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Traumatic tendon injuries are among the most common types of injuries, often characterized by insuffi-
cient and slow recovery. The current study aims to evaluate the regenerative capacity of a tissue-engin-
eered tendon graft in a rabbit gastrocnemius tendon defect. This graft comprises gap-electrospun col-
lagen-coated parallel polycaprolactone (PCL) fibers seeded with adipose-derived stem cells (ADSCs),
which promoted to adopt a tenogenic phenotype using a tenocyte-imprinted substrate for the first time.
Scanning electron microscopy (SEM) images confirmed the parallel structure and successful cell attach-
ment to the scaffold. Sirius red staining, high-performance X-ray photoelectron spectroscopy, and water
contact angle showed that collagen successfully coated and changed the surface hydrophilicity of the
scaffold. Imprinted substrates showed tenocyte patterns in SEM images. In an in vitro evaluation, ICC and
real-time polymerase chain reaction confirmed that the stem cells acquired tenogenic traits. In addition,
histopathology scoring outcomes showed significant improvement in the Pattern group and an almost
2.58 times increase in the total score average compared to the control group. In vitro and in vivo therapy
results show that differentiated ADSCs seeded on the collagen-coated PCL scaffold for tendon repair

rsc.li/biomaterials-science

Introduction

Tendon tissue is composed of dense connective tissue that
transmits muscle contraction to the skeleton. With aging,
tendon injuries become more common.! However, tendon
tissue lacks the ability of self-renewal and self-recovery. The
self-regeneration capacity of the tendon is typically confined to

“Department of Medical Engineering joint Research, Chonnam National University,
Gwangju 61186, Republic of Korea

"National Cell Bank Department, Pasteur Institute of Iran, Tehran, P.O. Box
1316943551, Iran. E-mail: shahinbonakdar@yahoo.com

“Faculty of Veterinary Medicine, University of Tehran, P.O. Box 1419963111, Iran.
E-mail: mdehghan@ut.ac.ir

“Department of Stem Cells and Developmental Biology, Cell Science Research Center,
Royan Institute for Stem Cell Biology and Technology, ACECR, Tehran, Iran
‘Department of Prosthodontics, School of Dentistry, Chonnam National University,
Gwangju 61186, Republic of Korea. E-mail: psw320@chonnam.ac.kr

TBiomedical Evaluation and Research Centre, School of Dentistry, Chonnam National
University, Gwangju 61186, Republic of Korea

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5bm00534e

4412 | Biomater. Sci, 2025, 13, 4412-4426

have astounding therapeutic potential.

its low vascularity and cellularity.” Tenocytes are fully differen-
tiated cells recognized as primary cells with low metabolic
activity.3 Moreover, immune response, infection risks, and
limited donor sites are crucial barriers to allograft and auto-
graft transplantation.

Tissue-engineered products represent promising solutions
to address challenges for achieving effective healing by utiliz-
ing cells, scaffolds, and growth factors. Given the increased
risks of side effects associated with growth factors, our focus
shifted to utilizing cells and scaffolds. Adipose-derived stem
cells (ADSCs) are a suitable cell source because they are abun-
dant and considered an optimal source for obtaining stem
cells owing to the simplicity of the isolation process and its
low invasiveness.* Obtaining ADSCs from the adipose tissue
residues of esthetic surgeries eliminates the ethical issues
involved when deriving them from bone marrow.>® For the
scaffold, we aimed to mimic the natural extracellular matrix of
the tissue.

Electrospinning is a primary method for producing low-
cost, multifunctional scaffolds for tissue engineering,
affording microsized and nanosized scaffolds that imitate the
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extracellular matrix (ECM).” The size and structural resem-
blance of electrospun nanofibers to ECM makes them ideal for
tissue regeneration.®® Significantly, the nanotopographical
characteristics exhibited by electrospun nanofibers influence
the morphology, migration, and differentiation. The short dia-
meter, adequate contact surface area, and high porosity of
electrospun nanofibers have established electrospinning as a
frequently employed fabrication method for tissue engineering
scaffolds, particularly in wound healing and cartilage, tendon,
and nerve tissue regeneration.'® However, conventional electro-
spinning does not replicate the organization found in tendon
fibers. To address this limitation, gap electrospinning, which
can produce uniaxially parallel fibers by manipulating the elec-
tric field across the electrode poles, has been developed.
Another technique for obtaining aligned nanofibers involves
the use of the rapidly rotating-mandrel technique, which is
energy- and time-consuming. Moreover, transferring fibers fab-
ricated via this method is difficult because they stick to the col-
lecting surface. In contrast, uniaxially aligned nanofibers pre-
pared by gap electrospinning rest on an air gap between the
poles, which facilitates the fiber collection procedure.™
Polycaprolactone (PCL) is a biodegradable, nontoxic
polymer with good mechanical properties.'*** However, its
poor hydrophilicity and cytocompatibility are unfavorable for
creating a cell-friendly scaffold. Accordingly, the surface modi-
fication of the PCL fibers without altering their bulk properties
is essential."* We immobilize collagen on PCL fibers by amino-
lysis to enhance its cytocompatibility. Collagen is the main
component of the ECM and contributes to 65%-80% of the
dry weight of tendon tissue.'® By adding collagen to the fibers,
we further mimic the natural chemistry of the tendon tissue.
The cell-imprinting method has been extensively studied to
physically mimic the natural topography of cells and induce
stable and efficient differentiation signals in stem cells.
Several studies have shown the significance of cultural plat-
form elements, ranging from topography, stiffness, and
surface nanopatterns in cell differentiation.’®>®* The ECM
maintains the physical, chemical, and mechanical functions of
a cell, determining the differentiation path for stem
cells.****>> Previously published reports have revealed that a
tenocyte-imprinted substrate stimulates tenogenic signals in
rat adipose-derived stem cells in vitro.”®*” In other studies,
chondrogenic, osteogenic, myogenic, neurogenic, keratino-
genic, and Schwann cell differentiation signals were success-
fully transmitted to stem cells by the imprinting
technique.”’*> The main advantages of the cell-imprinting
method for regulating the cell fate are safety, stability, and
time and concentration independence. It is a potential replace-
ment for standard polystyrene tissue culture plates as an
effective and safe differentiation mechanism.?”
Polydimethylsiloxane (PDMS) finds extensive application in
the imprinting method because of its facile fabrication, gas per-
meability, optical transparency, and low chemical reactivity.*® In
contrast to conventional tissue culture plastic (TCP), PDMS is
nontoxic, modifiable for physio-mechanical features, easily
moldable, has high accuracy at the nanoscale and microscale,
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and has affordable fabrication costs, making it an optimal sub-
strate.’” Regarding cellular behavior, PDMS gives a more precise
perspective of cellular reaction toward mechanical stimulation,®®
stiffness,* stretching,?® and topography.>”*™*3

