspinatus muscles and their insertions.

strengths and tangent moduli were determined from
stress-strain relationships. The tangent modulus was
defined by the slope of the stress-strain curve, which was
determined by a least squares linear regression analysis of
the data between the end point of the toe region and that
point starting to bend before failure.

Statistical Analysis

Statistical comparisons were performed using l-way
analysis of variance and the Fisher protected least signifi-
cance post hoc test; P < .05 was assumed as significant, All
data are presented as mean £ SE.

RESULTS

Mechanical Properties of 3D Scaffold

The ultimate strength and stiffness of the scaffold under
dry conditions were 67.2 + 2.2 N and 18.8 + 1.2 N/mm,
respectively. At 4 weeks after incubation, the same meas-
ures were 16.0 = 1.6 N and 6.8 + 0.8 N/mm, respectively.
The cross-sectional area of the scaffold was 0.936 mm”® (1
thread; 18 000 pm? 52 threads). Therefore, the tensile
strength of the scaffold was theoretically 72.0 MPa under
dry conditions and 17.0 MPa at 4 weeks after incubation,
based on the ratio of the ultimate strength to the cross-
sectional area (0.936 mm?).

Histological and immunohistochemical Evaluation

4-Week Specimens. Macroscopically, in both the CSS and
NCSS groups, the defects were covered with thin scar-like
tissues on the implanted scaffold. However, there was no
tissue covering the defect in the control group.
Microscopically, at this point, there were no significant dif-
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Figure 5. Micrographs of each group 12 weeks after surgety
(hematoxylin and eosin staining). A, cell-seeded scaffold.
Note the well-aligned coliagen fibers (black arrows). B, non-
cell-seeded scaffold. Note the unaligned collagen fibers
(black arrows). C, control. Note that thin membranes with
many fibroblasts linked the end of the torn cuff and the bone
(black arrows).
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10 mm

Figure 6. Micrographs of each group 12 weeks after surgery. A, type | collagen staining in the cell-seeded scaffold group (type
I collagen stain). Note that the regenerated tendons treated with the cell-seeded scaffold were positive for type | collagen (black
arrows). B, type | collagen staining in the non-cell-seeded scaffold group. Note the absence of staining (black arrows). C, type
Il collagen staining in the cell-seeded scaffold group. Note the presence of type Il collagen in the tendon-bone insertion (black
arrows). D, type lll collagen staining in the cell-seeded scaffold group. Immunostaining for type Il collagen was not clearly

detected when compared with type | collagen (B).

ferences in cell numbers or collagen formation between the
CSS and NCSS groups (Figures 3 A-C). Many fibroblasts
and macrophages were observed around the scaffold fibers
in both groups (Figures 3 B and C). In the control group,
there was a thin membrane with a number of fibroblasts
and vessels (Figure 3D). The hybrid fiber scaffold
remained in the regenerated tissues in all sections. No
rupture of the scaffold or severe inflammatory response
was observed microscopically in any specimen. All sections
were immunohistochemically negative for types I, II, and
ITI collagen at this time.

12-Week Specimens. In both the CSS and NCSS groups,
the created defect was covered macroscopically with thick
fibrous tissues. There appeared to be continuity between

the infraspinatus muscle and its bone insertions (Figure
4). In the control group, although the defects were not cov-
ered with any tissues at 4 weeks, at 12 weeks the defects
were covered with thin fibrous membranes.
Microscopically, the number of fibroblasts in both the CSS
and NCSS groups did not increase significantly from 4 to
12 weeks postoperatively (Figures 5 A and B). The charac-
teristic crimp patterns in the CSS group were more regu-
larly arranged than were those in the NCSS group
(Figures 5 A and B). The hybrid fiber scaffold was more
extensively absorbed at 12 weeks than at 4 weeks. In the
control group, thin membranes with fibroblasts linked the
end of the torn cuff to the bone (Figure 5C).
Immunochistochemistry at this point showed positive
staining for type I collagen on the periphery of the
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TABLE 1
Mechanical Properties of the Regenerated Tissues
Cross- Tensile Tangent
sectional  Strength, Modulus,
Area, mm?® MPa MPa
12-week control® 3.7+05 55+08 374+54
Cell-seeded
scaffold group
4wk 85+1.0 48108 54.7 5.7
12 wk 103+1.2° 924089 89.0+7.4%
Non-cell-seeded
scaffold group
4wk 82+10 53+%16 59.1+£7.2
12 wk 99+13" 71£08 602865

“Control, defect was left uncovered. The defect in the rotator
cuff was not covered with any regenerating tissues in the control
group at 4 weeks.

P < .001 versus 12-week control.

P < .01 versus 4-week cell-seeded scaffold group.

4P < .01 versus 12-week control.

P < .01 versus 12-week non-cell-seeded scaffold group.

P < .0001 versus 12-week control.

