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a b s t r a c t

Introduction: Tendon tissue engineering requires scaffold-free techniques for safe and long-term clinical
applications and to explore alternative cell sources to tenocytes. Therefore, we histologically assessed
tendon formation in a scaffold-free Bio-three-dimensional (3D) construct developed from normal human
dermal fibroblasts (NHDFs) using our Bio-3D printer system under tensile culture in vitro.
Methods: Scaffold-free ring-like tissues were constructed from 120 multicellular spheroids comprising
NHDFs using a bio-3D printer. Ring-like tissues were cultured in vitro under static tensile-loading with or
without in-house tensile devices (tension-loaded and tension-free groups), with increases in tensile
strength applied weekly to the tensile-loaded group. After a 4 or 8-week culture on the device, we
evaluated histological findings according to tendon-maturing score and immunohistological findings of
the middle portion of the tissues for both groups (n ¼ 4, respectively).
Results: Histology of the tension-loaded group revealed longitudinally aligned collagen fibers with
increased collagen deposition and spindle-shaped cells with prolonged culture. By contrast, the tension-
free group showed no organized cell arrangement or collagen fiber structure. Additionally, the tension-
loaded group showed a significantly improved tendon-maturing score as compared with that for the
tension-free group at week 8. Moreover, immunohistochemistry revealed tenascin C distribution with a
parallel arrangement in the tensile-loading direction at week 8 in the tension-loaded group, which
exhibited stronger scleraxis-staining intensity than that observed in the tension-free group at weeks 4
and 8.
Conclusions: The NHDF-generated scaffold-free Bio-3D construct underwent remodeling and formed
tendon-like structures under tensile culture in vitro.
© 2019, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

Tendon injury occurs under acute traumatic or chronic degen-
erative conditions and is very common [1e4]. Treatment of tendon
injury often requires surgery to restore tendon function; however,
for significant tendon loss in the extremities, which cannot be
repaired by suturing, treatment options remain poorly defined.
Although several methods using autografts or allografts have been
reported, risks of damage to the donor site from which the auto-
grafts are harvested and potential immune reactions with allografts
are major concerns [5e7].
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Engineering of tendon tissue can address these issues, and
recently, several methods have been developed to repair tendon
defects. For engineering of tendon tissue, uniaxial tensile culture is
considered a key element, as it mimics the physiological conditions
of tendons in vivo and allows cellular proliferation, differentiation,
and matrix production [8]. Most previously reported methods used
synthetic or biological scaffolds to form three-dimensional (3D)
constructs and withstand the tensile force [8]. Cells adhere to the
scaffolds, and the cell-scaffold construct is cultured under uniaxial
mechanical loading to form tendon-like structures. However, the
scaffolding materials can influence the surrounding microenviron-
ment [9] or cause immunological reactions [10,11] in clinical settings.

It is critical to identify the appropriate cell source for tendon
engineering [12]. For engineering tendon tissues, it is logical to use
tenocytes as the cell source, because they are native cell types of
intact tendon tissues. However, tenocytes exhibit limited prolifer-
ation and phenotype drift, and function loss has been observed
during several passages in vitro [13]. Furthermore, the donor site is
greatly limited, with donor-site morbidity reported after harvesting
tendon tissue [14]. Therefore, several studies report alternative cell
sources to tenocytes for tendon regeneration [12].

Previous studies demonstrated the possibility of tendon
regeneration using scaffold-free cell sheets with human embryonic
stem cells (ESCs) [15], rat tendon-derived stem cells (TDSCs) [16],
and mouse dermal fibroblasts [17]. However, ESCs and TDSCs are
multipotent, and considerable research needs to be conducted
before they can be safely used for clinical applications [12,18]. By
contrast, dermal fibroblasts are terminally differentiated cells and
an easily accessible cell source in the absence of major donor-site
morbidity for clinical applications [12,19]. Furthermore, previous
studies using human dermal fibroblasts (HDFs) showed their high
potential for tendon formation in vitro [12] and tendon regenera-
tion in vivo [18]. However, tendon regeneration or formation using
the scaffold-free method and HDFs has not been demonstrated.

