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Abstract The ruptured anterior cruciate ligament (ACL)
does not heal spontaneously. Therefore, the development
of new healing techniques employing tissue engineering is
vital. One of the aspects related to tissue-engineered arti-
ficial ligaments is the type of cell to be used for the arti-
ficial ligament. In this study, ligament cells from the ACL
and periodontal ligament (PDL) were evaluated. In addi-
tion, we prepared highly oriented extracellular matrix
(ECM) fiber scaffolds that mimicked the structure of the
ligament and examined the cellular responses to these
scaffolds. Elastin-A and collagen were used as the ECM
proteins. Although the cells from the PDL (PDL fibroblasts
[PDLFs]) showed approximately 2.1-fold higher expres-
sion of alkaline phosphatase (ALP; marker of osteogenic
differentiation) than the ACL cells, the expression of lig-
ament-related genes (for type I collagen, type III collagen,
and tenomodulin) did not differ between PDLFs and ACL
cells. Furthermore, the cellular responses (expression pat-
tern of ligament-related genes and ALP activity) to the
ECM were similar between ACL cells and PDLFs. In
particular, elastin-A upregulated ALP and downregulated
tenomodulin (TeM; a ligament marker) in ligament cells.
In contrast, collagen maintained TeM expression in
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ligament cells. These results suggest that elastin-A pro-
motes the osteogenic differentiation of ligament cells and
that collagen maintains the phenotype of ligament cells.
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ligament - Periodontal ligament - Tissue engineering

Introduction

The anterior cruciate ligament (ACL), which joins the
femur to the tibia, is one of the most important ligaments in
the knee joint. The ACL is an elastic tissue composed of
highly oriented collagen, elastin, and fibroblasts [1-3]. This
ligament does not heal itself when ruptured because of its
poor vascularization, and surgical reconstruction is the
standard treatment in such cases [2, 3]. However, current
surgical ACL reconstruction approaches are not ideal.
Therefore, the generation of artificial ligaments by tissue
engineering is an attractive approach.

One of the issues in the preparation of an artificial lig-
ament for tissue engineering is determining the type of cell
to use for the artificial ligament. Although ACL cells may
be suitable, other cell sources are typically required.
Additionally, the effects of ligament components (elastin
and collagen) on ligament cells are not clear. Ligaments
join bone to bone; therefore, it is necessary to mimic the
interface structure between ligaments and bones.

The periodontal ligament (PDL) is the connective tissue
present between the tooth cementum and the alveolar bone.
When a patient’s own ACL organization is reduced and
extraction is impossible, an extractable PDL is considered
as a candidate cell source that can be obtained by tooth
extraction. The cellular components of the PDL (PDL
fibroblasts: PDLFs) have characteristic properties. For
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example, PDLFs have the ability to form mineralized tissue
and show higher collagen production and alkaline phos-
phatase (ALP) activity than gingival fibroblasts [4-6].

ACL cells and PDLFs share similar characteristics. For
example, both types of cells have spindle-shaped mor-
phology, the ability to differentiate into various cell types
such as osteoblasts, and similar surface antigens (positive:
cluster of differentiation [CD] 29, CD44, CD73, CD105,
and CD166; negative: CD34 and CD45) [7-12]. Therefore,
PDLFs could be used as an alternative source for the
generation of artificial ligaments. However, the differences
between these 2 cell types are unclear. In a previous study
[13], we used PDLFs, and demonstrated the interactions
between PDLFs and the extracellular matrix (ECM). In this
study, ACL cells isolated from the human ACL were used
to study these interactions in an environment similar to that
of knee joints. The purpose of this study was to examine
the differences between ACL cells and PDLFs. Further-
more, we prepared a highly oriented fibrous ECM scaffold
that mimicked the interface structure between ligaments
and bones and examined the cellular responses between
ligament cells and the ECM.

Materials and methods
Preparation of cells and materials
Isolation of ACL cells

Human ACL tissue samples were collected aseptically
from adult donors during total knee arthroplasty surgery.
All the subjects (n = 11) enrolled in this research gave
their informed consent, which was approved by our insti-
tutional committee on human research, and the study pro-
tocol was found to be acceptable by them.

