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Abstract

Engineered tendon grafts offer a promising alternative for grafting during the reconstruction of
complex tendon tears. The tissue engineered tendon substitutes have the advantage of increased
biosafety and the option to customize their biochemical and biophysical properties to promote
tendon regeneration. In this study, we developed a novel centrifugal melt electrospinning (CME)
technique, with the goal of optimizing the fabrication parameters to generate fibrous scaffolds for
tendon tissue engineering. The effects of CME processing parameters, including rotational speed,
voltage, and temperature, on fiber properties (i.e. orientation, mean diameter, and productivity)
were systematically investigated. By using this solvent-free and environmentally-friendly method,
we fabricated both random and aligned poly (L-lactic acid) (PLLA) fibrous scaffolds with
controllable mesh thickness. We also investigated and compared their morphology, surface
hydrophilicity, and mechanical properties. We seeded human adipose derived mesenchymal stem
cells (HADMSC) on various PLLA fibrous scaffolds and conditioned the constructs in tenogenic
differentiation medium (TDM) for up to 21 days, to investigate the effects of fiber alignment and
scaffold thickness on cell behavior. Aligned fibrous scaffolds induced cell elongation and
orientation through a contact guidance phenomenon and promoted HADMSC proliferation and
differentiation towards tenocytes. At the early stage, thinner scaffolds were beneficial for
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HADMSC proliferation, but the scaffold thickness had no significant effects on cell proliferation
for longer-term cell culture. We further co-seeded HADMSC and human umbilical vein
endothelial cells (HUVEC) on aligned PLLA fibrous mats and determined how the vascularization
affected HADMSC tenogenesis. We found that co-cultured HADMSC-HUVEC expressed more
tendon related markers on the aligned fibrous scaffold. The co-culture systems promoted in vitro
HADMSC differentiation towards tenocytes. These aligned fibrous scaffolds fabricated by CME
technique could potentially be utilized to repair and regenerate tendon defects and injuries with
cell co-culture and controlled vascularization.

fiber alignment; mesh thickness; vascularization; tendon tissue engineering; human adipose
derived stem cells; human umbilical vein endothelial cells

1. Introduction

Tendon grafts are essential for the treatment of various tendon-related conditions. More than
30 million human tendon grafting procedures are performed annually worldwide [1].
Autografts, allografts, and xenografts are currently the most commonly used tendon
substitutes for tendon reconstruction [2]. However, the limited availability of appropriate
tendon tissues, that closely mimic the size, shape, and physiological characteristics, as well
as donor site morbidity, inflammatory response, and potential disease transmission limit
their clinical application [3].

Tissue engineering techniques have the potential to facilitate tendon formation and
regeneration and will eventually develop functional substitutes to replace injured tendon
tissues. Significant progress has been made by introducing innovative bio-scaffolds, stem
cells, biological growth factors, and co-culture techniques in engineered tendon tissues [4,
5]. However, major challenges remain, and further improvements are still needed. One
important aspect for tendon tissue engineering is the design of fibrous tissue scaffolds that
can control the scaffold morphology and properties that mimic native tendon extracellular
matrix (ECM). This can further regulate 3D cell behavior and stimulate tenocyte formation
with subsequent remodeling of the ECM. Traditional strategies used for achieving fibrous
scaffolds are through the utilization of dry spinning and wet spinning, in combination with
weaving, knitting, braiding, or even non-weaving technology [6-9]. However, these
scaffolds were usually generated from fibers with diameters larger than 10 um, which are too
large when compared to native ECM fiber dimensions, resulting in reduced cell attachment
and proliferation [10].