In this study, we demonstrated tendon formation using a
scaffold-free technique and HDFs in vitro. This technique involved
tendon formation using a Bio-3D printer system developed by one
of the coauthors (K.N.) and enabling the creation of robotically
predesigned 3D structures using multicellular spheroids (MCSs)
[20,21]. This system has been used for various tissue-regeneration
applications, including for cartilage and subchondral bone [22],
the aortae [23], peripheral nerves [24], the liver [25], the diaphragm
[26], and the trachea [27].

Tis study assessed the possibility of achieving tendon formation
using normal HDFs (NHDFs) and our novel scaffold-free technique
in vitro. To do this, we engineered scaffold-free Bio-3D constructs
with NHDFs using the Bio-3D printer system, cultured the con-
structs under tensile loading in vitro, and performed histologic
evaluations.
2. Materials and methods

2.1. Cell culture

NHDFs (CC-2511; Lonza, Basel, Switzerland) were purchased
and cultured in Dulbecco's modified Eagle medium (DMEM; Gibco,
Grand island, NY, USA) containing 10% fetal bovine serum (Sigma-
eAldrich, St. Louis, MO, USA), penicillin (100 U/mL), streptomycin
(100 mg/mL), and ascorbic acid (50 mg/mL) at 37 �C in a humidified
atmosphere of 5% CO₂. The culture mediumwas changed every 2e3
days, and cells were passaged to the same density (3500 cell/cm2)
until passage five, after which they were cryopreserved until
further use.
2.2. Spheroid formation

The previously cryopreserved cells were thawed, plated on 150-
mm culture dishes (3500 cells/cm2), and cultured in the same
medium until 90% confluence. The cells (passage 6) were detached
by recombinant trypsin replacement, resuspended in the same
medium without ascorbic acid, and seeded into 96-well plates
designed to prevent cells from adhering to the culture-plate surface
(Sumilon PrimeSurface; Sumitomo Bakelite, Tokyo, Japan) at
2.5 � 10⁴ cells/well. After incubation for 36 h, the cells spontane-
ously aggregated into MCSs (Fig. 1a).
2.3. The Bio-3D printer for generating NHDF ring tissue

We used a Bio-3D printer (Regenova; Cyfuse, Tokyo, Japan) to
assemble MCSs for constructing scaffold-free ring-like tissues, as
described by Ito et al. [23]. Briefly, a ring-like structure was pre-
designed by arranging 120 spheroids in two layers, nine hori-
zontally and 20 vertically, on the computer system (Fig. 1b.).
According to the predesiged 3D structure, the printer device
(Fig. 1c.) robotically selected MCSs with a diameter of
500 mme600 mm and skewered them individually into a 9 � 9
needle-array similar to a “Kenzan” (Fig. 1d). The medium used for
the culture of constructs on the needle array was the same as that
used for the cell culture. After 8 days, adjacent spheroids were
fused to form a ring-like shape in the Kenzan, which was then
removed (Fig. 1e).
2.4. Tensile culture of tissue

The ring-like tissues developed from the NHDFs were cultured
under static mechanical strain that was generated using a self-
made, in-house device with stainless steel springs (Fig. 1f). The
device comprised three bases (main, middle, and spring-anchor
bases) (Fig. 1f and g), with the middle and spring-anchor bases
situated on the main base in order to allow their smooth move-
ment. The three bases were connected using four springs, and
pinholes were created on the floor of the main base at 1-mm in-
tervals. Upon generating tensile force to the tissues, the spring-
anchor base was moved to the right side, and a stainless pin was
inserted into a hole in the main base between the middle base and
the spring-anchor base.