To prepare the tissue culture, the ACL was washed
twice in phosphate-buffered saline (PBS), and the sur-
rounding synovial sheath and fat tissue were carefully
removed to obtain the core portion of the ligament. Then,
the ACL was cut into small pieces and placed on culture
dishes with a minimal amount of culture medium, which
consisted of Dulbecco’s modified Eagle medium (DMEM)
(Sigma-Aldrich Co., Saint Louis, USA) supplemented with
10 % fetal bovine serum (FBS) and 1 % penicillin/strep-
tomycin (Sigma-Aldrich). After 1 h of incubation at 37 °C
in a humidified atmosphere of 5 % CO, and 95 % air,
culture medium was added. The culture medium was
exchanged every 3 days. Explant tissues were removed
when outgrown cells reached subconfluency, and these
cells were referred to as passage O cells.

For comparison, we also prepared commercially avail-
able human PDLFs (Lonza Walkersville Inc. Walkersville,
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MD, USA). Subculturing of PDLFs was performed
according to the manufacturer’s protocol.

Preparation of insoluble elastin, soluble elastin,
and type I collagen

Insoluble elastin was extracted from porcine arteries
obtained from a slaughtering center (Matsusaka, Mie,
Japan) by using the method reported by Miyamoto et al.
[14]. Soluble elastin was then prepared from the insoluble
elastin by 0.25 M oxalic acid treatment and fractionated
into 3 types of elastin: elastin-A, -B, and -C. Elastin-A [15]
was used in this study. Type I atelocollagen derived from
porcine arteries was obtained from ECM Laboratory Co.
(Mie, Japan).

Preparation of ECM scaffold by electrospinning

An original electrospinning device for preparation of the
fibrous ECM scaffold was fabricated in this laboratory, and
the ECM scaffolds were prepared using a previously reported
method [15]. ECM scaffolds were prepared as follows:
1,300 mg of elastin-A (or 650 mg of collagen) and 40 mg of
the cross-linker ethylene glycol di-glysidil ether (EGDE,
Wako, Osaka, Japan) were mixed in 5,000 mg of trifluor-
orthanol (Wako). The solution was then placed in a plastic
syringe attached to a 21G stainless steel needle (Terumo
Corp., Tokyo, Japan). The flow rate of the ECM solution jet
from the syringe was 1.2 ml/h and the voltage was 15 kV.
The distance between the target electrode and the nozzle was
10 cm. After electrospinning, the obtained ECM scaffold
was heated for cross-linking at 121 °C for 20 min.

Cell culture
Cell proliferation assay

The proliferative ability of ACL cells was examined
according to methods described elsewhere with minor
modifications [7]. Briefly, ACL cells were seeded at 5,000
cells/cm? on a 35-mm cell culture dish (Sumitomo Bakelite
Co. Ltd., Tokyo, Japan) in DMEM containing 10 % FBS.
The cells were incubated at 37 °C in a humidified atmo-
sphere of 5 % CO, and 95 % air and serially passaged every
5 days until senescence occurred. The culture medium was
exchanged every 3 days. The cells were counted and
replated at the same cellular density. Population doubling
(PD) for each passage was calculated according to previ-
ously reported methods [7]. PD was determined as follows:

PD = log2(N./Ny)

where N, is the number of cells after 5 days and Nj is the
initial cell number.
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Expression of ligament cell markers of ACL tissue, ACL
cells and PDLFs

Ligament-related gene expression was assayed by reverse
transcription-polymerase chain reaction (RT-PCR) as
described elsewhere [16] for tenomodulin (TeM), a marker
for ligaments and tendons [17, 18]; types I and III collagen,
which are the major components of the ligament [1]; and
ALP, which is a marker for osteoblasts. The oligonucleo-
tide primer sequences for PCR analysis were as follows:
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5'-
GAT GTC ATC ATA TTT GGC AGG TT-3' and 5'-CCT
GCA CCA CCA ACT GCT TAG CCC-3; TeM, 5'-CCC
AGC AGA AAA GCC TAT TG-3' and 5'-GCG TGA CGG
GTC TTC TCT AC-3'; type I collagen, 5'-TTT GTG GAC
CTC CGG CTC-3’ and 5-AAG CAG AGC ACT CGC
CCT-3; type III collagen, 5'-AAC GGT CTC AGT GGA
GAA CG-3' and 5'-CCA CTC TTG AGT TCA GGA TGG-
3’; and ALP, 5-TGG AGC TTC AGA AGC TCA ACA
CCA-3 and 5-ATC TCG TTG TCT GAG TAC CAG
TCC-3'. GAPDH was amplified for 27 cycles, TeM for 34
cycles, types I and III collagen for 28 cycles, and ALP for
32 cycles. Agarose gel electrophoresis (3 %) was per-
formed with one-fifth of the PCR product and analyzed by
densitometry using the FAS III system (Toyobo Co. Ltd.
Tokyo, Japan). Density values for PCR products were
normalized to the values for GAPDH.

