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Tissue engineering techniques using novel scaffolding materials offer potential alternatives for managing tendon
disorders. An ideal tendon tissue engineered scaffold should mimic the three-dimensional (3D) structure of the
natural extracellular matrix (ECM) of the native tendon. Here, we propose a novel electrospun nanoyarn net-
work that is morphologically and structurally similar to the ECM of native tendon tissues. The nanoyarn,
random nanofiber, and aligned nanofiber scaffolds of a synthetic biodegradable polymer, poly(l-lactide-co-e-
caprolactone) [P(LLA-CL)], and natural collagen I complex were fabricated using electrospinning. These scaf-
folds were characterized in terms of fiber morphology, pore size, porosity, and chemical and mechanical
properties for the purpose of culturing tendon cells (TCs) for tendon tissue engineering. The results indicated a
fiber diameter of 632 – 81 nm for the random nanofiber scaffold, 643 – 97 nm for the aligned nanofiber scaffold,
and 641 – 68 nm for the nanoyarn scaffold. The yarn in the nanoyarn scaffold was twisted by many nanofibers
similar to the structure and inherent nanoscale organization of tendons, indicating an increase in the diameter of
9.51 – 3.62 mm. The nanoyarn scaffold also contained 3D aligned microstructures with large interconnected pores
and high porosity. Fourier transform infrared analyses revealed the presence of collagen in the three scaffolds.
The mechanical properties of the sample scaffolds indicated that the scaffolds had desirable mechanical prop-
erties for tissue regeneration. Further, the results revealed that TC proliferation and infiltration, and the ex-
pression of tendon-related ECM genes, were significantly enhanced on the nanoyarn scaffold compared with
that on the random nanofiber and aligned nanofiber scaffolds. This study demonstrates that electrospun P(LLA-
CL)/collagen nanoyarn is a novel, 3D, macroporous, aligned scaffold that has potential application in tendon
tissue engineering.

Introduction

Tendons are connective tissues that transmit tensile for-
ces and provide connective flexibility between muscles

and bones. Tendons possess a hierarchical structure com-
posed of collagen fiber bundles arranged along their longi-
tudinal axes.1 Tendon injuries are frequently reported,
especially among individuals engaged in physical activity.2

However, native tendons have a limited capacity for healing,
presenting the formidable challenge of tissue regeneration
after injury. Developments in tissue engineering may pro-
vide a promising treatment for tendon injuries.3 Biological

materials play a key role as scaffolds; these materials com-
monly provide synthetic extracellular matrix (ECM) envi-
ronments and three-dimensional (3D) templates for tissue
regeneration.4 Ideal tendon tissue engineering scaffold ma-
terials should exhibit good biocompatibility and biodegrad-
ability, strong mechanical properties, high porosity,
adjustable pore sizes, and the ability to mimic the basic
structures and ECM environments of native tendons to
promote cell growth and tissue formation.5,6 Both natural
(collagen,7 chitin,8 and silk9) and biodegradable synthetic
[poly(lactic acid),10 poly(lactide-co-glycolide),11 and poly
(glycolic acid)12] materials have been used as fibrous
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scaffolds for tendon regeneration. Although past studies
have produced promising results, the scaffold architectures
differ from the structure and inherent nanoscale organization
of native tendons.13 In addition, these scaffolds do not have
an adequate 3D porous architecture that allows for the in-
filtration of seeding cells. As an essential step in tissue re-
generation, cellular infiltration should allow for tissue
integration in scaffolds.

Electrospinning is a uniquely simple and adaptable
method for engineering scaffolds. The scaffolds fabricated by
electrospinning exhibit high porosity and micro- to nano
scale topography, similar to the structure of natural ECM,14

and are widely used in the engineering of various tissues,
including vascular tissues, myocardial tissues, bone, skin,
cartilage, and tendons/ligaments.15–20

With its high elasticity and capacity for recovery from
elastic deformation, poly(l-lactide-co-e-caprolactone) [P(LLA-
CL)] copolymer is often applied as a mechanostimulating
tissue engineering scaffold for tendon/ligament,20,21 blood
vessel,22 and cartilage23 engineering applications. The biode-
gradable copolymer P(LLA-CL) (50:50) could be useful as a
provisional functional scaffold in muscular and cardiovascu-
lar tissue engineering.24 However, the surface of P(LLA-CL)
lacks the adhesive proteins and structural proteins that would
typically play key roles in cell adhesion, cell proliferation, and
tissue remodeling.25 Collagen, a protein prevalent in natural
ECM, is attractive as a component of tissue engineering scaf-
fold because it is the most commonly used multifunctional
substrate for promoting cell proliferation and differentiation.26

Previous research has revealed that the scaffolds fabricated by
electrospinning mixed polymer solutions exhibit better bio-
logical properties than those of synthetic polymer scaffolds
and better mechanical properties than those of natural poly-
mer scaffolds.27,28 Thus, we selected P(LLA-CL) and collagen
as the raw materials for manufacturing scaffolds.