£P < .05 versus 12-week control (n = 6, mean + SE).

implanted scaffold in the CSS group (Figure 6A), whereas
there was no type I collagen staining in the NCSS group
(Figure 6B). Type II collagen was observed in the tendon-
bone insertion in half of the specimens in each group
(Figure 6C). Immunostaining for type III collagen was not
clearly detected in the CSS group in comparison with type
I collagen (Figure 6D).

Mechanical Properties of Regenerated Tissue

Before testing the mechanical properties of the regenerated
tissues, we evaluated the tensile strength and tangent
modulus of intact infraspinatus tendons; the respective
values were 54.5 + 13.1 MPa and 582.5 + 93.2 MPa.

All rotator cuff~humerus complexes failed at the mid-
substance of the regenerated tissue portion except for the
4-week control specimens. Table 1 summarizes the results
of the analysis. In the CSS group, both tensile strength
and tangent modulus increased significantly to 191% and
163%, respectively, from 4 to 12 weeks after surgery (P <
.01). In the NCSS group, the tensile strength and tangent
modulus showed no significant alterations over the same
period (P = .11 and .91, respectively). There were no sig-
nificant differences in the cross-sectional area between the
CSS and NCSS groups at 4 and 12 weeks after surgery. On
the other hand, at this point, the cross-sectional areas in
both groups were significantly greater than those of the
control group (P < .001). Although there were no signifi-
cant differences in the tensile strength and the tangent
modulus at 4 weeks among the 3 groups, the tangent mod-
ulus at 12 weeks in the CSS group was significantly
greater than in the NCSS and control groups (P < .01 vs
the NCSS group; P < .0001 vs the control group).
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DISCUSSION

The limited healing potential of the rotator cuff requires
intensive reconstructive procedures to treat massive tears.
However, each procedure has considerable limitations, as
mentioned previously. The ideal treatment for irreparable
tears would be to regenerate the tendon tissue, which
mainly consists of type I collagen. In this study, we hypoth-
esized that the enhancement of type I collagen products in
the regenerated tissue could increase the mechanical
strength in a living body. To test this hypothesis, we used
a rabbit rotator cuff rupture model treated with tissue
engineering techniques using a novel 3D scaffold. Four to
12 weeks after surgery, immunohistochemistry showed an
increase of type I collagen products in the regenerated tis-
sue in the CSS group. Moreover, the tensile strength and
tangent modulus also improved significantly. By contrast,
tissues from the other experimental groups showed no sig-
nificant increases in type I collagen products or improve-
ments in mechanical properties. The NCSS group showed
no increase of type I collagen products and no statistically
significant improvement of the mechanical properties from
4 to 12 weeks. Although there may be a lack of statistical
power in the analysis of mechanical properties, we reason-
ably conclude that an increase of type I collagen contents
appears to enhance the mechanical strength of the regen-
erated tigsues. This finding provides important and funda-
mental information for the development of a tendon and
ligament tissue engineering technique.

Several tissue engineering studies have shown success-
ful ligament and tendon regeneration using a variety of
scaffold materials, including both natural and synthetic
materials.*"*'? However, little attention has been given
to whether these scaffold materials can mechanically sup-
port the transplanted fibroblasts and the regenerated tis-
sues in a living body. Frank et al showed that recovery of
the material properties of a ligament scar improved up to
14 weeks, but the maximum stress or strain remained
lower up to 40 weeks of healing compared with a normal
ligament.'® Although scaffold materials need to be
biodegradable, they must still provide adequate mechani-
cal strength for immature tissues during the process of lig-
ament and tendon regeneration. In our previous study, we
demonstrated that HA enhanced not only the biological
effects on the seeded fibroblasts but also the mechanical
strength of the polymer fiber."! The tensile strength of the
scaffold, which was fabricated from the chitosan-based HA
hybrid fibers, was 80 MPa under dry conditions.
Gentleman et al reported that the tensile strength of
bovine Achilles tendon collagen fibers (36 MPa) was simi-
lar to that reported for human ligament.” The tensile
strength of this scaffold was higher than that of a collagen
construct under dry conditions. Although our fiber scaffold
became mechanically weaker over time, it appeared to be
strong enough to maintain continuity between the infra-
spinatus muscles and their bone insertions until the
native ECM had matured.

Regarding the application of the current technique to
the treatment of irreparable rotator cuff tears, we must
also consider the tendon-bone junction between the
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humerus and regenerated tissue. In operations for rotator
cuff tears, the distal end of the ruptured tendon is fixed
directly to the humerus. Therefore, a successful technique
requires the scaffold to adhere firmly to the bone.
Histologically, we observed here a secure connection
between the regenerated tissue and the insertion of the
humerus. Several methods for augmenting the tendon-
bone junction have shown enhanced healing potential. A
woven polylactic acid scaffold on the tendon-bone site
strengthened repairs of the rotator cuff,’® whereas bone
marrow stromal cells and osteoinductive proteins such as
bone morphogenetic protein enhanced tendon-to-bone
healing.*** In the present study, although the regenerated
tendon-bone junction was not similar to a normal cuff
insertion including the tidemark, type II collagen was seen
in the regenerated region. Therefore, this scaffold material
may offer an advantage in reconstructing secure inser-
tions consisting of fibrocartilage layers.