To perform RT-PCR, ACL tissue that was attached to
bone tissue was divided into 2 regions: the ACL region and
the bone region. Total RNA from each region was then
extracted using RNA iso Plus (TAKARA BIO Inc. Shiga,
Japan) according to the manufacturer’s protocol.

In addition, ACL cells were seeded on a 35-mm cell
culture dish at 5,000 cells/cm? in DMEM containing 10 %
FBS. Total RNA was extracted when ACL cells reached
subconfluency, and then ligament-related gene expression
was analyzed. This experiment was performed on 3 inde-
pendent cultures by using ACL cells, which had been
isolated from 3 patients.

Cellular response to the ECM scaffold

ACL cells and PDLFs between passages 4 and 6 were used
for seeding onto the ECM scaffold. The ECM scaffold
(2 cm x 2.5 cm x 80 pm) was sterilized at 121 °C for
30 min and placed on a 35-mm cell culture dish. The cells
were seeded onto the ECM scaffold at a density of 5 x 10*
cells/scaffold and incubated at 37 °C for 1 h. After 1 h,
DMEM containing 10 % FBS was added to the culture
dish, and the cells were incubated for 1 week. The culture
medium was exchanged every 3 days.

Assessment methods
Immunohistofluorescence using frozen sections

To evaluate the components of the ACL, immunofluores-
cence staining was performed using frozen sections. After
removal of extra tissue from ACL samples, they were cut
to a suitable size. Then, they were embedded in OCT
compound (Sakura Finetek Japan Co. Ltd., Tokyo, Japan),
frozen, and sectioned using a microtome (7-pm-thick
sections).

Frozen sections were fixed in cold acetone:ethanol (1:1)
for 10 min. After washing, the sections were blocked with
1 % bovine serum blocking solution for 30 min and then
incubated at 4 °C overnight with a 1:200 dilution of pri-
mary antibody (mouse anti-human collagen I [AbD Sero-
tec, Kidlington, UK], collagen III antibody (rabbit)
[GeneTex, Inc., San Antonio, TX], and polyclonal antibody
to human tropoelastin [Elastin Products Company, Inc.,
Owensville, Missouri, USA]). The sections were then
incubated at room temperature for 90 min with a 1:200
dilution of the secondary antibody (DyLight 649-labeled
antibody to rabbit IgG [Kirkegaard and Perry Laboratories,
Inc., Gaithersburg, MD] and DyLight 649-labeled antibody
to mouse IgG [Kirkegaard and Perry Laboratories, Inc.]).
Fluorescent-stained sections were observed using a con-
focal laser microscope (Fluoview FV 100; Olympus,
Tokyo, Japan). The observation conditions were standard-
ized for each protein to evaluate the strength of protein
expression. Green auto-fluorescence of the ECM scaffolds
was detected, which allowed the properties of the ECM
scaffolds to be directly observed.

Scanning electron microscopy

The ECM scaffolds were sputter-coated with Au for 120 s
using an ion-sputterer (E-1010; Hitachi, Tokyo, Japan).
The Au-coated samples were then examined using a field-
emission scanning electron microscope (S-4000; Hitachi)
at an acceleration voltage of 20 kV.