Successful tissue engineering scaffolds should be condu-
cive to the penetration of specific cells and should have
characteristics that promote the functional expression of
penetrating cells. Traditional electrospun scaffolds entirely
consist of nanofiber layers tightly packed through a sheet-
like assembly process; such scaffolds can only provide a
superficial pore structure, and they hinder the infiltration
and growth of cells.29 Nanoyarn networks, which are fabri-
cated as suspensions in water, form loose, dispersed nano-
fibers through a novel dynamic flow collecting system
during the electrospinning process. These nanoyarn net-
works retain a good porous microstructure after freeze dry-
ing and thus are beneficial for cell penetration.30 The
nanoyarn networks have been fabricated from various
polymers, including poly(vinylidene difluoride)31 and
poly(e-caprolactone).32 However, very few studies have fo-
cused on the differences in the structural and biological
properties between novel nanoyarn scaffolds and traditional
electrospun nanofiber scaffolds of identical composition or
provided testimonies showing the great application potential
of nanoyarn scaffolds in tendon tissue engineering.

Here, we fabricated 3D networks of electrospun nanoyarn
scaffold with aligned microstructures, large pores, and high
degrees of porosity using this novel electrospinning method.
The scaffold was composed of P(LLA-CL) and Type I colla-
gen, which morphologically and structurally mimicked the
ECM of native tendon tissues. Moreover, we sought to

characterize the infiltration and the specific gene expression
of the tendon cells (TCs) that were seeded on the nanoyarn
networks. As a control, we used a traditional electrospinning
method to manufacture random nanofiber and aligned na-
nofiber scaffolds of the same composition. We evaluated the
morphology, porosity, components, and mechanical prop-
erties of the scaffolds and the cell attachment, proliferation,
infiltration, and expression of tendon-specific ECM genes on
the scaffold. Notably, this study demonstrates that these
blended nanoyarn scaffolds satisfy the requirements for
functional tendon tissue engineering.

Materials and Methods

Materials

P(LLA-CL) (LA:CL = 50:50, Mw = 300,000) was provided
by Nara Medical University. Type I collagen was obtained
from Sichuan Ming-Rang Bio-Tech Co. Ltd. and 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) [for dissolving P(LLA-CL) and
collagen] from Da-Rui Co. Ltd.

Scaffold fabrication

Nanoyarn scaffolds studied were fabricated by electro-
spinning using a dynamic liquid supporting system as
previously described,31 with some modifications. Briefly, a
hole (8 mm in diameter) was created in a basin, thereby
allowing the flow of water to form a water vortex. A pump
was employed to recycle water back to maintain the water
level after the water was drained through the hole into a
tank below the basin. P(LLA-CL) and collagen were dis-
solved in HFIP, yielding a 90:10 blended solution (8 w/v%).
The blended solution jet rate, located 15 cm above the water
vortex, was 1.0 mL/h under a high voltage of 15 kV. As the
HFIP evaporated, electrospun nanofibers were generated
and deposited on the water; then, the nanofibers were
twisted into a bundle of nanoyarn in the water vortex and
collected by a rotating mandrel (60 r/min) to form a na-
noyarn scaffold. After being removed from the mandrel, the
nanoyarn scaffold was frozen at - 80�C for 2 h and subse-
quently freeze-dried overnight. The final nanoyarn scaffold
was *150 mm thick, composed of aligned nanoyarn, and
stored in a vacuum oven. To fabricate a randomly oriented
nanofiber scaffold, the same composition of blended solu-
tion as that described for the electrospinning process for
nanoyarn scaffolds was prepared and fed by a syringe.
A flat fabric was used to collect the random nanofibers
15 cm from the blunt tip. When the aligned nanofiber scaf-
fold was manufactured, the flat fabric was replaced by a
rotating collecting target to collect the nanofibers 15 cm
from the blunt tip. All nanofiber scaffolds used in this study
were *100 mm thick.

Morphology and characterization of P(LLA-CL)/
collagen random nanofiber, aligned nanofiber,
and nanoyarn scaffolds

Scaffold morphology. The scaffold samples were exam-
ined by scanning electron microscopy (SEM) (Hitachi, S-
3400N). The angle distribution (relative to the vertical axis),
diameter, and pore sizes of the specimens were determined
from SEM images using Image J 1.45s image visualization
software. The angle distribution and average diameter were
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measured from *100 random nanofibers in the SEM images.
The average pore size was determined from *50 pores in a
typical SEM image (n = 3).

Scaffold porosity. The exact sizes of scaffold samples
were estimated using a Vernier caliper, and the volumes (V)
of the scaffolds were measured. The dry scaffolds were
weighed (Wd), submerged in absolute ethanol with a density
of r for 2 h, and weighed again (Ws). The porosity was cal-
culated as (Ws – Wd)/r/V, (n = 3).

Fourier transform infrared spectroscopy. The chemical
analysis of collagen, P(LLA-CL), and the P(LLA-CL)/colla-
gen random nanofiber, aligned nanofiber, and nanoyarn
scaffolds was performed using attenuated total reflectance-
Fourier transform infrared spectroscopy (FTIR) over the
range of 2000–800 cm - 1.