Electrospinning has gained tremendous interest as a method for fabricating micro- or nano-
fibrous biomaterial scaffolds over the past decade [11, 12]. This technique can produce
fibers with diameters two to three orders of magnitude smaller than those formed by
traditional processes [13, 14]. Many studies have demonstrated that electrospun fibrous
scaffolds have excellent fiber size control and a high surface-to-volume ratio, which can
promote cell adhesion, proliferation, and differentiation in tendon tissue engineering
applications [15-18]. Moreover, some groups employed several modified electrospinning
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methods to generate nanofibrous scaffolds in the novel forms, including fiber bundles [19],
filament yarns [20], micro-crimped fibers [21], drug-loaded fibers [22], and nanotextured
composite fibers [23], to better mimic the structure of native tendon ECM and to promote
the tendon-like tissue regeneration. Nevertheless, the excess solvent in fibers fabricated by
solvent-based electrospinning methods may be problematic, since the toxic inner solvent
may disperse out of the fiber and damage cells and tissue [24, 25]. Although post-fabrication
and treatment of electrospun samples via vacuum and heating facilitate the solvent removal
process and limit toxicity [14, 26], a modified system that can exclude the solvent will still
be beneficial for the in vitro and in vivo applications. Moreover, for traditional
electrospinning, the tightly packed architecture limits the pore size between fibers, and poor
controllability may halt cell infiltration into the inner layer of the scaffolds, further
preventing the formation of 3D tissue grafts [10]. Many modified methods were developed
to improve the pore size and pore structure of electrospun nanofiber meshes [14, 27]. There
is still a need to develop other controllable fiber fabrication techniques to eliminate solvents
and to improve controllability [28-30].

Another important aspect needed for tendon tissue engineering is improving the
vascularization of engineered tendon tissues in the early stage of tendon formation and
healing. Although tendon is recognized as a poorly vascularized tissue type, it generally
possesses more vessels than commonly believed [31]. A rich capillary network is found in
human embryonic tendon, although both cellularity and vessel density decrease in matured
human tendon [32]. Moreover, there is a high expression of the proangiogenic protein,
vascular endothelial growth factor (VEGF), in cells from fetal and injured human tendons,
but low VEGF expression in healthy adult tendons [33, 34]. Increasing evidence has shown
that higher vascularization within engineered tendon grafts plays an important role in the
early tenocyte formation and host integration phase, thus promoting the healing of tendon
damage or rupture [35-37].

To overcome the aforementioned challenges, a novel centrifugal melt electrospinning (CME)
technique was developed by combining centrifugal spinning with melt electrospinning. Our
CME can fabricate environmentally-friendly and solvent-free micro/nanofiber meshes for
mimicking native tendon ECM structure. The effects of different parameters on the
properties of fibrous meshes were systematically studied. We first investigated how the fiber
alignment and scaffold thickness of fabricated fibrous scaffolds affected morphology,
orientation, proliferation, and differentiation of human adipose derived mesenchymal stem
cells (HADMSC). Then human umbilical vein endothelial cell (HUVEC) and HADMSC
were further co-seeded and co-cultured in hybrid media on PLLA-aligned fibrous scaffolds
to assess the effects of vascularization on HADMSC tenogenic differentiation.

2. Methods

2.1 CME equipment and fabrication of micro/nanofiber meshes

A total CME system was assembled to facilitate the large-scale production of fibrous meshes
with fiber diameters ranging from nano-scale to micro-scale in Fig. 1A. The CME system is
composed of several main parts: umbrella nozzles, spinning cylinder, temperature controller
(TC), electromagnetic heating device (EHD), thermocouple and high voltage generator, etc.
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Some components, including the TC and high voltage generator, have been described in our
related melt eletrospinning reports [38—40]. The EHD is composed of an electromagnetic
heating circle and a fan, located in the lower layer of the spinning cylinder, which affects
heating and cooling. The thermocouple feeds back the internal temperature of the cylinder to
the TC, and then the TC adjusts the temperature of spinning in real-time. Moreover, two
umbrella nozzles fixed on the spinning cylinder and the umbrella spinning nozzle can ensure
the high efficiency of this setup. Poly (L-lactic acid) (PLLA, Mn=100000, Tg=61 °C, Tm=
171 °C, Zhejiang Haizheng Biomaterials Co. Ltd., China) was employed as a model polymer
to investigate the mechanism of our CME method. The PLLA melt flow rate was maintained
as 3-5 ¢/10 min at 190 °C/2.16 kg.