The spring-anchor base was then immobilized by the elastic
force of the springs and the stainless-steel pin, and the middle base
was moved to the right side, where it stopped at the balance point
of the springs (Fig. 1f). In the tension-loaded group, the four ring-
like tissues were placed on the main and middle bases, and ten-
sile force on the tissues was generated using the previously
described mechanism (Fig. 1g and i). This device can adjust the
traction force by changing the spring constant andmoving distance
of the fixed base. In this study, we used stainless steel springs
(Riken Spring Industry, Osaka, Japan) with an extremely low spring
constant (K ¼ 4.4 � 10⁻⁴ N/mm).

The initial force was determined at the initial point, which was
the distance between the main and middle bases and lower with
the tissues than it was in their absence (Fig. 1g.). Furthermore, the
spring-anchor base was moved 2 mm to the right side weekly in
order to maintain the traction force because of tissue elongation.
The tissues were cultured with the same growthmedium under the
same cell-culture conditions, and the culture mediumwas changed
twice weekly. The tension-free tissues were placed in the same
device and cultured using the same protocol without moving the
spring-anchor base (Fig. 1h).



Fig. 1. Materials for and process of manufacturing three-dimensional (3D) Bio-printed ring-like tissue and human neo-tendon tissue under static tensile loading. (a) Image of
multicellular spheroid (MCS) produced from normal human dermal fibroblasts (NHDFs). Scale bar ¼ 100 mm. (b) Predesigned 3D ring-like structure. Green spheres represent MCSs.
(c) Image of the Bio-3D printer (Regenova). (d) Image of the Kenzan needle-array after skewering MCSs. (e) Image of ring-like tissue after removal from the needle array. (f) Image of
the in-house uniaxial tensile device. (g) Image of the tensile device without tissues (upper) and with tissues (lower) at the initial strength point. A: main, B: middle, and C: spring-
anchor base. Image of ring-like tissues in the (h) tension-free and (i) tension-loaded groups.
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2.5. Histology

After a 4- or 8-week culture on the tensile device, we harvested
the tissues from the tensile device for both groups. All tissues were
immediately fixed in 4% paraformaldehyde, followed by three
washes in phosphate-buffered saline, dehydrated with alcohol and
xylene, and embedded in paraffin blocks. Histological sections
(7 mm) were prepared using a microtome and subsequently stained
with hematoxylin and eosin (H&E) and Masson trichrome. H&E
staining was used to examine the tissue structure, nuclear
morphology, and cell distribution. Trichrome staining revealed
collagen production, collagen-fiber direction, and the proportion of
fibers oriented in parallel.

2.6. Evaluation using tendon-maturing scoring

We evaluated the maturation of the scaffold-free Bio-3D cell
construct using the tendon-maturing scoring system described by
Watkins et al. [28] and modified by Ide et al. [29]. Assessment of
vascularity and tendon-to-bone insertion was excluded, because
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these parameters were not associated with this in vitro study,
whereas the remaining five parameters (cellularity, proportion of
cells resembling tenocytes, proportion of parallel cells, proportion
of fibers of large diameter characteristic of mature tendon fibers,
and proportion of parallel fibers) were semiquantitatively assessed
(Table 1). Cellularity, the proportion of cells resembling tenocytes,
and proportion of cells oriented in parallel were assessed using
H&E staining while the other parameters were assessed using tri-
chrome staining.

These parameters were semiquantitatively graded using a four-
point scale (IeIV; Table 1). Cellularity was graded as marked
(grade I), moderate (grade II), mild (grade III), and minimal (grade
IV). Other parameters were graded as <25% of proportion (grade I),
25%e50% of proportion (grade II), 50%e75% of proportion (grade
III), and >75% of proportion (grade IV). Based on this assessment, a
maximum score was 20, which would be that for a normal tendon.
The same length was evaluated from the center of the tissues for
both groups using the histological score. Cross-sections were
examined under a microscope (AX70; Olympus, Tokyo, Japan) and
analyzed using Image J software (version 1.46c; National Institutes
of Health, Bethesda, MD, USA). Scoring was performed by two
blinded colleagues with no information about the data, including
the application of traction or non-traction and the incubation
period of the culture. In cases of disagreement, the findings
were reviewed by the observers and discussed until reaching
agreement.