Cell isolation and culture

Primary TCs were harvested from the bilateral tendon of
Oryctolagus cuniculus (6–8 weeks old, 2.0–2.5 kg), isolated
according to previously described procedures,27 and then
expanded in Dulbecco’s modified Eagle’s medium (DMEM)/
F12 (1:1) (HyClone) medium containing 10% foetal bovine
serum (Invitrogen), 1% penicillin, and streptomycin (Hy-
Clone). Upon reaching confluence, TCs were trypsinized by
0.25% trypsin (HyClone) and passaged.

The three groups of scaffold samples (length · width:
10 · 10 mm) were placed in 24-well tissue-culture polystyrene
plates (TCPSs; Costar) and sterilized with 70% ethanol for
30 min. The scaffold samples were then rinsed five times
with sterile phosphate-buffered saline (PBS), 15 min each
time, and subsequently immersed in DMEM/F12 medium
overnight. The TCs (passage 3) were seeded on the scaffolds
(1 · 105 cells/scaffold). The empty wells of the 24-well TCPSs
served as a control. After planting TCs onto the scaffolds,
the cell-seeded scaffolds were stored in an incubator (37�C,
5% CO2) for 4 h to promote cell adhesion. Then, the cul-
ture medium was added into the wells and changed every
other day.

Cell adhesion and proliferation

The viability of TCs on the scaffold samples and TCPS
controls was determined using the commercially available
Cell Counting Kit-8 (CCK-8; Beyotime). A cell adhesion test
was performed 4 h after cell seeding. For the cell proliferation
assay, the tests were conducted on days 1, 7, and 14. The
medium was removed from the 24-well TCPSs at each time
point, and fresh medium containing 10% CCK-8 was added
for 3 h of incubation. The absorbance was measured at
450 nm using a microplate reader (Model 550; Bio-Rad). The
corresponding number of cells as correlated to optical den-
sity and calculated by comparing with a standard curve
(n = 3).

Cell morphologies on scaffolds imaged by SEM

The morphologies of TCs on the scaffold samples were
examined using SEM at 4 h and 1, 7, and 14 days postseed-
ing. Briefly, the specimens were harvested, washed twice
with PBS (5 min per wash), and fixed with 3% glutaralde-

hyde solution for 30 min. Then, the specimens were dehy-
drated in gradient ethanol (i.e., 30%, 50%, 70%, 80%, 90%,
95%, and 100%) and finally freeze dried. Subsequently, they
were coated with gold and imaged via SEM.

Histological analysis

Histological analysis was performed at 4, 7, and 14 days
postseeding. The collected specimens were rinsed twice with
PBS (5 min per wash) and fixed in 10% neutral buffered
formalin for 2 h; the specimens were then dehydrated and
embedded in paraffin blocks. Longitudinal sections were
stained with hematoxylin and eosin (H&E) to evaluate cell
penetration.

Cell phenotypes imaged by LSCM

After 4, 7, and 14 days, the collected specimens were rinsed
twice with PBS (5 min per wash), and then fixed with 4%
paraformaldehyde for 20 min. Then, the TCs were permeabi-
lized using 0.1% Triton X (Amresco). The cytoskeletons and
nuclei of TCs were stained with 25mg/mL rhodamine-labeled
phalloidin (Biotium) and 10mg/mL 4¢,6¢-diamidino-2-
phenylindole hydrochloride (DAPI; Beyotime), respectively.
Subsequently, the specimens were visualized using laser
scanning confocal microscopy (LSCM) (Carl Zeiss, LSM 510
META). Cell infiltration was further analyzed with imaging
software that provided 3D views of the stained cells growing
on the scaffolds.

Real-time polymerase chain reaction analysis

To determine the sensing and responding pattern of the
TC on different scaffolds, the specific gene (type I collagen,
type III collagen, decorin, tenascin-C, and biglycan) expres-
sions of TCs were assessed using Real-time polymerase chain
reaction (PCR) at 7 and 14 days. The TCs collected imme-
diately before seeding served as controls. GAPDH and b-
actin were used as housekeeping genes. Total RNA was ex-
tracted from TCs cultured on the scaffold samples with
RNeasy Mini Kit (Qiagen). cDNA was transcribed reversely
using an iScript� cDNA synthesis kit (Bio-Rad). Real-time
PCR was performed with a Power SYBR Green PCR Master
Mix (Applied Biosystems) on a light cycle apparatus (Ap-
plied Biosystems 7500). All primer sequences were acquired
from the literature33,34 and designed with Primer 5.0 (Table
1). Three replicate analyses were performed for each speci-
men, and three PCR runs were performed for each gene. The
level of target gene expression was calculated as 2 -66Ct.

Mechanical testing

Before and 14 days after cell seeding, the mechanical
properties of the scaffold samples (length · width · thickness:
10 · 10 · [0.1 - 0.15] mm) were evaluated using a uniaxial
tester (Reger, RGT-5A) with a 1 MPa load cell. The cross-
head speed was 10 mm/min. The tensile strength, Young’s
modulus, and elongation at break were calculated from the
stress–strain curves (n = 3).