2.2 Characterization of PLLA fibrous scaffolds

The morphology of our CME-derived PLLA fibrous scaffolds was observed via a scanning
electron microscope (SEM, Hitachi S4700, Japan) after gold coating, and the fiber diameters
were analyzed by using Image J software. In order to calculate the fiber orientation, SEM
images of PLLA fibrous scaffolds were transformed into power spectra using a fast Fourier
transform (FFT) method [41, 42]. Based on the power spectra, a radial summation of pixel
intensity from 0-360° was conducted using the oval profile plug-in from Image J. The fiber
orientation of all samples was determined by the peak characteristics, where the greatest
intensity of increase over the smallest degree range signified the highest degree of fiber
orientation. The fiber production was measured by a high precision electronic scale (HPES),
with the fibers being collected for 30 s for every condition. The pore distribution of the as-
prepared PLLA scaffolds was measured by a through-pore size analyzer (POROLUX
TM100FM, IB-FT, Germany). The 3D structure of the PLLA fibrous scaffolds were
observed by MicroCT test (SkyScan1172, Micro Photonics Inc., USA).

The surface hydrophilicity of all of the samples was measured at room temperature by using
a video contact angle instrument (OCA15EC, Germany). Deionized water (3pL) was
dropped onto the surface of samples, and a photo was taken after the balancing of the water
droplet. For the meshes with aligned fibers, the water contact angles in the direction along
with fiber alignment were measured. Three samples in each group were used for the contact
angle test. Uniaxial tension tests were performed using a strength tester (XQ-2 strength
tester, China). The samples were cut into 30 mm x 3 mm, and the tests were performed with
a gauge length of 10 mm at a constant speed of 10 mm/min until failure occurred. For the
meshes with aligned fiber morphology, the mechanical properties in the direction along the
orientation of the fibers were evaluated. Five samples were used for the mechanical test and
measurement.

2.3 Cell seeding, culture and differentiation

Established primary HADMSC (Lonza, USA) were cultured in growth medium (GM)
consisting of DMEM/F12 (Invitrogen, USA), 10% FBS (Invitrogen, USA) and 1% P/S
(Invitrogen, USA). Tendon differentiation medium (TDM) containing DMEM/F12 medium,
2% FBS, 20 ng/ml TGFB3 (PeproTech, USA) was used to induce HADMSC differentiation
into tenocyte like cells. HUVEC (Lonza, USA) were cultured in endothelial growth medium
(EGM) (EGM-2 BulletKit, Lonza, USA). For cell co-culture, HADMSC: HUVEC (4:1)
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were cultured in a mixed medium (TDM:EGM=4:1). All of the cells were used at passages
4-6 and cultured in 5% CO, at 37 °C. All PLLA fibrous scaffolds were cut into 12 mm x 12
mm rectangular samples. Before cell seeding, the fibrous scaffolds were sterilized in 70%
(v/v) ethanol overnight, washed twice in phosphate buffered saline solution (PBS), and then
submerged in GM overnight. HADMSC or HADMSC:HUVEC (4:1) was seeded at a density
of 1x10° cells per fibrous scaffold, and medium was replaced every 2 days.

2.4 Cell viability, morphology and proliferation

The viability and morphology of HADMSC seeded on different scaffolds in TDM through
21 days of culture were characterized by a Live/Dead assay (Invitrogen, USA), as previously
described [10]. A confocal laser scanning microscope (CLSM, LSM 710, Carl Zeiss,
Germany) was employed to obtain fluorescence images. The cell alignment degree, on both
random and aligned scaffolds, was obtained by using Image J. For calculations, 200 different
cells were randomly selected and measured. The cell proliferation tests of HADMSC on
different scaffolds were conducted on days 7 and 21 by using MTT assay [10].