In this study, for the first time, we used white New Zealand
rabbit (2-3 kg, male) autologous ADSCs that were induced to
undergo tenogenic differentiation by a tenocyte-imprinted sub-
strate and grafted onto an injured tendon using collagen-
coated, highly aligned gap-electrospun nanofibers for 24
weeks. We aimed to investigate the efficiency of the combined
method for the tenogenic differentiation of stem cells.** The
results of this study could pave the way for future clinical
experiments.

Materials and methods

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of the
University of Tehran and approved by the Animal Ethics
Committee of the Faculty of Veterinary Medicine, University of
Tehran (Approval ID: IR.UT.VETMED.REC.1403.050).

Scaffold

Fabrication of the PCL scaffold. PCL (average M, = 80 000,
Sigma, USA) was dissolved in a dichloromethane (Merck,
Germany) and dimethylformamide (Merck, Germany) mixture
(80:20) to obtain PCL solution. The solution was allowed to
rest for 30 min at room temperature and then stirred as
required to form a homogeneous solution. The compound was
centrifuged at 2000 rpm for 5 min to eliminate air bubbles.
We extruded the solution using a 21G syringe on the collector
under 15 kV at a flow rate of 0.75 ml h™". We designed a collec-
tor explicitly for this study, comprising two twin copper sheets
aligned horizontally, facing each other with a 3 cm gap.'® ESI
Fig. 11 presents a schematic view of the electrospinning
compound.*®

Fiber diameter and orientation analysis. Three 1 cm X 1 cm
parts were cut from the scaffold and coated with gold. Each
sample was viewed with a scanning electron microscope
(TeScan-Mira3, Czech Republic). Three representative images
were taken for each sample, and the diameter and orientation
of 175 distinct fibers were measured using Image] (NIH, USA).
Scanning electron microscopy (SEM) images with 1k magnifi-
cation were used for fiber diameter measurement. The angle
of each fiber was relative to the x-axis and was taken as the
fiber orientation. Graphs of fiber diameter distribution and
fiber orientations were plotted using Origin software (version
2019b).

Collagen coating. Fabricated nanofiber mats were washed by
immersion in 50% v/v ethanol solution for 3 h and then rinsed
with deionized water to remove oily contamination. The nano-
fibers were then immersed in a 10% w/v solution of ethylene-
diamine/2-propanol at 37 °C for 24 h and washed with de-
ionized water for another 24 h. Afterward, they were soaked in
1% wi/v glutaraldehyde solution for 3 h at 25 °C, washed with
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deionized water three times, and immersed in deionized water
for 24 h to expel unreacted glutaraldehyde molecules. Finally,
the amine-functionalized nanofiber mats were immersed in a
collagen solution (3 mg ml™", NanoZist Arayeh, Iran, calfskin)
with a pH of 3.4 and incubated at 4 °C for 24 h. The collagen-
coated fibers were rinsed with 1% acetic acid solution and
then rinsed with deionized water for 24 h to remove excess
collagen.™

Sirius Red staining. Sirius red staining was conducted by uti-
lizing picrosirius red solution and acidic water. Sirius red is a
strong anionic dye that stains collagen via a reaction between
its sulphonic acid groups and the basic groups present in the
collagen molecule.*® Picrosirius red solution was formulated
by dissolving 0.5 g of Sirius red dye powder (Sigma) in 500 ml
of saturated aqueous picric acid solution. Additionally, acidic
water was prepared by mixing acetic acid with deionized water
(0.5% v/v). The fabricated mat was initially soaked in the picro-
sirius red solution for 1 h to reach near equilibrium during
staining. Then, it was rinsed thoroughly with the acidic water
solution (two times).”” Samples of uncoated and collagen-
coated PCL parallel fibers were observed by polarized light
microscopy.

Water contact angle measurement. The contact angle quan-
tifies the scaffold surface wettability. In this test, a low contact
angle indicates a more hydrophilic surface. Hydrophilic sur-
faces could enhance cell attachment of mammalian cells to
the scaffold.*®

High-performance X-ray photoelectron spectroscopy. High-
performance X-ray photoelectron spectroscopy (HP-XPS) was
performed (K-Alpha+, Thermo Fisher, USA) to confirm the suc-
cessful surface-modification process. A standard N 1s survey
scan was employed to investigate the pristine PCL fibers (PCL),
PCL fibers after diamine addition (PCL-DN), and collagen-
coated PCL fibers (PCL-Col)."*

Cell viability and proliferation of the scaffold. To evaluate
the cell viability and proliferation of the scaffold, we used the
1929 cell line (ACTC, USA). Cells were seeded at 5 x 10” cells
per well on the scaffold in 24-well plates and cultured for 1, 3,
and 7 days in RPMI medium supplemented with 10% fetal
bovine serum (FBS) (Gibco, Switzerland) and 1% antibiotic-
antimycotic (100x) (Gibco, Switzerland). The culture medium
was replaced with fresh media every 2-3 days. We used normal
24-well plates (SPL, Korea) to culture the positive control group
and ultralow attachment plates (SPL, Korea) for the test
groups. Cell proliferation and viability were assessed using the
water-soluble tetrazolium salt (WST) assay (EZ-CYTOX, Dozen
Bio Co, Korea). WST solution was added to each well to
prepare a 10% solution and then incubated for 1 h. Afterward,
the samples were shaken gently for 1 min. The optical density
of the extracted solution was analyzed at an absorbance wave-
length of 450 nm in a microplate reader (Synergy H1 Hybrid
Multi-Mode Reader, BioTek, USA). The experiment was
repeated twice (n = 6).%°