2.7. Immunohistochemistry

Immunohistochemistry was performed using rabbit anti-
human tenascin C monoclonal (ab108930; Abcam, Cambridge,
UK) or rabbit anti-human scleraxis polyclonal (ab58655; Abcam)
antibodies. Tissue sections on slides were deparaffinized, incu-
bated with methanol and 0.3% hydrogen peroxide (H2O2) for
30 min, and washed. The slides were then incubated with the
respective primary antibodies (1:200) at 4 �C overnight. After
additional washing steps, the slides were further incubated with
horseradish-conjugated secondary polyclonal rabbit immuno-
globulin G antibodies (ImmPRESS reagent anti-rabbit Ig kit;
Vector Laboratories Burlingame, CA, USA). After additional
washing steps, immunoreactivity was visualized using a dia-
minobenzidine peroxidase substrate kit (Vector Laboratories),
followed by counterstaining with hematoxylin. Negative con-
trols were samples immunostained without the primary
antibody.

2.8. Statistical analyses

Statistical analyses were performed using JMP software
(v13.0.0; SAS Institute, Inc., Cary, NC, USA). P-values were calculated
for differences in the tendon-maturing score using one-way anal-
ysis of variance with a TukeyeKramer post hoc test. Differences
were considered significant at P < 0.05. All data are presented as the
mean ± standard deviation.
Table 1
Modified tendon-maturing score.

Cellularity
Proportion of cells resembling tenocytes
Proportion of cells oriented in parallel
Proportion of fibers of large diameter characteristic of mature tendon fibers
Proportion of fibers oriented in parallel
3. Results

3.1. Gross and histological findings

In both groups, the bilateral middle portion of the ring-like
tissues gradually closed and fused following prolonged culture
(Figs. 2a and 3a), and tissues completely changed form to a glass-
like shape by week 4 (Figs. 2b and 3b). In the tension-loaded
group up to week 2, the tissue was contracted despite the tensile
force being increased weekly. Fromweek 2e6, the tissue elongated
as the tensile force increased; however, after week 6, the tissue
length had not elongated despite the increased tensile strength. By
contrast, the tissues contracted in the tension-free group with
prolonged culture (Fig. 2aec). Therefore, the shape of the fused
middle portion differed between the two groups, with the tension-
loaded group narrower and longer than the tension-free group was
(Figs. 2b and c, 3b and c).

We then histologically evaluated the fused central portion of
both groups having the same length. At week 4, H&E staining of
tissue from both groups revealed few cells with elongated nuclei
similar to tenocytes, and the cell arrangement lacked organization
(Figs. 2d and 3d). Additionally, trichrome staining revealed collagen
deposition with a disorganized fiber direction (Figs. 2e and f, 3e
and f).

In the tension-free group at week 8, H&E staining revealed that
the tissues were less cellular than those at week 4 (Fig. 2g); how-
ever, staining revealed no visible disruption of the organized cell
arrangement and an increase in cells with elongated nuclei.
Moreover, trichrome staining revealed no noticeable increase in
collagen deposition and disruption of collagen fiber arrangement
(Fig. 2h and i). Conversely, in the tension-loaded group at week 8,
H&E staining showed longitudinally aligned cells with elongated
nuclei similar to tenocytes along with collagen fibers (Fig. 3g).
Additionally, trichrome staining revealed significant collagen
deposition with an organized fiber direction (Fig. 3h and i). Sur-
prisingly, it also revealed a wave structure that mimicked native
tendon tissue (Fig. 3h and i).

The tendon-maturing scores of the tension-free and -loaded
groups at week 4were 5.25 ± 0.43 and 7.00 ± 0.71, respectively, and
at week 8, the scores were 7 ± 1.22 and 13.75 ± 1.48, respectively.
Table 2 summarizes of the scores of all evaluated items. The
tension-loaded group had a significantly higher score at week 8
relative toweek 4 (P < 0.0001) and higher than that for the tension-
free group at weeks 4 and 8 (both P < 0.0001; Fig. 4).