2.5 Histological and immunofluorescent staining

HADMSC-seeded PLLA aligned scaffolds with three different thicknesses (~200, 400, 800
pum) were cultured in TDM through 21 days, then fixed in 4% paraformaldehyde for 4 hours,
and cross-sectioned (~10 um in thick) using a cryosectioner (Leica, Germany). Cross
sections were stained with hematoxylin and eosin (H&E). Image J software was used to
threshold the image, measure the area with cells, and assess the cell density in the scaffold
cross-sectional direction (cell occupied area/scaffold cross-sectional area). For
immunofluorescent staining, cell-seeded scaffolds were fixed in 4% paraformaldehyde,
permeabilized in 0.2% Triton X-100, and then blocked with 1% bovine serum albumin
(BSA) overnight at 4 °C. The cell-constructs were then treated with primary antibodies to
tenomodulin (TNMD, 1:50, Abcam, USA), collagen type | (COL1, 1:100, Santa Cruz
Biotechnology, USA), or CD31 (1:100, Cell Signaling, USA) overnight at 4 °C. Secondary
fluorescent antibodies were incubated for 2 hours, and nuclear counterstaining (Draq 5,
1:1000, Thermo Scientific, USA) was performed for 30 minutes at room temperature. The
stained samples were imaged with the Zeiss 710 CLSM.

2.6 RNA isolation and qPCR

QIA-Shredder and RNeasy mini-kits (QIAgen, USA) were utilized to extract total RNA
from cell-seeded constructs, according to the manufacturer’s instructions. The total RNA
was synthesized into first strand cDNA in a 20 L reaction, using an iScript cDNA synthesis
kit (BioRad Laboratories, USA). Real-time PCR analysis was performed in a
StepOnePlus™ Real-Time PCR System (Thermo Scientific, USA), using SsoAdvanced
SYBR Green Supermix (Bio-Rad, USA). cDNA samples were analyzed for the gene of
interest and for the housekeeping gene 18S rRNA. The level of expression of each target
gene was calculated using comparative Ct (272ACt method. All primers used in this study
are listed in Supplementary Table S1.
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2.7 Statistical Analysis

3. Results

All quantitative data was expressed as mean + standard deviation (SD). Pairwise
comparisons between groups were conducted using ANOVA with Scheffé post-hoc tests in
statistical analysis. A value of p<0.05 was considered statistically significant.

3.1. Scaffold fabrication, optimization and characterization

An in-house CME system, which combines centrifugal spinning with melt electrospinning,
was employed to fabricate environmentally-friendly and solvent-free fibrous meshes (Fig.
1A and Video S1). PLLA fibrous meshes with controlled fiber orientation were
manufactured using multiple different spinning parameters (Fig. 1B-D and Fig. S1-3). The
fiber orientation was generally improved with the increase of voltage in the range of 5-45
kV (Fig. 1B and Fig. S1). However, the fiber orientation slightly declined when the voltage
was too high. The fiber orientation presented a significantly increasing trend with the
increase of temperature from 215 to 265 °C (Fig. 1C and Fig. S2). Moreover, the fiber
orientation ascended initially, then descended, with increasing rotational speed from 780 to
1500 rpm (Fig. 1D and Fig. S3).

We further evaluated the effects of different parameters on fiber productivity (Fig. 1E-G).
Fiber production increased slowly with the increase of voltage, while it increased
significantly with the increase of rotational speed (Fig.1E). It was demonstrated that the
effect of rotational speed on fiber production was stronger than that of voltage. Fiber
production increased significantly with the increase of temperature, indicating that the
temperature and rotational speed played the same important roles on fiber production (Fig.
1F). Additionally, when the temperature was above 245 °C, the fiber production kept
constant with the increase of rotational speed probably due to the lack of melt material
supply. Fig. 1G also demonstrated that the rotational speed was one of main parameters
affecting fiber production of the resultant meshes. With the increase of temperature and the
initial mass of raw material, fiber production was significantly increased.