Cell attachment and orientation analysis. The third passage
of the isolated ADSCs was cultured on the collagen-coated
scaffold. Scaffolds were fixed on the plate with sterile stainless-
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steel needles for stability and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FBS, 1%
antibiotic-antimycotic (100x), and 5% CO, at 37 °C under
humid conditions. After seven days, the seeded scaffold was
fixed with 4% w/v glutaraldehyde for 20 min and stained with
crystal violet. The images were used to measure the cell orien-
tation of 150 cells in five samples using Image] software and
graphs plotted with Origin software (ver. 2019b). Cell attach-
ment was determined by SEM imaging. Cells were washed
twice with phosphate buffered saline (PBS) after fixation (glu-
taraldehyde 4%) following dehydration with serial dilution of
ethanol (40 - absolute ethanol) for 10 min.>°

Imprint substrate

Isolation of tenocytes. Isolated tenocytes were used to
prepare the imprint substrate, and these cells were not directly
used in the final implantation. Rabbits were euthanized
according to ethical principles.”® Gastrocnemius tendon
samples of the rabbits were obtained under aseptic conditions.
The acquired tendon tissue was washed with 15 ml of PBS,
supplemented with 3% antibiotic-antimycotic ~ (100x).
Subsequently, the tissue was mechanically minced in a sterile
culture plate and treated enzymatically with 0.25% trypsin/
EDTA (Sigma, USA) for 30 min. After neutralizing the trypsin
with FBS, the samples were incubated in a collagenase type 1
(0.5% wi/v, Sigma, USA) solution for 15 h. Lastly, the digested
tissue was centrifuged, and cell pellets were collected and cul-
tured in DMEM (Gibco, Switzerland) supplemented with 10%
FBS (Gibco, Switzerland), and 1% antibiotic-antimycotic
(100x) in six-well culture plates (SPL, Korea).>’

Development of a cell-imprinted substrate. Confluent teno-
cytes without any passage were fixed with 4% w/v glutaralde-
hyde for 24 h following washing with PBS. To remove the
residual salts of the PBS in the plates, they were washed gently
for 20 s with distilled sterile water and dried at room tempera-
ture. Nanoscale patterned substrates were produced by blend-
ing one part of the curing agent with 10 parts of a silicone
elastomer base (PDMS, Sylgard 184, RTV Dow Corning). The
PDMS casting procedure was conducted by pouring the same
amount of prepared PDMS solution onto the fixed tenocytes
and preserving it at 37 °C for 48 h. The cured PDMS substrates
were washed in boiling distilled water for 10 min and then
washed with 1 M sodium hydroxide at room temperature for
15 min to remove any cell residuals or proteins. The substrates
were sterilized by autoclaving before further use. These sub-
strates were used as cell culture plates for seeding ADSCs.>”"*?

ADSC isolation and differentiation. We surgically extracted
adipose tissue from the interscapular region of rabbits. To
utilize autologous ADSCs, the cell-isolation process was per-
formed separately for each rabbit. After the surgical pro-
cedures, the samples were transferred into 30 ml of PBS sup-
plemented with 3% antibiotic-antimycotic (100x). The adipose
tissues were rinsed with PBS to remove as much blood as
required. The tissues were then mechanically minced to not
less than 2 mm parts, and connective tissues and blood
vessels were removed. Then, the adipose tissues were enzy-
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matically treated with 0.5% w/v collagenase type I for up to 2 h
at 37 °C in a shaking incubator. After removing any undigested
tissues from the container, the remaining tissues were centri-
fuged to obtain cell pellets. After removing the supernatant,
the cells were resuspended and cultured in DMEM sup-
plemented with 10% FBS, 1% antibiotic-antimycotic (100x),
and 5% CO, at 37 °C under humid conditions. After the third
passage, these cells were either seeded directly on the scaffold
for implantation or seeded on the imprint substrates for 14
days for differentiation and then transferred to the scaffold for
implantation. The cells were cultured overnight to attach per-
fectly to the scaffold prior to implantation.>”"*?

Flow cytometry. The successful isolation of the ADSCs was
confirmed by flow cytometry, which was conducted by investi-
gating the genes CD44, CD90, CD34, and CD45 in 1 x 10° cells at
their third passage. CD44 and CD90 are surface markers com-
monly used to identify and characterize mesenchymal stem cells.
In contrast, CD34 and CD45 act as negative controls because they
are positive markers for hematopoietic stem cells.”

Microscopic observation. The surface characteristics and
morphological details of the samples were evaluated by
employing optical microscopy (Olympus, Japan) and SEM
(TeScan-Mira3, Czech Republic).

Expression profiling. Real-time polymerase chain reaction
(PCR) was performed to investigate the in vitro functional be-
havior of the differentiated ADSCs compared to that of ADSCs
cultured on plain PDMS. A total of 2 x 10* cells were seeded
and cultured for 14 days on tenocyte-imprinted substrates
(Pattern) and nonpatterned substrates (PDMS). RNA was
extracted according to the manufacturer’s protocol using
Trizol, and DNA content was eliminated using DNase I. Then,
using Nanodrop (Thermo Scientific, USA), RNA concentration
was evaluated. cDNA was synthesized according to the manu-
facturer’s protocol (PrimeScript RT Master Mix, TAKARA,
Kyoto, Japan). Collagen type one (COL1), tenomodulin
(TNMD), tenascin (TNC), and scleraxis (SCX)** as tenocyte
gene markers and GAPDH as an endogenous control were
assessed in the experiment. For negative controls of other
lineages, aggrecan (AGR) for chondrogenic and RUNX2 for
osteogenic were included. The sequence of genes used for
evaluation is listed in ESI Table 1.12%2754