Alkaline phosphatase assay

Protein extracts of ligament cells were prepared using
0.1 % Triton X-100/20 mM HEPES-NaOH. The ALP
assay was performed using LabAssay ALP (Wako)
according to the manufacturer’s protocol. The data
obtained were normalized against the amount of protein
measured by the bicinchoninic acid method. When the cells
on the ECM scaffold were examined, an ECM scaffold
without seeded cells was prepared as a negative control.
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Data analysis

All data have been expressed as mean value * standard
deviation (SD) values. For the analysis of covariance, the
SAS software for statistical analysis (StatView version 5.0;
SAS Institute Inc., USA) was used. Dunnett’s test and the
Tukey—Kramer test were used. A value of p < 0.05 indi-
cated statistical significance.

Results
Gene expression of ACL tissue and bone tissue

The gene expression in ACL tissue and bone tissue was
analyzed by RT-PCR (Fig. 1). Although the expression of

Fig. 1 Characteristics of ACL (a) type | collagen mRNA

type I collagen was similar in ACL and bone tissue, the
expression of type III collagen and TeM was 2 and 4 times
higher, respectively, in ACL tissue than in bone tissue. In
contrast, ALP expression was 5.4 times higher in bone
tissue than in ACL tissue.

Immunohistofluorescence analysis of ACL tissue

Autofluorescence of ACL tissue was not observed under
these experimental conditions (Fig. 2a). Elastin, type I
collagen, and type III collagen were widely distributed in
ACL tissue (Fig. 2c-h). Type I collagen fibers and type
IIT collagen fibers had a dense structure. In contrast,
elastin fiber has a sparser structure than collagen fiber,
and elastin fiber was observed to fill a gap among col-
lagen fibers.
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Fig. 1 continued
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Characteristics of cells outgrown from the ACL

Cells that migrated from the ACL during explant culture
demonstrated a fibroblastic and spindle-like shape (Fig. 1i).
Cell growth gradually decreased over 75 days (cumulative
population doubling [cPD] level, 19). ACL cells showed
little proliferative ability at approximately 130 days (cPD
level, 23) (Fig. le).

ACL cells between passages 1 and 10 (cPD level, from
1.6 to 15) that showed proliferation were used to examine
ligament-related gene expression. The expression levels of
TeM, type I collagen, and type III collagen remained vir-
tually constant in these cells (Fig. 1f-h).

Comparison of the cellular properties of ACL cells
and PDLFs

Ligament-related genes (for TeM, type I collagen, and type III
collagen) were almost equally expressed in ACL cells and
PDLFs without significant differences (Fig. 3a—). Type III
collagen expression was approximately 2.6 and 3.2 times
higher than type I collagen expression in ACL cells and PDLFs,
respectively. In contrast, the ALP activity of PDLFs was
approximately 2.1 times higher than that of ACL cells (Fig. 3d).

Structure of the ECM scaffolds

SEM images of the elastin-A scaffold and collagen scaffold
are shown in Fig. 2i and j, respectively. We described the
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average diameter of fibers in the ECM scaffolds in our
previous report [13], and the average fiber diameter in the
elastin-A and collagen scaffolds were 0.5 and 1.7 pum,
respectively. Figure 2k, 1 show the autofluorescence of the
elastin and collagen fibers, and it was observed that their
structure was similar to that of the ACL organization and
fiber orientation.

Cellular responses to the ECM scaffold

Type I collagen expression from ACL cells on the elastin-
A scaffold was slightly higher than that from ACL cells on
collagen scaffold (Fig. 4a). Very little difference was
detected in the production of type III collagen on the
elastin-A scaffold (Fig. 4b). No difference in type I and
type III collagen expression from PDLFs was observed
between PDLFs on the elastin-A and collagen scaffolds
(Fig. 4e, 1).

The expression of TeM in ACL cells on an elastin-A
scaffold was approximately 70 % lower than that in ACL
cells on a collagen scaffold (Fig. 4c). In contrast, the ALP
activity of ACL cells on the elastin-A scaffold was 1.8
times higher than that of cells on the collagen scaffold
(Fig. 4d).

PDLFs showed cellular responses similar to those of
ACL cells (Fig. 4e-h). The TeM expression of PDLFs on
the elastin-A scaffold was approximately 93 % lower than
that of PDLFs on the collagen scaffold (Fig. 4g). In con-
trast, PDLFs on the elastin-A scaffold showed 1.8 times
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Autofluorescence

tropoelastin

Elastin A sccafold
Collagen scaffold

Fig. 2 Immunohistofluorescence analysis of human ACL tissue and
ECM scaffolds. a Autofluorescence of ACL. b Differential interfer-
ence contrast microscope image. ¢, d Tropoelastin expression. e,
f Type I collagen expression. g, h Type III collagen. Scale bars are

higher ALP activity than those on the collagen scaffold
(Fig. 4h).