Statistical analysis

All of the quantitative data are presented as the
mean – standard deviation. One-way analysis of variance
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was used to assess the statistical significance of results be-
tween groups. Differences were considered significant when
p < 0.05.

Results

Scaffold morphology

The surface morphologies of the random nanofiber,
aligned nanofiber, and nanoyarn scaffolds are shown in
Figure 1 (A–F). Higher-magnification images revealed that
the yarn in the nanoyarn scaffold was twisted by nanofibers
(black arrow, Fig. 1F). The nanofibers in the aligned nanofi-
ber scaffold and the yarns in the nanoyarn scaffold mainly
formed angles ranging from 0� to 20� (Fig. 1H, I), while the
nanofibers in the random nanofiber scaffold exhibited equal
distribution at all angles (Fig. 1G). The nanofiber diameters
of the three groups of scaffolds were comparable
(632 – 81 nm vs. 643 – 97 nm vs. 641 – 68 nm); however, the
yarn diameter was significantly higher (9.51 – 3.62 mm) in the
nanoyarn scaffold (Fig. 1J). The nanoyarn scaffold exhibited
a pore size (28.5 – 17.42mm) larger than the pore sizes of the
random nanofiber (4.31 – 1.95 mm) and aligned nanofiber
(4.43 – 2.16 mm) scaffolds (Fig. 1K).

Scaffold porosity

The nanoyarn scaffold exhibited a significantly increased
porosity of 85.9% – 8.3% compared with the random nano-
fiber (74.1% – 1.3%) and aligned nanofiber scaffolds (73.9% –
2.5%) (Fig. 1L).

Fourier transform infrared spectroscopy

FTIR analysis revealed the compositions of the random na-
nofiber, aligned nanofiber, and nanoyarn scaffolds. As shown
in Figure 2, there were two main absorption peaks at 1,653 and
1,552 cm - 1 in pure collagen, corresponding to amide I and
amide II,35 respectively. Two representative absorption peaks
at 1,756 and 1,735 cm- 1, corresponding to C-O stretching in
poly(L-lactide) and poly(e-caprolactone), respectively, were
detected in the P(LLA-CL) FTIR spectra. The same absorption
peaks were observed in the nanofiber and nanoyarn scaffolds

spectra, indicating the presence of collagen in the final random
nanofiber, aligned nanofiber, and nanoyarn scaffolds.

Cell adhesion and proliferation

According to the results obtained by the CCK-8 assay (Fig.
3). Initial cell adhesion is reflected by the counted cell number
4 h postseeding. No significant differences in the number of
adhered cells were observed between the groups during the
first 4 h, although the number of adhered cells was slightly
higher on the nanoyarn scaffold than that on the other scaf-
folds. Cell proliferation studies were performed at 1, 7, and 14
days. There were no significant differences in the number of
cells between the groups after 1 day culture. However, cell
proliferation on the nanoyarn scaffold was significantly higher
than that on the random nanofiber scaffold, aligned nanofiber
scaffold, and the TCPS controls at 4, 7, and 14 days.

Cell morphologies on the scaffolds imaged by SEM

SEM images depicting cell adhesion and morphology are
presented in Figures. 4 and 5, respectively. As shown in
Figure 4, 4 h after seeding, the TCs on the three groups of
substrates appeared to have a round shape (Fig. 4A–C).
Higher-magnification images (Fig. 4D–F) revealed that the
TCs had extended their cytoplasm in the form of thin and
long fibrils from the leading edges (arrows), similar to la-
mellipodia; these fibrils suggested that the TCs could fully
attach to the nanoyarn and nanofiber substrates. In addition,
the TCs could attach to the large pores of the nanoyarn
scaffold (Fig. 4C), unlike those on the random nanofiber and
aligned nanofiber scaffolds (Fig. 4A, B).

By day 1, TCs were well spread on the random nanofiber
scaffold, exhibiting polygonal shapes and random orienta-
tions (Fig. 5A). However, the TCs seeded on the aligned na-
nofiber and nanoyarn scaffolds exhibited a spindle-shaped
morphology and spread along with substrate fibers (Fig. 5B,
C, arrow); in addition, some cells were located inside the
pores of nanoyarn scaffolds (Fig. 5C). By day 7, all cell-seeded
scaffolds were apparently filled with cell sheets and possibly
ECM secreted by the TCs (Fig. 5D–F). After 14 days of culture,
all cell-seeded scaffolds were completely filled with seemingly

Table 1. Real-Time Polymerase Chain Reaction Primers Used in This Study

Gene GenBank ID Sequence Size

Type I collagen D49399 Forward 5¢CGCCTCTCAGAACATCACCTACC3¢ 121 bp
Reverse 5¢CTCGGCAACAAGTTCAACATCA 3¢

Type III collagen S83371 Forward 5¢GGCCCGCGTGGTGACAAAGG3¢ 177 bp
Reverse 5¢GGGGCCACTAGGTCCAACAGGT 3¢