We must also consider the origin of fibroblasts embed-
ded in the regenerated tissue. The fate of donor cells seeded
on a scaffold after implantation into a host body has not
been clarified. Several studies have demonstrated that the
host cells gradually replace the implanted donor cells over
time.** Bellincampi et al® showed that anterior cruciate
ligament fibroblasts, which were seeded onto collagen scaf-
folds, remained viable for at least 4 to 6 weeks after being
implanted in knee joints. Mierisch et al** reported that the
transplanted chondrocyte density decreased to 15% of the
initial density at 4 weeks after implantation into an osteo-
chondral defect in rabbits. Ostrander et al®® examined the
fate of perichondrium cells in the repair of osteochondral
defects. They showed a decline in donor cells accompanied
by an influx of host cells into the repair tissue. In the cur-
rent histological findings, the cells and regenerated tissue
were mainly found on the superficial layer of the scaffold.
Immunohistochemically, type I collagen was localized on
the surface of the scaffold. On the other hand, the poten-
tial of chitosan as a biomaterial is based on its cationic
nature and high-charge density in solution. Madihally and
Matthew reported that the cationic nature of chitosan
allows for electrostatic interactions with anionic gly-
cosaminoglycans (GAGs), proteoglycans, and other nega-
tively charged species. These ionic interactions serve as a
mechanism for retaining and recruiting cells, growth fac-
tors, and cytokines within a tissue scaffold. We therefore
believe that host cells recruited from the surrounding tis-
sue gradually replace the transplanted fibroblasts after
several weeks. This theory explains the scarcity of cells in
the central portion of the implanted scaffold. In addition,
no expression of type I collagen was found in the acellular
scaffold-implanted control group of rabbits. We postulate
that the donor cells mainly contribute to tissue regenera-
tion immediately after transplantation to the host.
Further studies will be performed to confirm these points
on the fate and roles of donor cells.

The GAGs, which are parts of the ECM components,
play an important role in regulating the expression of the
cellular phenotype and in supporting tissue regeneration.
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Regarding our scaffold material, it is notable that HA,
which is a main component of the GAGs of the rotator
cuff,>* is applied to chitosan as a fundamental substance.
Many studies have shown the biological effeci~ of HA on
various cells.****®3 In tendon tissue engineering, we
must consider that the tendon is subject to excessive
mechanical stress. To maintain the attached fibroblasts
under this circumstance, highly cellular adhesiveness is a
requirement for scaffold materials. Zimmerman et al®
showed that HA is an adhesion modulator molecule that
can mediate the early stage of cell-substrate interaction.
Hu et al™ stated that HA has positive advantages for
fibroblast adhesion. Based on those data, it seems reason-
able to conclude that scaffold biomaterials introducing HA
will provide excellent fibroblast adhesive activity. The high
adhesiveness of this scaffold material could enhance tissue
regeneration in vivo.

There were several limitations to this study. First, the
biodegradability and biocompatibility of the scaffold mate-
rial remain unclear. Although chitosan has been employed
as an excellent biocompatible material for wound healing
and tissue repair, immunological reactions have been
reported. Here, we found no significant inflammation with
mononuclear cell infiltrates around the implanted scaffold.
However, further observation must be made to confirm the
long-term general or local immune reaction. Second, as
mentioned above, the regenerated tissue, mainly consisting
of type I collagen, was localized in the superficial layer of
the scaffold. This phenomenon has been considered to be
caused by central necrosis in 3D culture systems. To increase
the mechanical strength of regenerated tissue, the tissue
must be distributed ‘throughout the entire scaffold. It is
therefore necessary to improve the culture environment so
as to spread both nutritive and soluble cell growth factors.
In addition, the pore size of the scaffold strongly affects
fibroblast invasion and angiogenesis into the 3D scaffold.
We aim to design a better scaffold material with adequate
porosity for these purposes. Finally, the data obtained
demonstrated that the mechanical properties of tissues
regenerated from the CSS only approximated 20% of those
of the intact infraspinatus tendon at 12 weeks postopera-
tively. Histologic findings show that the scaffold material
still remained in the regenerated tissues at 12 weeks post-
operatively. Therefore, to improve the mechanical proper-
ties of the regenerated tissues, the mechanical strength of
the current scaffold material must be increased. For appli-
cation in the treatment of human rotator cuff tears, these
structural and mechanical assessments will be performed
to progress from success in our small-animal model to tri-
als with full-size defects in a large-animal model.

In conclusion, this study confirmed that a 3D scaffold
constructed from chitosan-based HA hybrid polymer fibers
enhanced the production of type I collagen and provided
sufficient mechanical strength for the regenerated tissue
of the rotator cuff in vivo. Although there were several lim-
itations, these results strongly suggest the feasibility of
rotator cuff regeneration using current tissue engineering
techniques with this novel 3D scaffold.