Discussion

Structure of the ECM scaffolds

The value (0.3 MPa) of the elastic modulus of the elastin-A
scaffold used in this study was similar to that of neck

ligament tissue (0.2 MPa), which is an elastin-rich material
described in our previous report [13]. The collagen
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Type | collagen

(9)

Type lll collagen

a—h 250 pm. i, k Elastin-A scaffolds, j, I collagen scaffold. i and j are
SEM images of ECM fibers. k and 1 are autofluorescence of ECM
fibers. Scale bars are i 150 pm, j 100 pm, k and 1 50 pm

scaffold, which has an elasticity of 1.2 MPa, has the same
strong physical properties as a ligament.

Gene expression in ACL tissue and bone tissue

To determine the gene expression pattern of intact tissue,
total RNA was extracted from ACL and bone tissue and
measured by RT-PCR (Fig. 1). Higher expression of type
IIT collagen and TeM was observed in ACL tissue than in
bone tissue (Fig. 1b, ¢). Type III collagen is the main
component of ligaments, and TeM is a marker of dense
connective tissue such as ligaments and tendons. In
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Fig. 3 Comparison of the
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contrast, the expression of ALP, which is an osteogenic
marker, in bone tissue was higher than that in ACL tissue
(Fig. 1d). It is therefore confirmed that type III collagen
and TeM can be used as markers to evaluate ligament cell
phenotype and ALP can be used as a marker to evaluate
osteoblast phenotype.

Immunohistofluorescence analysis of ACL tissue

Figure 2 shows that elastin, type I collagen, and type III
collagen are widely distributed in ACL tissue. Thus, liga-
ment cells in ACL tissue are likely surrounded by elastin
and types I and III collagen. To date, elastin has not been
focused on as a material for artificial ligament engineering.
However, both elastin and collagen were found to be dis-
tributed throughout ACL tissue (Fig. 2c-h). Therefore, it is
important to use elastin as well as collagen to prepare
artificial ligaments that mimic the ligament structure.
Therefore, cellular responses to elastin and type I collagen,
which is the main collagen component of ligaments, were
examined using ECM-supplemented culture medium and
ECM scaffolds in this study.

Characteristics of cells outgrown from ACL
The cell morphological features and cumulative population

doubling of outgrown ACL cells agreed with the findings
of Cheng et al. [7] and Steinert et al. [8]. The results of

gene expression and proliferative assays suggest that iso-
lated ACL cells have a high capacity for proliferation and
undergo fewer phenotypic changes during subculture.

Comparison of the cellular properties of ACL cells
and PDLFs

PDLFs have higher collagen synthesis ability and ALP
activity than other types of fibroblasts, e.g., gingival fibro-
blasts. In addition, PDLFs have the capacity to form miner-
alized tissue [4—6]. Figure 3a—c showed that ligament-related
gene expression levels were not significantly different
between ACL cells and PDLFs. In contrast, the ALP activity
of PDLFs was significantly higher than that of ACL cells
(Fig. 3d). These results suggest that ACL cells and PDLFs
would have similar synthesis ability for matrix protein;
however, PDLFs have higher osteoblastic function than ACL
cells. The results show that PDLFs have an advantage over
ACL cells in the reconstruction of the bone interface because
of their osteoblastic functions. Further detailed study is
required regarding the osteogenic potential of PDLFs and
their ability to synthesize bone-specific proteins.