The fiber diameters of PLLA meshes were tunable, ranging from several hundred
nanometers to ten micrometers by adjusting the CME conditions. To optimize PLLA fibrous
scaffolds, the effects of different spinning parameters were also explored and presented in
supplementary files (Fig. S4-10). According to the parameter optimization results, a typical,
randomly-arranged PLLA fibrous mesh with a mean fiber diameter of 9.71+5.46 pm was
fabricated under the process conditions: V=30 kV, R=780 rpm, T=230 °C, C=10 cm, M=6 ¢
and shown in Fig. 2A. As a comparison, a highly-ordered, ultra-fine PLLA fibrous scaffold,
with a mean fiber diameter of 5.25+3.04 um, was prepared under the process conditions:
V=35 kV, R=1260 rpm, T=235 °C, C=8 cm, M=6 g and presented in Fig. 2B. The micro CT
images and video further demonstrated that these two scaffolds exhibited the significant
difference of fiber orientation (Fig. 2C, D and Video S2), and therefore were used to
investigate the effects of fiber orientation on cell behaviors. Three aligned PLLA fibrous
scaffolds with different thicknesses (~200, 400, and 800 um) were selected to observe the
effect of scaffold thickness on cell behaviors for the remainder of the study. A pore size
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distribution test (Fig. 2E) showed that fluffy, PLLA fibrous meshes with a mean pore
diameter above 35 um could be obtained by employing our CME technique.

The physical properties of engineered scaffolds with heterogeneous surface topography are
usually orientation-dependent. For the meshes with aligned fibers, both wettability and
uniaxial tensile tests were conducted in the direction along the fiber alignment, which is
more important for tendon tissue engineering application. The water contact angle
measurement was conducted for the PLLA random fibrous scaffold (with a thickness of
~200 pm) and PLLA aligned fibrous scaffolds with different thicknesses (~200, 400, and
800 um) to investigate the effects of fiber alignment and scaffold thickness on surface
hydrophilicity (Fig. 2F). It was demonstrated that the random scaffold was more
hydrophobic with a water contact angle higher than that of aligned scaffolds along the fiber
alignment direction. Moreover, the contact angles of aligned scaffolds with different
thicknesses (~200, 400, and 800 um) were comparable (137.8 + 0.9° vs. 138.2 + 0.6° vs.
138.2+ 0.9°), indicating that scaffold thickness had no significant effects on the scaffold
hydrophilicity.

In terms of mechanical properties, the results demonstrated that the mechanical properties of
scaffolds were significantly dependent on the fiber alignment and overall scaffold thickness.
Aligned scaffolds exhibited a significantly higher Young’s modulus and ultimate tensile
strength in the direction along the fiber alignment, as compared to the random scaffold (Fig.
2G and H). In addition, the Young’s modulus and ultimate tensile strength of the aligned
scaffolds displayed a notably decreasing trend, with the increasing of the scaffold thickness.

3.2. Fiber alignment promoted HADMSC proliferation, alignment and tenogenic
differentiation

HADMSC were seeded on both random and aligned PLLA fibrous scaffolds and cultured in
TDM for 21 days to investigate the effect that the fiber orientation has on cell morphology,
proliferation, and tenogenic differentiation. Cell viability and morphology were measured
based on a live/dead assay in Fig. 3A-D. HADMSC cultured on both random and aligned
meshes showed high viability (>95%) in TDM throughout 21 days of culture. HADMSC
responded to the fiber-based topographic features in the scaffolds by the contact guidance
phenomenon. When cultured on aligned fibers, most cells elongated and aligned along the
fiber alignment direction (Fig. 3C, D). More than 90 % of HADMSC were highly aligned
along the direction of fiber orientation (within £20°) on PLLA aligned fibrous scaffolds in
Fig. 3E. By contrast, haphazardly distributed cells, with irregular morphologies, were
observed on random fibrous scaffolds at different time points (Fig. 3A, B). An MTT assay
was utilized to evaluate the proliferation of HADMSC on the random and aligned scaffolds.
The results demonstrated that the cell proliferation rate on the aligned scaffold was
significantly higher than that on the random fibrous scaffold at days 7 and 21 (Fig. 3F).