3.2. Production of tenascin C

Immunohistochemical analysis revealed tenascin C production
after 4 and 8 weeks of culture in both groups (Fig. 5.). In both
groups at week 4, the tenascin C distribution was unorganized
(Fig. 5a,c,f and h), with the tension-free group showing similar
patterns at week 8 (Fig. 5b and g). By contrast, in the tension-loaded
group at week 8, the tenascin C distribution was arranged parallel
to the direction of tensile loading (Fig. 5d and i).
1 2 3 4

Marked Moderate Mild Minimal
<25% 25e50% 50e75% >75%
<25% 25e50% 50e75% >75%
<25% 25e50% 50e75% >75%
<25% 25e50% 50e75% >75%



Fig. 2. Histological analysis of the tension-free group. Images showing changes in construct shape with prolonged culture (a) and gross view at weeks 4 (b) and 8 (c). Photomi-
crographs showing hematoxylin and eosin (H&E) staining (d and g) and Masson's trichrome staining (e, f, h, and i) of in vitro-cultured tissue without tension-loading at weeks 4 (b
and def) and 8 (c and gei). Scale bars ¼ 2 mm (a), 100 mm (d, e, h, and i), and 50 mm (f and i).

Fig. 3. Histological analysis of the tension-loaded group. Images showing changes in construct shape with prolonged culture (a) and gross view at weeks 4 (b) and 8 (c). Pho-
tomicrographs showing hematoxylin and eosin (H&E) staining (d and g) and Masson's trichrome staining (e, f, h, and i) of in vitro-cultured tissue with tension loading at weeks 4 (b
and def) and 8 (c and gei). Scale bars ¼ 2 mm (a), 100 mm (d, e, g, and h), 50 mm (f) and 20 mm (i).
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3.3. Expression of scleraxis

At week 4, immunohistochemical analysis revealed that scler-
axis expression was stronger in the tension-loaded group than it
was in the tension-free group (Fig. 6 a, c, f, and h). At week 8, the
tension-loaded group maintained scleraxis-staining intensity
relative to that at week 4, which was also stronger than that in the
tension-free group (Fig. 6b,d,i and g).
4. Discussion

Our results demonstrated that tendon formation was possible
using NHDFs and our novel scaffold-free technique in vitro.
Although a previous study reported tendon regeneration with
scaffold-free techniques using mouse dermal fibroblasts [17], to the
best of our knowledge, this is the first report of tendon regeneration
or formation using a scaffold-free technique and HDFs.



Table 2
Histological analysis.

Tension-free group Tension-loaded group

1 2 3 4 1 2 3 4

Week 4 evaluation, n
Cellularity 4 0 0 0 1 3 0 0
Fibrocytes 4 0 0 0 4 0 0 0
Fiber diameter 4 0 0 0 1 3 0 0
Cells, parallel 4 0 0 0 3 1 0 0
Fibers, parallel 3 1 0 0 3 1 0 0

Week 8 evaluation, n
Cellularity 1 3 0 0 0 4 0 0
Fibrocytes 4 0 0 0 0 3 1 0
Fiber diameter 2 2 0 0 0 1 1 2
Cells, parallel 4 0 0 0 0 3 1 0
Fibers, parallel 1 3 0 0 0 0 0 4

Fig. 4. Histological scoring. Histological scoring of tension-free and tension-loaded
groups at weeks 4 and 8. A perfect score on this scale is 20 points. *P < 0.0001;
**P < 0.0001; and ***P < 0.0001 (n ¼ 4).