Decorin NM_001082330 Forward 5¢TCCGCTGTCAGTGTCACCTTCG3¢ 99 bp
Reverse 5¢GCAGGTCCAGTAGCGTCGTGTC 3¢

Tenascin-C XM_002720513 Forward 5¢ATCACCACCAAGTTCACAACAG3¢ 143 bp
Reverse 5¢CCAATCCACAGATTCATAGAGCA3¢

Biglycan NM_001195691 Forward 5¢ATTGAGAACGGGAGCCTGAG3¢ 142 bp
Reverse 5¢CCTTGGTGATGTTGTTGGAAT3¢

b-actin NW_003159504 Forward 5¢TCTCTCGACGAAACCTAAC3¢ 141 bp
Reverse 5¢CCTTCACCGTTCCAGTTT3¢

GAPDH L23961 Forward 5¢GCCGCCTGGAGAAAGCTGCTAAG3¢ 157 bp
Reverse 5¢GCCCCAGCATCGAAGGTAGAGG 3¢

Primers for type I collagen, type III collagen, decorin, tenascin-C, biglycan, GAPDH, and b-actin were designed from Oryctolagus
cuniculus gene sequences obtained from the NCBI GenBank and RefSeq databases using Primer 5.0 software.
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thick cell sheets and ECM (Fig. 5G–I). The original structural
outline of the scaffold samples could not be detected.

Histological analysis

Magnified H&E-stained images of the scaffold samples
section are presented in Figure 6. Infiltration of TCs from the

top surface to the bottom was observed. By day 4, the TCs
had infiltrated to a depth of *40 mm (yellow arrow) from the
surface (Fig. 6C). After 7 (Fig. 6F) and 14 (Fig. 6I) days of
culture, the cells had infiltrated nearly the entire scaffold
(yellow arrow), suggesting that the growing cells had at-
tached to and infiltrated the porous skeleton of the nanoyarn
scaffold. In contrast, cellular activities in the random

FIG. 1. Scanning electron microscopy (SEM) micrographs of electrospun poly(l-lactide-co-e-caprolactone) [P(LLA-CL)]/
collagen with random nanofiber (A, D), aligned nanofiber (B, E), and nanoyarn (C, F) scaffold surface morphology. Images
(D–F) are higher magnification images of (A–C); the arrow in (F) indicates the yarn was twisted by nanofibers in the
nanoyarn scaffold (scale bars: 40mm for A and B; 100mm for C; and 10mm for D, E, and F). (G–I) Histograms representing the
angular distributions of the nanofibers in the random nanofiber and aligned nanofiber scaffolds and the yarns in
the nanoyarn scaffold, respectively. ( J) Histogram representing the fiber diameter of the nanofibers in the three scaffolds and
the yarns in the nanoyarn scaffold. (K) Histogram representing the pore size of the three scaffolds. (L) Histogram re-
presenting the porosity of the three scaffolds. The data are expressed as the mean – standard deviation (SD). The samples
indicated with (*) had a significant difference between the two groups ( p < 0.05).
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nanofiber (Fig. 6A, D, G) and aligned (Fig. 6B, E, H) nano-
fiber scaffolds were mainly confined to the dense upper layer
(green arrow).

Cell phenotypes imaged by LSCM

TCs grown on the scaffold samples were stained with
rhodamine-labeled phalloidin and DAPI. A series of confocal
sections were acquired from the top surface to a depth of
100 mm along the z-axis with a LSCM. The 3D structure of the

growth of the TCs within the scaffold was elucidated by
imaging stained cells with Image software. From the hori-
zontal view, after 4 days of culture, TCs spreading on the
aligned nanofiber (Fig. 7B, green arrow) and nanoyarn
scaffolds (Fig. 7C, green arrow) were visible with aligned
actin filaments, whereas TCs spreading on the random na-
nofiber scaffold were visible with unaligned actin filaments
(Fig. 7A). More cell nuclei and actin bundles were observed
on the three scaffolds after 7 (Fig. 7D–F) and 14 (Fig. 7G–I)
days. From the sagittal view, the 3D CLSM images of TCs on
the nanoyarn scaffold clearly demonstrated that the cyto-
skeletons of TCs appeared *40mm from the surface (yellow
arrow) after 4 days of culture (Fig. 7c), as calculated using
Image software, *70mm (yellow arrow) from the surface
after 7 days (Fig. 7f) and nearly 90 mm (yellow arrow) from
the surface after 14 days (Fig. 7i). This phenomenon implies
that after a certain period of culture, TCs could infiltrate the
entire porous skeleton of the nanoyarn scaffold. However,
the cytoskeletons of TCs only appeared on the surfaces of the
random nanofiber (Fig. 7a, d, g) and aligned nanofiber (Fig.
7b, e, h) scaffolds at 4, 7, and 14 days.