Cellular responses to the ECM scaffold
A significant difference was observed in the TeM expres-

sion in ligament cells on the elastin-A scaffold and liga-
ment cells on the collagen scaffold (Fig. 4c, g). TeM is an
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Fig. 4 Responses of ACL cells
and PDLFs to the ECM
scaffold. ACL cells, a type I
collagen mRNA expression.

b Type III collagen mRNA
expression. ¢ TeM expression.
d ALP activity. a, b, ¢ Elastin-A
scaffold, n = 5; collagen
scaffold, n = 8. The data were
normalized to those for
GAPDH. d Elastin-A scaffold,
n = 6; collagen scaffold, n = 7.
PDLFs, e type I collagen
mRNA expression. f Type 111
collagen mRNA expression.

g TeM expression. h ALP
activity. e, f Elastin-A scaffold,
n = 11; collagen scaffold,

n = 9. g Elastin-A scaffold,

n = 9; collagen scaffold, n = 7.
The data were normalized to
those for GAPDH. h Elastin-A
scaffold, n = 9; collagen
scaffold, n = 8. ACL and
PDLFs were cultured for 7 days
on each scaffold type.

*p < 0.05

antiangiogenic factor that is expressed in dense connective
tissues such as ligament and tendon and is known as a
ligament marker [18-22]. Figure 4 shows that ligament
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cells on the elastin-A scaffold hardly showed TeM
expression relative to cells on the collagen scaffold.
However, ligament cells on the elastin-A scaffold showed
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significantly higher ALP activity than cells on the collagen
scaffold. ALP is known as an osteogenic marker [23]. As
previously reported, ACL cells and PDLFs have the
potential to differentiate into osteoblasts, and they express
ALP in the process of osteogenic differentiation [7-9, 12].
Furthermore, bone tissue showed higher ALP expression
than ACL tissue (Fig. 1d). Therefore, ligament cells on an
elastin-A scaffold would likely differentiate into osteo-
blast-like cells. In contrast, like the ACL tissue in Fig. lc,
the ligament cells on the collagen scaffold showed TeM
expression. Thus, ligament cells on a collagen scaffold
would maintain their phenotype as ligament cells.

Osteogenic induction by the elastin-A scaffold and cell
phenotype maintenance by a collagen scaffold were mea-
sured in both ACL cells and PDLFs. Ligaments join bone
to bone; therefore, it would be useful to mimic the interface
structure between ligament and bone by differentiating
ligament cells to osteoblasts. The results of this study
indicate that the elastin-A scaffold would be useful for
reconstructing the interface region. Furthermore, it is
considered that elastin is an important factor for obtaining
mechanical properties equivalent to those of native ACL.

In general, ligaments play an important role in stabi-
lizing joints and enabling complex movement. Therefore,
ligaments possess stiffness and high elasticity. Elastin
plays a central role in elasticity in the living body and is
widely distributed in ACL tissue (Fig. 2). Thus, it is
expected that the mechanical properties of a cell scaffold
for an artificial ligament equivalent to the native ACL
would be obtained with a combination of collagen scaf-
folds (stiffness) and elastin-A scaffolds (elasticity).

ACL cells and PDLFs showed similar properties (liga-
ment-related gene expression) and responses to ECM.
However, the ALP activity and TeM expression of PDLFs
on the elastin-A scaffold was higher and lower than that of
ACL cells on the elastin-A scaffold, respectively (Fig. 4).
PDLFs show phenotype changes in response to ECM. In
particular, it is expected that PDLFs will differentiate into
osteoblasts effectively by combining with the elastin-A
scaffold (Fig. 4g, h). These results suggest that PDLFs
would be useful as the cell source for ACL reconstruction
using tissue engineering. Depending on the degree of injury
of ACL tissue, ACL cells may not always be available.
PDLFs can be isolated from the PDL, and the PDL is easier
to harvest than other ligament tissues such as the ACL.
Therefore, it is expected that PDLFs will be useful as an
alternative to ACL cells.

Conclusion

In this study, ACL cells and PDLFs were found to have
similar cellular functions. Since ACL cells and PDLFs can

be used almost interchangeably, although ACL cells are
important, an important point that should be clarified is that
PDLFs can be used as a substitute for the ACL when the
ACL cells cannot be used. In addition, with regard to the
interaction between ligament cells and ECM, the elastin-A
scaffold increased ALP activity and downregulated TeM
expression in ligament cells. In contrast, the collagen
scaffold maintained TeM expression. In particular, an
elastin-A scaffold was suitable for the bone-ligament
jointing section, and a collagen scaffold was suitable for
the central portion. Therefore, it is expected that the ECM
scaffolds prepared in this study will be useful as a cell
scaffolds for ligament reconstruction that can promote
phenotype alteration of ligament cells.
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