Fig. 5. Immunohistochemical analysis of tenascin. Photomicrographs of immunohistochemical staining for tenascin C (aed) and the magnification (fei). (e and j) Negative controls
for immunostaining. Scale bars ¼ 50 mm (aee) and 20 mm (fej).
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Furthermore, this is the first report of tendon regeneration or for-
mation using a scaffold-free Bio-3D printer system. Despite the
absence of a biological scaffold, our scaffold-free NHDF cell con-
structs exhibited elasticity and could be cultured with tensile
loading using an in-house tensile device. Furthermore, histological
examination showed an increase in the proportion of elongated
nucleated cells, parallel collagen fibers, and elongated cells in the
loading direction along with a waveform structure, although the
cellularity remained moderate. Native tendons comprise cells and
ECM, which are largely composed of collagen fibrils [30]. Collagen-
fiber bundles form parallel and waveform structures, with inter-
posed, elongated, parallel tenocytes. In this study, the tension-
loaded group showed these tendon-specific histological features
and mimicked native tendons.

Furthermore, immunohistochemical analysis showed that the
tension-loaded group produced tenascin C, which was distributed
in a parallel arrangement to the direction of tensile loading. By
contrast, although the tension-free group also showed tenascin C
production, the distribution lacked organization. Tenascin C is a
glycoprotein constituent of the tendon ECM and is distributed on
the cellecollagen fiber interface and the surface of collagen-fiber
bundles in native tendons [31]. Conversely, tenascin C is rarely
detected in the healthy dermis [32], which is the source for NHDFs;
thereforewe evaluated tenascin C expression as a marker of tendon
formation using NHDFs. Chen et al. [33] reported that a rabbit
dermal fibroblast cell-scaffold construct transplanted into a
defective rabbit Achilles tendon produced tenascin C in a parallel
arrangement with collagen fiber. In the present study, the distri-
bution pattern of tenascin C in the tension-loading group was
similar to that reported previously.

Additionally, immunohistochemical analysis showed over-
expression of scleraxis in the tension-loaded group. Scleraxis
directly regulates the transcription of type 1 collagen, which is the
main component of the tendon ECM [34]. Scleraxis is predomi-
nantly expressed by tendon progenitors and differentiated tendon
cells [35], whereas previous studies showed a lack of scleraxis
expression on dermal fibroblasts cultured in vitro [18,36]. More-
over, scleraxis-knockout mice displayed a less organized and
reduced tendon ECM [37], and scleraxis was identified as a critical
factor in tendon development and differentiation [38]. In the pre-
sent study, the tension-free group showed a lack of scleraxis
expression and formed immature tissue as compared with the
tension-loaded group. Our results suggested that scleraxis over-
expression was vital for the formation of tendon-like tissue using
NHDFs with our method.

Unlike the tension-free group, the tension-loaded group showed
scleraxis overexpression and formed tendon-like tissue with an
organized distribution of collagen fiber and tenascin C. Our results



Fig. 6. Immunohistochemical analysis of scleraxis. Photomicrographs of immunohistochemical staining for scleraxis (aed) and the magnification (fei). (e and j) Negative controls
for immunostaining. Scale bars ¼ 50 mm (aee) and 10 mm (fej).
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indicated that mechanical loading is a key element for the forma-
tion of tendon-like tissue using NHDFs with our method. Dermal
fibroblasts synthesize dermis ECM proteins, which mainly
comprise type I collagen fibrils [39] similar to native tendon tissue
[34]. Mechanical loading reportedly induces collagen synthesis and
the production of growth factors, such as transforming growth
factor (TGF)-b1, by cultured dermal fibroblasts [40]. Additionally,
Wang et al. [41] reported that exogenous TGF-b1 enhances scleraxis
expression in cultured dermal fibroblasts. These findings suggest
that HDFs might have upregulated scleraxis expression in response
to mechanical stress.

In the tension-loaded group, the ring-like Bio-3D construct
contracted until week 2 and elongated thereafter. A previous report
reported that tissue without fixation at both ends gradually con-
tracted with prolonged culture [12]. Up to week 2, the tensile force
might have been too weak to maintain the length of the ring-like
tissue; however, the tissue length did not clearly elongate after
week 6 despite the tensile strength being increased weekly. Our
results showed that the tendon-maturing score at week 8 was
significantly higher than that at week 4 in the tension-loaded
group. Therefore, the maturation of tendon-like structure on the
tissue might have enabled resistance to the traction force and
maintained the tissue length.