The expression of TNMD (a late marker of tenogenic differentiation) on random and aligned
fibrous scaffolds was visualized by immunofluorescent staining after 21-day culture (Fig.
4A, B). TNMD was detected on both random and aligned fibrous scaffolds when
conditioned in TDM, while the higher TNMD expression was found on the aligned scaffold.
Importantly, the fiber alignment in the scaffold can guide the TNMD protein formation
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along the arrangement direction of fibers, which can mimic the ECM architecture of native
tendon tissues (Fig. S11A). Results from gPCR also confirmed that HADMSC showed
higher levels of TNMD gene expression on the aligned fibrous scaffold, compared to
HADMSC on the random fibrous scaffold (Fig. 4F). Moreover, the expressions of other
tenocyte-related genes, including scleraxis (SCX), COL1, and tenascin-C (TNC), in the
aligned scaffold group were also significantly higher than that of the random scaffold group
(Fig. 4C, D and G). These results demonstrated that the HADMSC exhibited more tenogenic
phenotypes when conditioned on the aligned scaffold. These results supported that the
aligned PLLA fibrous scaffold provided a more appropriate microenvironment to promote
high cell viability, proliferation, and tenogenic differentiation of HADMSC.

3.3 Thinner scaffolds promoted HADMSC infiltration

To evaluate how scaffold thickness affects cell migration and proliferation, HADMSC were
seeded and cultured on PLLA aligned scaffolds with three different thicknesses (~200, 400,
and 800 um) in TDM for 21 days. Cross-sectional H&E staining images of three cell-seeded
scaffolds were shown in Fig. 5A-C. The cells attached and grew on the scaffold surface, as
well as penetrated inside the scaffold through the homogenously distributed pores between
fibers. After 21 days of culture, the highest cell density was detected on the thinnest
scaffold, and the cell density decreased with increasing scaffold thickness (Fig. 5D). An
MTT assay showed that the cells cultured on the thinnest scaffolds possessed a significantly
accelerated proliferation rate at early 7-day culture (Fig. 5E). However, the cell number was
similar on scaffolds with different thicknesses after 21-day culture. These results indicated
that the thin scaffold provided better support for early cell proliferation than the thick
scaffold. In addition, although the cell density decreased with increasing scaffold thickness,
the overall cell numbers were probably comparable in the scaffolds with various thicknesses,
due to the volume and area increase.

3.4 HADMSC-HUVEC co-culture promoted in vitro tenogenic differentiation of HADMSC

Next, we evaluated the protein and gene expression of HADMSC and HADMSC-HUVEC
co-culture (4:1 ratio) on aligned fibrous scaffolds in different conditioning media and
determined whether co-culture affected tenogenic differentiation in vitro. In TDM,
HADMSC alone were negative to CD31 (vascularization related protein) (Fig. 6A). The
addition of endothelial growth medium (EGM, TDM:EGM=4:1) significantly promoted the
TNMD and COL1 protein expression of HADMSC (Fig. 6C & D), but HADMSC were still
expressed very limited CD31 in the hybrid media. For the co-culture system, TNMD and
COL1 were expressed robustly, and obvious CD31 expression was observed (Fig. 6E & F).
In native adult tendon, TNMD expression was also robust, and significant CD31 expression
was also detected, as shown in Fig. S11. Results from qPCR showed that both the EGM
addition and HADMSC-HUVEC co-culture significantly upregulated the TNC gene (Fig.
6G), but no statistical difference was observed between these two conditions.