Phenotypical expression of tendon-related ECM genes

Real-time PCR revealed differences in the tendon-related
ECM genes expression profiles for TCs cultured on the dif-
ferent scaffolds (Fig. 8). By day 7, the expression levels of type
I collagen, decorin, tenascin-C, and biglycan were significantly
elevated on the nanoyarn scaffold compared with the random
nanofiber scaffold, and the expression levels of type I collagen,
tenascin-C, and biglycan were significantly elevated on the
aligned scaffold compared with the random nanofiber scaf-
fold. However, the expression levels of the five tendon-spe-
cific ECM genes were not significantly different between
nanoyarn scaffold and aligned nanofiber scaffold. By day 14,
the expression levels of the five tendon-specific ECM genes
within the nanoyarn scaffold were significantly upregulated
compared with the random nanofiber and aligned nanofiber
scaffolds. However, the expression levels of the five tendon-
specific ECM genes were not significantly different between
random nanofiber scaffold and aligned nanofiber scaffold.

Mechanical testing

The tensile properties of the scaffold samples are presented
in Figure 9. Before cell seeding, the nanoyarn scaffold had a
lower Young’s modulus and lower tensile strength, but higher
elongation at break compared with random nanofiber and
aligned nanofiber scaffolds. After 14 days of cell seeding, both
the Young’s modulus and tensile strength of the cell-seeded
nanoyarn scaffold were significantly elevated compared with
the unseeded nanoyarn scaffold, and these two values of cell-
seeded random nanofiber and aligned nanofiber scaffolds also
increased compared with the unseeded random nanofiber and
aligned nanofiber scaffolds, respectively; although the differ-
ences were not significantly different.

Discussion

Despite widespread investigation and considerable prog-
ress, there have been few products available for clinical ap-
plications in tendon tissue engineering over the past two
decades. One key reason for this scarcity is that scaffolds

FIG. 2. Fourier transform infrared spectroscopy spectra of
the collagen, P(LLA-CL), and P(LLA-CL)/collagen with the
random nanofiber, aligned nanofiber, and nanoyarn scaf-
folds. Showing the presence of collagen and P(LLA-CL) in
the newly designed scaffold. Color images available online at
www.liebertpub.com/tec

FIG. 3. CCK-8 result of tendon cells (TCs) cultured on tis-
sue-culture polystyrene plate (TCPS), P(LLA-CL)/collagen
random nanofiber, aligned nanofiber, and nanoyarn scaf-
folds for 4 h, 1, 7, and 14 days. The data are expressed as the
mean – SD. The samples indicated with (*) had a significant
difference between the two groups ( p < 0.05). Color images
available online at www.liebertpub.com/tec
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with desirable properties are still under development. We
used a novel electrospun fiber manipulation process to fab-
ricate a P(LLA-CL)/collagen nanoyarn scaffold with a 3D,
porous, aligned microstructure that morphologically and
structurally mimics native tendon. The 3D macropores, to-
gether with the aligned properties, provide a satisfactory
biological environment for TC growth.

Tendons/ligaments rely on a highly organized micro-
structure to impart their desired functionality.1 As shown in
Figure 1, the P(LLA-CL)/collagen random nanofiber, aligned
nanofiber, and nanoyarn scaffolds exhibited similar na-
noscale fiber diameters, and the yarn in the nanoyarn scaf-
folds was twisted by many nanofibers, causing an increased

diameter (Fig. 1J). The nanoyarn scaffold also exhibited
highly aligned structures similar to the aligned nanofiber
scaffold (Fig. 1H, I). The majority of aligned yarns in the
nanoyarn scaffold were similar in structure and inherent
nanoscale organization to tendons, while the other cross-
linking yarns in the nanoyarn scaffold were able to form 3D
macropores (Fig. 1C). Additionally, the nanoyarn scaffold
exhibited a larger pore size and higher porosity than the
random nanofiber and aligned nanofiber scaffolds (Fig. 1K,
L). Porosity is the fundamental characteristic that enables
scaffolds to provide space for cell adhesion and migration,
allowing for nutrition transport and metabolite dis-
charge.36,37

FIG. 4. SEM observations of TCs cultured on P(LLA-CL)/collagen random nanofiber (A, D), aligned nanofiber (B, E), and
nanoyarn (C, F) scaffolds for 4 h. Images (D–F) are higher magnification images of (A–C); the thin and long fibrils (arrow)
of TCs were observed in (D–F) (scale bars: 50mm for A, B, and C; 10mm for D, E, and F).

FIG. 5. SEM observations of TCs
cultured on P(LLA-CL)/collagen
random nanofiber (A, D, G),
aligned nanofiber (B, E, H), and
nanoyarn (C, F, I) scaffolds for 4, 7,
and 14 days, respectively. Spindle-
shaped TCs (arrow) along the di-
rection of fibers were observed in
(B) and (C). The scale on all im-
ages = 50 mm.
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FIG. 6. Images of H&E-stained
sections of P(LLA-CL)/collagen
random nanofiber and aligned na-
nofiber scaffolds seeded with TCs
after 4 (A, B), 7 (D, E), and 14 (G, H)
days of culture show that cellular
infiltration is limited to the top
layers of the scaffolds (green ar-
row). Images of H&E-stained sec-
tions of P(LLA-CL)/collagen
nanoyarn scaffolds after 4 (C), 7 (F),
and 14 (I) days of culture show that
there is a progressive infiltration
and growth of cells into the scaf-
folds (yellow arrow) throughout the
14 days. The scale on all im-
ages = 100 mm. Color images
available online at www
.liebertpub.com/tec