Immunocytochemical staining. ADSCs (2 x 10%) were seeded
and cultured for 14 days on three nonidentical culture plat-
forms, including cell-imprinted substrates (Pattern), regular
culture plate, and nonpatterned substrate (PDMS).
Immunocytochemical staining (ICC) of the cells was per-
formed wusing the anti-tenomodulin antibody (Merck,
SAB2102497) as the primary antibody and anti-horseradish
peroxidase (HRP) as the secondary antibody. 3,3
Diaminobenzidine (DAB, Sigma-Aldrich, D7304) was utilized
for visualization. The samples were washed twice with PBS and
then fixed with 4% w/v paraformaldehyde in PBS for 15 min at
room temperature. Then, the fixative was aspirated and the
samples were rinsed two times in PBS for 5 min each.
Subsequently, the samples were incubated with normal serum
block-species, the same as the secondary antibody, for 15 min
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to block the nonspecific binding of immunoglobulin. Then,
the specimens were incubated with the primary antibody in
antibody dilution buffer overnight at 4 °C. In this part, the
samples were incubated in peroxidase blocking solution for
10 min at room temperature. Then, the cells were incubated by
anti-polyvalent HRP polymer detection (EURMAB-Italia) in PBS
for 30 min at room temperature. Finally, they were incubated
in DAB solution for 3 min. The nuclei of the cells were stained
with hematoxylin dye. The samples were dehydrated with 95%
v/v ethanol for 2 min and absolute ethanol twice for three
minutes, and assessed using an optical microscope (Olympus
CX33). Finally, the results were quantified using the IHC
Profiler Plugin in Image] software.>

In vivo examination

Cell seeding on the fabricated scaffold. ADSCs cultured on
the tenocyte-imprinted substrate for 14 days were dispersed by
trypsinization and seeded on the collagen-coated nanofibers at
a population of 8 x 10° cells and then incubated overnight in
DMEM supplemented with 10% FBS, 1% antibiotic-antimyco-
tic (100x), and 5% CO, at 37 °C under humid conditions to
ensure firm cell attachment to the scaffold. Then, the cell-
attached scaffold was folded to keep parallel fibers aligned to
the receiver tendon fibers. The tendon graft was thus ready to
implant into the wounded tendon tissue. For the undifferen-
tiated group (ADSCs), cells were seeded on the scaffold in the
third passage.

Tendon injury induction. Anesthesia was induced in rabbits
with 50 mg kg™ of ketamine (Alfasan, Netherlands) and 20 mg
kg ™" of xylazine (Alfasan, Netherlands). To maintain anesthe-
sia, the rabbits were administered isoflurane inhalation. A
lateral incision of the fascia and paratenon was made to
expose the Achilles tendon. The gastrocnemius tendon was iso-
lated from the soleus and plantaris tendon. A 3 mm circular
defect was induced in the gastrocnemius tendon by a biopsy
punch when the tendon was not under tension.>®
Subsequently, the rabbits were randomized into four groups
(five rabbits for histopathology and one rabbit for mechanical
test per group). The first group had left gastrocnemius tendon
injury sutured with a 6-0 nylon thread (Supa, Iran) to mark the
margins of injured area. This group received no treatment
(control group). The second, third, and fourth groups had left
gastrocnemius tendon injury implanted with the cell-free
scaffold, ADSC-seeded scaffold, and differentiated ADSC-
seeded scaffold, respectively. The rabbits received a three-day
subcutaneous administration of enrofloxacin (HIPRA, Spain,
5 mg kg™!) and tramadol (Chimie Darou, Iran, 10 mg kg ™).
The animals were sacrificed after 24 weeks, and tissue seg-
ments were prepared for histological analysis.

Histological evaluation. After harvesting the Achilles tendon
of each rabbit, tissue specimens were fixed in neutral buffered
10% w/v formalin for three weeks. Longitudinal sections of the
injured and adjacent normal tendons were obtained to prepare
paraffin blocks. Tissue sections with a 4 pm thickness were
stained with hematoxylin-eosin (H&E) and Masson’s tri-
chrome. The slides were evaluated using the semiquantitative
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grading system for the following variables:*® the ECM, cellular-
ity, cell alignment, cell distribution, nucleus morphology,
callus configuration and homogeneity, maturation of the
callus-to-native tendon interface, inflammation, vascularity,
and degenerative changes. The sum of the scores was calcu-
lated as the total score for each slide. Histological scores were
statistically analyzed using an ordinary one-way analysis of var-
iance (ANOVA) test followed by a Bonferroni test as a multiple
comparisons test. This analysis was performed using
GraphPad Prism 9.0.0 for Windows software.

Mechanical properties. After 24 weeks, the rabbits were sacri-
ficed humanely, and the gastrocnemius tendon was harvested.
The samples were kept in PBS-moist gauze before the test. Then,
the samples were fitted into a tensile test machine (Santam, Iran)
clamp with a travel speed of 10 mm min™" (n = 1).

Results and discussion
Scaffold

PCL has been studied extensively, and its safety and biocom-
patibility make it a good candidate for tissue engineering.’”
Furthermore, PCL has superior usability in electrospinning;
this function is more critical in the gap version because the
fiber orientation is very sensitive to polymer consistency and
could directly affect the final results. We found that a 12.5%
w/v solution worked better in our setup than 7.5%, 10%, and
15% w/v concentrations (data not included). The viscosities of
the 7.5% and 10% w/v solutions were too low, and the bead
formation and alignment failure occurred frequently. The
effect of viscosity on the bead formation in aligned fibers has
been reported previously in electrospinning. Increasing the
concentration changes the bead from a spherical to a spindle-
like shape until it finally becomes smooth fibers.>® Conversely,
the 15% w/v solution was too thick, and needle blockage
occurred frequently; thus, the final product lacked consistency.
The 12.5% w/v solution provided the favorable fiber diameter
(average 955 nm, Fig. 1A4) close to the natural tendon fibril
size, 50-5000 angstroms.>> We also observed that fresh PCL
solution had to be used directly after completely dissolving
PCL pellets; otherwise, the fibers failed to orient correctly.

Fig. 1A1 depicts the custom-made receiver part of the gap-
electrospinning apparatus. Fibers successfully follow the electric
field. The * sign indicates the conductive parts of the receiver
(copper plates). The area between the conductive parts depicts
the parallel fibers, the part used as the scaffold. The surround-
ing area shows the fibers that follow the electric field in a semi-
circular shape (waste area). Fig. 1A3 and A2 present the SEM
images of the low and high densities of the fibers. The fiber
orientation angle depicted in Fig. 1A5 is highly parallel. The
fiber orientation is closely followed by the ADSCs (Fig. 1C4).