4. Discussion

In this study, a novel CME setup was developed and implemented to fabricate organic
solvent free, diameter and thickness controllable fibrous scaffolds. Our CME combined the
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advantages of centrifugal spinning, electrospinning, and accurate temperature control
technology, which showed three notable advantages. First, this technology can directly
employ thermoplastic biopolymers to prepare fibers, without utilizing solvent to dissolve
polymers. This process not only saves on the cost and time, but also eliminates the side
effects of any solvent. The CME system provides an effective method to solve the solvent
residue issue of traditional electrospun fibers. Second, some raw materials cannot be spun by
traditional electrospinning, due to the lack of an appropriate solvent. Our CME technology
can utilize the melting of polymeric materials for spinning, which broadened the scope of
choice of raw materials which can be used. Furthermore, by using this CME system, we can
fabricate fiber meshes with controllable thickness, which facilitates cell migration and
infiltration into the inner layers of scaffolds. Finally, Our CME showed obviously high
spinning efficiency (~ 3 g/min), which increased to more than 1000-fold compared with the
typical needle-based electrospinning setup. In this study, we fabricated PLLA fibrous
meshes with controlled fiber diameter, orientation, and thickness by the adjustment of the
appropriate spinning parameters. PLLA was chosen as the biomaterial for the tendon
regeneration application because it is a fully biocompatible, biodegradable, synthetic
material which can undergo remodeling and ultimately be replaced by regenerated tissue in
vivo [43, 44]. In addition, PLLA is thermoplastics and it can be heated to its melting point,
cooled, and reheated again without significant degradation [45].

To generate engineered tendon tissue, biomimicking of the specific topography of native
tendon ECM structure is of significant importance. Our present results demonstrated that
aligned fibers can guide HADSMC alignment and synthesis of a tendon-like ECM
containing oriented TNMD and collagen. Moreover, our current study showed that the
aligned fibers promoted the proliferation and tenogenic differentiation of HADMSC, when
compared with the cells on random fibers. Some other studies also confirmed that aligned
topography guides cell alignment and organization and guides collagen fibril formation
along the arrangement direction of fibers [18, 46].

Cell migration and infiltration are critically important for the practical application of
engineered tissue grafts. Typical electrospinning processes usually produce tightly packed,
mesh-like fibrous meshes with compact, 2D construction and poor controllability. The
fibrous meshes fabricated by typical electrospinning usually possess a pore diameter below 5
pum [47-50]. These structure features further limit cell growth to only on the superficial
surface, rather than infiltrating into the inner layers [51-53]. To overcome this great
obstacle, some extra post-treatments with complicated procedures, such as salt leaching/ gas
foaming technique [54], ultrasonication [55], and freeze drying process [56], have been
developed to enhance cellular ingrowth into the scaffolds. Our CME system enables the
fabrication of fibrous scaffolds with controllable thickness and a fluffy texture. The pore size
distribution test showed that our CME-fabricated, PLLA fibrous scaffolds possessed a mean
pore diameter above 35 um, which was large enough for cell infiltration. Cross-sectional
H&E staining and immunofluorescent staining of HADSMC-seeded scaffolds, with three
different thicknesses, suggested that the cells successfully proliferated and infiltrated
throughout the bulk PLLA fibrous scaffolds. Although the scaffold thickness affected the
cell proliferation rate at the early stage of cell culture, the cell numbers tended to be similar
after longer culture time. These results indicate that it is feasible to construct a 3D tissue
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graft for tendon repair by using our CME-made PLLA aligned scaffolds with various
thicknesses. For the future in vivo implantation, the scaffolds with high thickness would
provide more spaces for cell penetration and proliferation.