FIG. 7. Confocal microscopy reconstructed stacks of three-dimensional fluorescence images of the cytoplasm (red) and
nuclei (blue) of TCs on P(LLA-CL)/collagen random nanofiber (A, D, G), aligned nanofiber (B, E, H), and nanoyarn (C, F, I)
scaffolds after 4, 7, and 14 days of culture, respectively. The aligned actin filaments of TCs (green arrow) along the direction of
fibers were observed in (B) and (C). Images a–i are the sagittal views of A–I (horizontal view). The cytoskeletons of TCs in (c),
(f), and (i) show a progressive infiltration and growth into the nanoyarn scaffolds (yellow arrow) throughout the 14 days
of culture. All images are 200 · 200 · 100 mm. Color images available online at www.liebertpub.com/tec
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In the present study, FTIR analysis (Fig. 2) demonstrated
that collagen was present in all of the random nanofiber,
aligned nanofiber, and nanoyarn scaffolds. Composite syn-
thetic and natural polymer scaffolds contain functional
groups, such as amino, hydroxyl, and carboxyl groups, that
can improve their hydrophilicity and biocompatibility.38,39

TCs derived from the tendons of adult Oryctolagus cuni-
culus in this study were seeded on P(LLA-CL)/collagen
random nanofiber, aligned nanofiber, and nanoyarn scaf-
folds. According to the results obtained by the CCK-8 assay
(Fig. 3) and SEM (Figs. 4, 5), the three scaffolds have no
negative effects on TC adhesion or proliferation in vitro.
These results also suggest that the nanoyarn scaffold can
provide a better structure for cell proliferation than the
random nanofiber scaffold, aligned nanofiber scaffold, and
TCPS controls, which may be due to its large pore size and

higher porosity. A previous literature40 reported that a
P(LLA-CL)/collagen nanofiber scaffold could support cell
proliferation and promote tissue regeneration. Cells are
highly sensitive to nanofiber structure, fiber diameter, and
orientation. These three factors affect the differentiation and
function of cells.30 Our results indicate that TCs spread along
the fibers in the aligned nanofiber and nanoyarn scaffolds
and exhibited a typical spindle-shaped morphology (Fig. 5B,
C). TCs spreading on the aligned nanofiber and nanoyarn
scaffolds were visible with aligned actin filaments (Fig. 7B,
C), which suggests that the TCs sense substrates topography,
transform such information into morphological changes, and
exhibited native morphology on the aligned nanofiber and
nanoyarn scaffolds.41 Contact guidance theories help explain
the relationship between cell morphology and fiber ar-
rangement. A substrate with appropriate topographical

FIG. 8. The expressions of type I collagen, type III collagen, decorin, tenascin-C, and biglycan in TCs cultured on P(LLA-
CL)/collagen random nanofiber, aligned nanofiber, and nanoyarn scaffolds for 7 and 14 days. The expression levels,
quantified using real-time PCR, are normalized to those of housekeeping genes, GADPH and b-actin. TCs obtained imme-
diately prior to seeding on scaffolds served as controls (the values of the expressions of tendon extracellular matrix genes are
treated as 1 in this group). The data are expressed as the mean – SD. The samples indicated with (*) had a significant
difference between the two groups ( p < 0.05), (n = 3).

FIG. 9. The Young’s modulus, tensile strength, and elongation at the break of P(LLA-CL)/collagen random nanofiber,
aligned nanofiber, and nanoyarn scaffolds before cell seeding and after 14 days of cell culture. Data are expressed as
means – SD. Samples indicated with (*) had a significant difference between two groups ( p < 0.05), (n = 3).
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features could guide the arrangement and migration of cells
via adhesion-cytoskeleton interactions.42

A successful tissue-engineered scaffold should not only
facilitate cell attachment and proliferation but should also
support cell infiltration and ultimately promote the forma-
tion of the entire tissues. According to the results of our
histological assessment (Fig. 6) and the 3D images (Fig. 7)
obtained by confocal microscopy, the nanoyarn scaffold of-
fered a 3D and adequately porous structure for cell infiltra-
tion and growth. Additionally, the interspaces of the scaffold
were observed to be fully filled with the ECM secreted by
TCs. However, there was only one cell sheet that formed on
the surface of random nanofiber and aligned nanofiber
scaffolds. One key factor that affects the application of tissue-
engineered electrospun nanofiber scaffolds is that cells can
hardly infiltrate the 3D structure of the scaffolds.43 An ideal
tissue-engineered scaffold should have at least 70% porosi-
ty44 and pore sizes ranging from tens to hundreds of mi-
crons45 to provide a suitable 3D space. Thus, compared with
the random nanofiber and aligned nanofiber scaffolds, the
nanoyarn scaffold provides sufficient space for cell adhesion
and infiltration.