PCL has a hydrophobic nature, which is disruptive to cell
adhesion. We aimed to overcome this flaw by coating the
scaffold with collagen. The coating boosts cell adhesion and
proliferation and mimics the tendon tissue chemistry.®® PCL is
an aliphatic polyester with abundant ester groups (-COO-).
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Amino groups can be introduced to the surface by a reaction
with diamine. One amino group undergoes covalent bonding
with a -COO- group, creating -CONH-, while the other amino
group remains unreacted and ready to be used. Later, this
amino group is utilized to coat collagen.™

To confirm the existence of collagen on the fibers, we used
Sirius red staining to visualize the existence of the collagen. In
the macroscopic view (Fig. 1B1), the collagen-coated scaffold
turned red, while the noncoated scaffold did not show color
changes (Fig. 1B3). These results were confirmed under the
polarized light microscopy of the scaffolds (Fig. 1B2 and B4).
The denser color on the margin indicated with * is the area
where multiple layers are stacked on each other (Fig. 1B2).

To further confirm the coating, we used HP-XPS to investi-
gate N;5 on PCL, PCL-DN, and PCL-Col. The amount of
elemental N in the samples was 0%, 0.27%, and 1.8%, respect-
ively (Fig. 1B9), which indicates the existence of NH, groups in
the successful coating of ethylenediamine and the protein.
The HP-XPS analysis revealed the appearance of an Ny peak at
400.2 eV after the immobilization of the collagen, which con-
firmed the coupling (Fig. 1B8)."*

Fig. 1C2 depicts the high concentration of the fibers after
collagen coating. Interestingly, the wavy structure of the fibers
(red lines highlighted the waves) resembles the normal wavy
shape in tendon tissue.

We conducted water contact angle analysis to evaluate the
competency of the coating technique in overcoming the hydro-
philicity of PCL. Fig. 1B5 shows a comparison of the water
contact angles immediately after dropping and after stabiliz-
ation (15 seconds) of random and parallel fibers (Fig. 1B6)
compared with those of collagen-coated parallel fibers
(Fig. 1B7). The average water contact angle dropped from 60°
to 47° upon changing the fiber orientation to parallel. After
the collagen coating of parallel fibers, the water drop was
absorbed into the scaffold, making a 0° contact angle. These
results suggest that the collagen coating significantly affects
hydrophilicity, and fiber orientations could also significantly
reduce the water contact angle. These results indirectly suggest
the successful collagen coating procedure (7 = 5).

After successful coating on PCL, the cell culture confirmed
the ability of the scaffold to orient the cells. Fig. 1C1 reveals
that the cells were well attached to the collagen-coated fibers.
Fig. 1C3 depicts the optical microscopy images of ADSC-
seeded scaffolds after crystal violet staining. Highly parallel
fibers fabricated by the gap-electrospinning technique enabled
the cells to follow the aligned fibers, which resembled the
natural tendon tissue cell orientations. The cell orientation
closely followed the orientation of the fibers (Fig. 1C4). In
addition, the homogeneous spreading of the cells over the
scaffold indicated consistent collagen coating on them.
Moreover, the spindle morphology of the ADSCs was well-pre-
served on the surface of the scaffold, which mimicked the
standard tendon cell composition with adequate similarity.

The WST test for cell viability over 24 h (Fig. 1D1) showed
that the collagen-coated PCL parallel fibers (Col-Para PCL) had
significantly superior viability compared to collagen-coated
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Fig. 1 Fabrication process (A), chemical evaluation (B), and biological evaluation (C) of the scaffold. The actual scaffold on the target side of the
electrospinning apparatus. The * indicates the copper sheet parts and the parallel fibers located in the middle (A1). SEM image of the high density of
fibers before collagen coating (A2). The SEM image shows the low concentration of the PCL fibers (A3). The graph (A4) depicts the fiber diameter dis-
tribution. Fiber orientation angle (A5). Light microscopy of Sirius red staining of the collagen-coated scaffold (B1) and noncoated PCL fibers (B3).
Polarized light microscopy of the collagen-coated scaffold (B2) and noncollagen-coated scaffold (B4). Water contact angle of the material surface
before (left image) and after stabilization for 15 seconds (right image) on PCL random fibers (B5), parallel fibers (B6), and collagen-coated parallel
fibers (B7). Graph showing the Ny survey graph (B8) and the percentage of nitrogen content on PCL scaffolds (B9). In C, we aim to show the cell and
fiber orientation and attachment. Yellow pseudo-coloring highlights the cells attached to the scaffold after collagen coating (C1). SEM image of the
high density of fibers after collagen coating. The red line shows the wavy shape of fibers (C2). Light microscopy image of the crystal violet staining of
cells on the scaffold (C3). Cell orientation angle distribution (C4). Cell viability at 24 h of the culture graph (D1). Cell proliferation on days 1, 3, and 7
(D2-4). (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

PCL random fibers (Col-Ran PCL), PCL parallel fibers (Para
PCL), and PCL random fibers (Ran PCL). There was no signifi-
cant difference between TCP plates (normal plate) and the Col
Para PCL group. The cell proliferation on days 1, 3, and 7

This journal is © The Royal Society of Chemistry 2025

revealed the significant superiority of the Col-Para PCL com-
pared to other test groups and had no significant differences
with normal culture plates (Fig. 1D2-D4). This finding con-
firms the competency of the PCL surface modification (n = 5).
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Imprinting substrates

The cell-imprinting method has been investigated in the
in vitro stage before; however, the results of the in vitro stage
were controversial. For example, Haramshahi et al. reported
promising results regarding the ability of the cell replica to
induce tenocyte marker expression in ADSCs in vitro. However,
in the in vivo immunohistochemistry, they observed little
difference between untreated ADSCs and ADSCs cultured on
tenocyte-imprinted substrates. They used a pooled source of
allogeneic ADSCs and implanted it subcutaneously on the
median backside of rats. Obviously, some aspects could nega-
tively affect the results, such as the allogeneic cell source, a
nonspecific region of implantation, and a short duration of 4
weeks for the slow-healing nature of tendon tissue.*® In our
study, we chose to implant it in the actual target tissue to
obtain a more valid result. We used the rabbit as a large
animal model to facilitate the implantation accuracy and
access the larger area of tendon tissue (compared to rats in the
study of Haramshahi et al. (2020)*°). We targeted the gastro-
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cnemius tendon in the Achilles tendon. We used autologous
ADSCs for each rabbit and increased the study duration to 24
weeks. With these changes, we consider our results to be more
reliable than those reported in previous studies.