Scaffold-free methods for tissue engineering avoid problems
associated with the use of scaffold biomaterials, including immu-
nogenicity, biomaterial degradation, and the toxicity of degradation
products [42]. Therefore, our method and previous scaffold-free
methods using cell sheets [15e17] can be considered highly safe
for tendon regeneration or formation for clinical application. Our
method differs from previousmethods using cell sheets for forming
scaffold-free Bio-3D cell constructs, as the scaffold-free cell con-
structs are formed using a Bio-3D printer system that forms con-
structs of various shapes and sizes by changing the predesigned 3D
structure using a computer system and an appropriate Kenzan
design [22,23,26,43]. In the present study, we used a standard sized
Kenzan-like needle array to engineer the Bio-3D constructs, and
our tendon-like tissue was small in size. It is possible that using a
longed Kenzan-like needle array [26] might enable the formation of
larger tendon-like tissue.

To form tendon-like tissue, we engineered a ring-like Bio-3D
construct with our Bio-3D printer system. In order to culture the
Bio-3D construct with tensile loading, it was necessary to fix both
ends of the tissue. In the method using scaffolds, crumping both
ends is often used [44]; however, our immature construct was
fragile, making it difficult to apply tensile loading with crump
fixation. Therefore, we addressed this problem by forming it into a
ring shape.

Additionally, we used a static tensile device with stainless steel
springs. For engineering tendon-like tissue, previous methods used
cyclic tensile loadingwith a bioreactor system in order tomimic the
physiological nature of mechanical loading for the tendon tissue
[8]. For cyclic tensile loading, it is important to adjust the strain
amplitude in order to adapt the construct [45]. In the present study,
it was difficult to maintain constant strain amplitude due to tissue
elongation. By contrast, a previous report described engineering
tendon-like tissue with HDFs on a static tensile culture using
stainless steel springs [12]. Therefore, we modified their method to
create a tensile device using stainless steel springs in order to adapt
to our ring-like Bio-3D construct. We used stainless steel springs
with an extremely low spring constant in order to not break the
Bio-3D construct with the tensile force and increased the tensile
strength weekly as the tissue maturated during culture.

Our study has some limitations. First, we did not elucidate the
similarities and differences between our tendon-like tissues gener-
ated using NHDFs and normal tendon tissues in detail. One of the
reasons is the lack of specific tendon markers, which are only
expressed in normal tendon tissues [46]. Second, the tension-loading
group at week 8 showed less maturity than normal tendon tissue
according to the tendon-maturing score. Given that bacterial
contamination occurs during prolonged culture, further study is
needed to explore an ideal culture method, including a traction pro-
tocol, whichwould enable the formation ofmature tendon-like tissue
in a short period of time. Additionally, we evaluated tendon formation
byhistological assessment alone. For clinical application, further study
is needed to adjust the size of the tendon-like tissue and assess its
functional aspects, including mechanical properties or performance,
in vivo after transplantation into a tendon-defect animal model.

5. Conclusion

This study demonstrated tendon formation using a scaffold-free
technique and NHDFs in vitro. We engineered scaffold-free Bio-3D
cell constructs using our scaffold-free Bio-3D printer system with
NHDFs and cultured them under tensile loading in vitro. The
tension-loaded group at week 8 showed that the proportion of
elongated nuclear cells and parallel cells in the tensile directionwas
higher than that at week 4. Furthermore, collagen fiber and
tenascin C were distributed in an arrangement parallel to the di-
rection of tensile loading, and we found that the dermal fibroblasts
strongly expressed scleraxis to a degree similar as that observed at
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week 4. These findings indicated that our scaffold-free method
allowed tendon formation using HDFs in vitro.
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