The phenotypic expression of tendon-related ECM genes
was quantitatively determined via real-time PCR (Fig. 8). Type
I and type III collagen are the primary matrix components of
native tendons/ligaments.27 Decorin is a primary proteoglycan
that affects collagen fiber diameter and maturity in tendons.3

Tenascin-C is an early marker in embryonic tendon.46 Biglycan
is also a primary proteoglycan and contributes to thick collagen
fibrillogenesis and collagen fibril organization.47 The pheno-
typic expression levels of tendon-specific ECM genes of TCs on
the nanoyarn and aligned nanofiber scaffolds were higher than
those on the random nanofiber scaffold on day 7, which sug-
gests that contact guidance cues from the aligned architecture
of the nanoyarn and aligned nanofiber substrates can stimulate
higher expression of the tendon-specific ECM genes of the TCs.
Interphase nucleus organization and genomic regulation may
be affected by morphological changes induced in cytoskeleton
by substrates42. By day 14, the phenotypic expression levels of
tendon-related ECM genes of TCs on the nanoyarn scaffold
were higher than those on the random nanofiber and aligned
nanofiber scaffolds, which is explained by the nanoyarn scaf-
fold’s high porosity and large pores. Caliari et al. demonstrated
that a scaffold with a larger pore size supported higher TC
metabolic activity due to its higher permeability.48 These re-
sults suggest that the nanoyarn scaffold effectively improves
the bioactivity and expression of tendon-related ECM genes of
TCs.

A major challenge developing tensile stress-bearing scaf-
folds for tendon tissue engineering lies in balancing the po-
rosity and mechanical properties of these scaffolds.49 High
porosity promotes cell growth, proliferation, nutrient ex-
change, and waste discharge; however, these advantages are
afforded at the cost of reduced mechanical strength. No de-
finitive standard has been established yet for the appropriate
relationship between these two factors in tendon tissue en-
gineering. Before implantation, tendon tissue engineering
constructs often undergo a certain period of in vitro cultiva-
tion under mechanically static culture conditions.50 Human
ligaments and tendons have a maximum strength ranging
from 4.4 to 660 MPa and a maximum strain of 18%–30%.51,52

The elastic moduli observed for adult human ligaments and

tendons are 0.2–1.5 GPa.53,54 Our studies (Fig. 9) demon-
strated that nanoyarn scaffolds exhibit a tensile strength that
is nearly half of the minimum strength of native ligaments,
which enables them to provide sufficient mechanical support
for functional exercise after implantation in vivo. Ad-
ditionally, the nanoyarn scaffold developed in this study has
sufficient elasticity to avoid prolongation and fragmentation
under biomechanical stimulation. Undeniably, nanoyarn
scaffolds exhibit lower tensile strength and Young’s modulus
values than do human ligaments and tendons. Although
these scaffolds failed to precisely match the stiffness, flexi-
bility, and viscoelasticity of native tendons, we expected that
the biochemical and mechanical properties of native tendons
were approximately imitated by combining the nanoyarn
scaffolds with TCs to promoting ECM remodeling. After 14
days of cell seeding, all three types of scaffolds exhibited an
increased Young’s modulus and tensile strength. This result
suggests that the overall strength of the scaffolds may be
increased by the ECM that is secreted onto the fibers by the
seeded cells, which is consistent with the results of a previ-
ous study.55 Only in the nanoyarn group were the Young’s
modulus and tensile strength of the cell-seeded scaffold
significantly elevated than those of the unseeded scaffold,
which may suggest that the nanoyarn scaffold has an ap-
propriate 3D porous architecture to support more cell in-
growth. Thus, having more ECM deposited by cells in the
nanoyarn scaffold is meaningful in the resulting increased
modulus and tensile strength.

In a future study, we will culture cell-scaffold constructs in
a bioreactor under dynamic loading conditions to promote
the deposition of ECM over the entire scaffolds, which can in
turn increase the mechanical support. The mechanical
strength of the scaffolds must be further evaluated after the
cell-scaffold constructs are transplanted in vivo. The biodeg-
radation of the scaffolds was not evaluated in this study and
will be examined in the future.

Conclusions

A tendon tissue engineering scaffold, P(LLA-CL)/collagen
nanoyarn network, that mimics the ECM of native tendon in
terms of structure and inherent nanoscale organization, has
been fabricated using a novel electrospinning technology. The
P(LLA-CL)/collagen nanoyarn scaffold has a 3D aligned mi-
crostructure, larger pore size, and higher porosity compared
with P(LLA-CL)/collagen random nanofiber and aligned na-
nofiber scaffolds. TCs exhibited native morphology and im-
proved cellular proliferation on the nanoyarn scaffold
compared with cells cultured on the random nanofiber and
aligned nanofiber scaffolds. Moreover, the spatial structure of
the nanoyarn scaffold is beneficial for cell infiltration. In ad-
dition, this scaffold exhibits desirable mechanical properties
for tendon tissue regeneration. This study demonstrates that
electrospun P(LLA-CL)/collagen nanoyarn is a novel, 3D,
macroporous, aligned scaffold that satisfies the requirements
for functional tendon tissue engineering.
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