ADSC isolation. After extracting adipose tissue from the
interscapular region of rabbits (ESI Fig. 2), we utilized flow
cytometry to validate the successful isolation of ADSCs. CD44
and CD90 (Fig. 2a and b) were the standard surface markers
used for identifying and characterizing mesenchymal stem
cells. Conversely, CD34 and CD45 (Fig. 2c and d) were negative
controls due to their association with hematopoietic stem
cells. The results showed that 100% of cells expressed CD44
and 98.2% expressed CD90. The negative controls presented
0.411% and 0.278% expression for CD34 and CD45,
respectively.

Tenocyte substrates. After the isolation of the tenocytes from
the tendon tissue, their expansion and fixation were carried
out, as mentioned in the Materials and methods section. In
Fig. 2e, the topographical fingerprints of fixed tenocytes are
visible on the surface of the fabricated substrate. Before being

(©) (d)

FL1-H+ FL2-H- FL2-H+
0.278% 0.411%

Fig. 2 ADSCs, tenocytes, and imprint substrates. Flow cytometry results of CD44 (a) and CD90 (b) related to the mesenchymal lineage and CD45
(c) and CD34 (d) for the hematopoietic lineage. Light microscopy image of the PDMS cell-imprinted substrate with replicated spindle shapes obser-
vable on the surface (e). SEM image of the PDMS imprint substrates (f). AFM image of a tenocyte (g) and ADSC (j). ADSC clusters on the imprint sub-
strate after 14 days. The * sign indicates the cell cluster, and the arrows indicate the tendon-like bundle of the cells in the culture plate (h). Single

cells follow the substrate topography (i).
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fixed, tenocytes were highly confluent, which yielded fully cell-
imprint-covered, consistent culture platforms with almost no
bare PDMS surface to come in contact with the ADSCs.
Consequently, it provided harmonious results concerning cell
differentiation and morphological adaptation. The specimen
was washed thoroughly with boiling water and NaOH to elim-
inate cell residuals and prevent unwanted biochemical inter-
actions with ADSCs. Fig. 2f depicts the SEM image of the
surface of the PDMS imprint, which successfully takes up the
imprint of the tenocytes. Fig. 2g and j depict the atomic force
microscopy (AFM) images of the tenocytes and ADSCs, respect-
ively. Although both tenocytes and ADSCs usually have the
same spindle morphology, ADSCs are significantly larger than
tenocytes in rabbits. In addition, there are differences in cell
topography. Other researchers also indicated that although
these cells are quite similar in morphology, they demonstrate
nanotopographical differences.”®

An accidental finding in the current study was the effect of
the imprint quality of the PDMS cast on the cells. On the basis
of the previous PDMS cast protocol for PDMS imprinting fabri-
cation by the Bonakdar research group, unlimited casting was
performed on fixed cells until a visible defect occurred in the
fixed cells. In our study, we limited the casting attempts to a
maximum of three times. Interestingly, after 14 days of culture
on the substrates, this change directly affected the ADSCs. We
observed cell clusters in the plates that mostly used the first-
time casting of the fixed cells, less frequently on the second,
and almost no cluster on the third casting (Fig. 2h). These cell
clusters were up to 14.5 times longer than a single tenocyte
cell. Arrows at the poles of such a cluster (Fig. 2h) indicate a
bundle structure of cells that have a remarkably similar
appearance to a tendon structure. The * sign indicates the
body of the cell cluster. Because the topographical shapes on
the cells are at the nanoscale,> multiple casting could nega-
tively affect the fixed cells used as the source of imprints and
probably destroy some delicate profiles. As the imprint sub-
strate had been vigorously washed with boiling water and
NaOH solution, we assumed that no biological residue
remained in the substrates. Although the cell clusters became
less frequent by further casting, we still observed the positive
effect of the third casting in immunocytochemistry and real-
time PCR in this study. However, it can be argued that the
results would vary between studies because they did not track
how often fixed-source cells were used. Further investigation is
needed to make a definitive argument regarding the reasons,
which are beyond the scope of this study.

Immunocytochemical staining. To investigate the compe-
tence of the cell-imprinted platform for ADSC tenogenic induc-
tion further, immunocytochemical staining was performed
(Fig. 3). Because of the significance of tenomodulin in the
tendon structure,®’ an anti-tenomodulin antibody was selected
for this test. First, we attempted fluorescence staining;
however, owing to a low expression of tenomodulin in undiffer-
entiated groups and the lack of the ability to visualize it on a
macroscopic scale, the comparison lacked the details sought.
Thus, chromogenic immunocytochemical staining was per-
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View Article Online

Paper

formed. Macroscopic visualization depicts distinctive differ-
ences between groups. The microscopic view in the IHC profi-
ler and results show a distinctive graph difference between
groups (Fig. 3g—-i). The pixel counter report of the IHC profiler
showed positive results for the Pattern group and negative
expression for the Plate and PDMS groups (Fig. 3j-1). The
highest level of tenomodulin was detected in ADSCs cultured
on a cell-imprinted platform (Pattern), which further suggests
that tenocyte topography promotes tenogenic differentiation in
ADSCs. The hydrophobic nature of PDMS interferes with cell
adhesion, which negatively affects propagation and differen-
tiation, as observed in Fig. 3c and f. Cell imprinting on the
PDMS surface enhances cell adhesion (as seen in Fig. 3a and
d), likely due to increased surface area availability and surface
irregularities that facilitate better cell anchoring.

Gene expression profiling. Fig. 3m presents the contrast
between gene expression profiling of undifferentiated ADSCs
cultured on nonpatterned substrates (PDMS) and ADSCs cul-
tured on the bioengineered cell-imprinted substrates (Pattern).
An increase in the expression of tenocyte genetic markers—
tenomodulin (1.85 times), tenascin (1.33 times), and SCX (1.31
times)—was observed in ADSCs treated on imprinted sub-
strates to undergo tenogenic differentiation compared to non-
treated ADSCs. Statistical analysis was conducted using two-
way ANOVA and Sidak’s test as the multiple comparisons test
(GraphPad Prism 10.2.3) (n = 4).

In vivo examination

We designed four groups for the in vivo examination to evalu-
ate the differentiation method and scaffold capacity for use as
a tendon graft. The process started with the isolation of ADSCs
from each individual rabbit. The isolated cells were subcul-
tured until the third passage. For the main test group
(Pattern), the cells were transferred on tenocyte-imprinted sub-
strates to differentiate for 14 days and then seeded on the
scaffold and implanted into the defect area. We used the third
passage of the undifferentiated ADSC group (ADSCs) as the
control group of the pattern group. To evaluate the mere effect
of collagen-coated gap-electrospun parallel fibers, a noncell
seeded scaffold was implanted into the defect area (Scaffold).
The last group was the overall control group with a defect
without a scaffold or cells (Control).

Tendon defect induction and autograft implantation.
Fig. 4A1-A4 show the defect induction procedure and autograft
implantation steps in the rabbit gastrocnemius tendon. The
defect was created using a 3 mm biopsy punch (4A1) at the
center of the tendon while it was in a relaxed position. In
Fig. 4A2, the tendon is stretched, affecting the defect size and
changing the shape temporarily. We ensured that the scaffolds
would not tear apart and dislocate if the tendons were
stretched. After 24 weeks of treatment, there was a notable
variation in the wound area length among the study groups.
We chose nylon as a nonabsorbable suture to facilitate easy
localization of the defect after 24 weeks. We used this as the
defect margin marker even in the control group. In the control
group in which no intervention was included, the average dis-
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Fig. 3 In vitro evaluation of the imprint differentiation method. Anti-tenomodulin staining results of ADSCs after culturing on imprinted substrates
(Pattern) (a, d, g and j), normal TCP culture plate (Plate) (b, e, h and k), and PDMS without a pattern (PDMS) (c, f, i and ). (j) presents a positive result
based on the IHC profiler report. (k) and (1) present the negative results based on the IHC profiler report (n = 5). Real-time PCR. The graph in (m)
shows the expression profiling of collagen type 1 (COL1), tenomodulin (TNMD), tenascin (TNC), SCX, AGR, and RUNX2 genes (n = 4).

tance between sutures was 3.64 times greater in length com- preserve its length (Fig. 4B1 and B2). From these results, it can
pared to other groups (Fig. 4B3). In other groups that received be inferred that applying the scaffold could help preserve the
the scaffold, regardless of being cell-seeded, the tendon could tendon length in tendon defects. Other studies also support
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Fig. 4 Surgery steps (A) and post-treatment macroscopic (B) and microscopic (C) observations. The defect-forming process of a rabbit gastrocne-
mius tendon followed by an autograft induction is presented in (A1-A4). A comparison between the wound area length in the study group treated
with the differentiated ADSC-seeded scaffold and the one left untreated is presented in (B1 and B2), respectively. Arrows denote the indicators of
defect margins (sutures). This figure compares the length of the wound area (gap between sutures) after 24 weeks in the study groups (B3). (C)
shows microscopy images of H&E and Masson'’s trichrome staining of fixed, longitudinal sections of tendon tissues. Well-organized parallelly aligned
collagen fibers in the Pattern group are more similar to those in the normal tendon. Vascularization and irregularity of collagen fibers in the ADSC
group and thick, well-aligned collagen fibers in the Scaffold group are remarkable in these figures.

the finding that the tendon length increases after an injury.
Maquirriain et al. considered an Achilles tendon defect as an
example of the most therapeutically challenging injury.® They
concluded that clinical approaches aiming to manage tendon
defects should focus mainly on maintaining the natural
tendon length and preserving its resistance. Therefore, conser-
ving natural tendon length is the desired achievement of the
present research.

Histopathological analysis. A histopathological analysis with
semiquantitative scoring was conducted to evaluate the effects
of the scaffold and imprint differentiation method. After 24
weeks of treatment, fixed longitudinal histological specimens
were stained with H&E and Masson’s trichrome dyes (Fig. 4C).
The histological scoring system developed by Stoll et al. evalu-

This journal is © The Royal Society of Chemistry 2025

ates tissue samples according to various histological features.”®
This system categorizes histological findings into scores based
on histological specimens, which reflect the extent of tissue
changes, providing a structured approach to assess tissue
regeneration. The specifics of these scores are outlined in ESI
Table 2t for a clear interpretation. GraphPad Prism 9.0.0 for
Windows software was employed for statistical analysis. The
statistical analysis was performed on the total score and each
specific histological index. Fig. 5 visualizes the statistical ana-
lysis of the scoring. Data were depicted as mean and standard
deviation. The comparison was performed by one-way ANOVA
with the Bonferroni test.

The most important result of this study is the total score
graph (Fig. 5a). The Pattern group shows significantly better
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Fig. 5 Statistical analysis based on the semiquantitative scoring of histological indexes and the total histological scores. Total score (a), extracellular
matrix (b), organization of repaired tissue (c), cell-matrix ratio (d), transition from defective to normal tissue (e), cell alignment (f), inflammation (g),
vascularization in the defect area (h), and degenerative changes/tissue metaplasia (i) (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

attributes than all other groups. Interestingly, the scaffold
group showed a significant improvement compared to the
control group, indicating the positive effects of applying col-
lagen-coated PCL parallel fibers and the synergic effect of the
imprint differentiation method. Surprisingly, the Scaffold
group showed a higher average than the ADSC group. However,
this difference was not statistically significant.

The healing tissue in the Pattern group, which had the
highest average total histological scores, mimicked the typical
tendon tissue microstructure and displayed well-organized,
wavy, parallel collagen fibers and elongated nucleus cells
resembling tenocytes. In a longitudinal section of the normal
rabbit tendon tissue, we observed densely packed, highly paral-
lel collagen fibers with a few tenocytes expanded between the
fibers.”® However, in our study, the cell/matrix ratio of the
Pattern group in most areas where healing occurred was
slightly higher than the normal physiological cellularity of
tendon tissue. Apart from some giant cells around the scaffold
residues, as in other study groups, no vascular structures or
inflammatory cell infiltrations were detected in the Pattern
group (Fig. 4C). In five out of twelve indexes, we observed sig-
nificant differences in favor of the Pattern group compared to
all other groups. These five indexes were the ECM, organiz-
ation of repaired tissue, the transition from defective to
normal tissue, cell alignment, and vascularization in the
defect area (Fig. 5b, c, e, f and h, respectively). The Pattern
group exhibited significant differences across all indexes com-
pared to the control group, reflected in a significantly higher
total score than those of all other groups.

4422 | Biomater. Sci, 2025, 13, 4412-4426

An area of the injured tendon tissue of the Pattern group
mimicked the typical tendon tissue microstructure. Well-orga-
nized wavy parallel collagen fibers with elongated nucleus
tenocyte-like cells were among the favorable features of this
treatment outcome. Owing to the differentiated ADSCs, tissue
regeneration was significantly enhanced compared to that of
other groups.

Interestingly, the Scaffold group was not significantly
different from the Pattern group in the cell-matrix ratio and
degenerative changes (Fig. 5d and i), indicating the positive
effect of using collagen-coated parallel fibers. This index com-
parison may not show a significant difference between the
scaffold group and the other two groups; however, it reflects
the difference in the total score comparison. Twenty-four
weeks after scaffold (with or without cells) implantation to the
injured tendon, it did not absorb completely, and the remnant
scaffold was visible in some areas within the histological sec-
tions. Thus, the scaffold group got no score in the inflam-
mation index, exacerbated by the giant cell and mononuclear
inflammatory cells surrounding the scaffold remnant (ESI
Fig. 31). The use of bovine collagen could be responsible for
the observed reaction, given that the mismatched source of
collagen could influence immune responses. We noticed that
adding cells to the scaffold could reduce inflammation, as
seen in Fig. 5g. Although the Scaffold group was not
accompanied by cells, the neighboring cells and migration of
other cells would compensate to some extent. Other studies,
like that of Smith et al., have reported that the rise in cellular
population and tissue expansion following an injury is due to

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5bm00534e

Published on 22 June 2025. Downloaded on 6/9/2026 6:10:30 AM.

Biomaterials Science

the activity of resident cells within the tissue or stem cells that
migrate to the injured area.®® It can be concluded that the
scaffold structure successfully attracts and supports more com-
petent cells to the defect area than the control group. To some
extent, these migrated and neighboring cells outperform the
nondifferentiated ADSCs.

The average score of the undifferentiated ADSC-seeded
scaffold (ADSC group) did not show a positive effect on the
regeneration process compared to the Scaffold group. It even
unfavorably affected the wounded area in the ECM, cell align-
ment, and vascularization indexes (not statistically significant).
A study by Moradi et al. found that the regeneration capacity of
ADSCs was negligible when they were not differentiated.®® This
means that sufficient cues need to be provided for stem cells
in vitro before transplantation. Therefore, promoting the differ-
entiation of ADSCs before implanting them into the body is
the key to yielding desirable outcomes regarding tissue regen-
eration. In the ADSC study group, transformed wound tissue
with an irregularity of collagen fibers and (mainly) the distinct
presence of cells with round nuclei and high vascularization
was observed. Likewise, the control study groups exhibited irre-
gular collagen fibers with disorganized cellular distribution
and alignment.

The study duration plays an imperative role in the judgment
of treatment outcomes in tendon tissue, and some indexes,
such as vascularization, could be interpreted differently
depending on the healing stage. Vascularization serves as an
effective mechanism for tissue regeneration; however, if it
extends over 24 weeks, it interprets negatively in tendon tissue
regeneration. Caplan et al. concluded that ADSCs act as signal-
ing cells, contributing therapeutically via signal transduc-
tion.®® This cell signaling within an injured tissue acts as a
double-edged sword. Stem cell signaling is believed to keep
the injured site dynamics by constantly generating blood
vessels to meet the needs of the injured tissue. Nevertheless,
existing blood vessels in tendon tissue are interpreted nega-
tively in repaired tendon tissue. Several studies conducted in
this field had a shorter evaluation span between 6 and 8
weeks.®” This may explain why they reported the positive effect
of using undifferentiated ADSCs. However, the present study
firmly rejects the speculation of employing ADSCs to magnify
regeneration in long-term treatment. More importantly, the
present study identified that inducing ADSC differentiation by
tailoring the cell culture substrate to recapitulate the tenocyte
niche  significantly improved tendon  regeneration.
Nonetheless, the data acquired from this study do not identify
stem cell signaling transduction as a supportive mechanism
for regeneration over 24 weeks.

We performed mechanical tests on the treated groups to
gain some perspective for future studies (ESI Fig. 4f). The
control and ADSC groups showed the lowest tensile strength in
the mechanical tests. We did not observe distinctive differ-
ences between the Scaffold and Pattern groups. Interestingly,
the Scaffold group showed superior results compared to the
ADSC group, which is consistent with the histopathology
results.
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Although we were unable to evaluate every possible aspect
of this study, regarding the current results, we can suggest that
the differentiation of ADSCs by the imprinting technique is a
safe, simple, and powerful way. We strongly advocate using
scaffolds that further mimic the host tissue structure.
Moreover, we suggest using collagen sourced from the same
species to avoid unnecessary immune responses. Further
studies need to be conducted to find the exact mechanism of
the effectiveness of PDMS imprinting. Additionally, we suggest
using other larger animal models to confirm the safety and
competency of the presented tendon graft further.

Conclusions

This study proves the efficiency of tenocyte-imprinted sub-
strates in inducing tenogenic signals in ADSCs and designed
scaffolds to aid tendon regeneration. Tendon reconstruction in
a rabbit model after transplantation of seeded differentiated
ADSCs in the injured sites was evaluated. In addition, teno-
genic differentiation was induced in ADSCs by tenocyte-
imprinted substrates. Statistical analysis of total histological
scores showed significant differences between the results
obtained from the groups treated with the scaffold seeded with
differentiated ADSCs (Pattern) and all the other groups. The
results also indicate that nondifferentiated ADSCs do not con-
tribute to tendon reconstruction.
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