Limited vascularization and low vascular supply may be crucial factors that delay the
healing of tendon-related diseases or injuries. During the early stage of healing after tendon
injury and rupture, there is an initial, robust vascular response with increased VEGF
expression, then predictably drops off with time [57]. Several studies also reported that
hypervascularization was observed after initial implantation, which diminished to native
tendon levels at a late stage of healing [31, 37]. These results indicate that
neovascularization is a natural healing process and may be essential for long term survival of
grafts. Endothelial cells (EC) play an important role in constructing the vascular structure
and maintaining vascular function [57-59]. Recent investigations have indicated that the
appropriate co-cultured cells could release humoral factors, which further influence the
expansion and differentiation of mesenchymal stem cells (MSC) [60-62]. Some co-culture
studies have also shown that close cell-to-cell contact in culture enhanced specific cell
lineage formation [63-65]. In the present study, HUVEC were utilized to co-culture with
HADMSC on PLLA fibrous scaffolds with aligned fiber architectures. We investigated the
feasibility of using the HADMSC and HUVEC co-culture system to induce the
differentiation of HADMSC for constructing the tissue-engineered tendon in vitro. The
HADMSC and HUVEC co-culture system was demonstrated to promote in vitro HADMSC
differentiation towards tenocytes on the aligned PLLA fibrous scaffold. Some other studies
also employed a co-culture technique to promote MSC differentiation, and confirmed that a
co-culture of MSC and tenocytes enhanced the tenogenic differentiation of MSC [66-69].
Our results indicate that the incorporation of EC may initiate the vascularization and
promote tenogenesis of MSC to recapitulate the initial tendon healing process. The ratio of
EC and the crosstalk between EC and HADMSC and/or tenocytes should be further
investigated and optimized to maximize function of vascularization. In addition, temporal
and spatial control of vascularization is also important to prevent hypervascularity and
inhibit scar formation.

Conclusions

In our current study, a novel CME system was developed to fabricate solvent-free, micro-/
nano-fibrous meshes with controlled fiber alignment and mesh thickness. PLLA was
employed as a model polymer to explore and investigate the effect of the spinning conditions
on fiber properties. Compared with random PLLA fibrous scaffolds, the obtained, highly-
ordered meshes could better mimic the native tendon ECM structure by facilitating the
HADMSC orientation, proliferation, and differentiation towards tendon fibroblasts.
Moreover, the relatively fluffy fibrous scaffolds, with controllable thickness, were fabricated
by our CME technique. These meshes were beneficial for the cell migration and infiltration
into the inner layers of scaffolds and further formation of 3D tendon grafts. The co-culture
of HADMSC and HUVEC promoted in vitro tenogenic differentiation of HADMSC.
Therefore, our living, aligned fibrous scaffolds, fabricated by our CME system, are
promising as tendon grafts that mimic the native tendon tissue-like architecture, anisotropy,
and cell phenotype, as well as promote the natural healing process.
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Figure 1.

750 900 1050 1200 1350 1500
Rotational Speed (rpm)

Fabrication of PLLA fibrous scaffolds by using CME system. (A) Schematic of our CME
experimental setup. (B) Variation of the fiber alignment as a function of spinning voltages at
5 kV, 35 kV, and 45 kV. Other spinning parameters were maintained constant: T=230 °C,
C=10 cm, R=900 rpm. (C) Variation of the fiber alignment as a function of spinning
temperatures at 265 °C and 215 °C. Other spinning parameters were maintained constant:
V=35 kV, C=10 cm, R=1140 rpm. (D) Variation of the fiber alignment as a function of
spinning rotational speeds at 780 rpm, 1140 rpm, and 1500 rpm. Other spinning parameters
were maintained constant: V=30 kV, C=10 cm, T=230 °C. (E) Fiber productivity as a
function of voltage (0-50 kV). Curves shown for rotational speeds of 900 rpm and 1140
rpm. Other parameters were maintained constant: T=230 °C, C=10 cm, M=8 g; (F) Fiber
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productivity as a function of temperature (215-265°C). Curves shown for rotational speeds
of 1140 rpm and 1500 rpm. Other parameters were maintained constant: 35 kV, C=10 cm,
M=8 g; (G) Fiber productivity as a function of rotational speed (780 rpm-1500 rpm). Curves
shown for (1) T=230 °C, M=8 g. (2) T=250 °C, M=12 g. Other parameters were maintained
constant;: C=10 cm, V=30 kV, R=780 rpm-1500 rpm. “T, R, V, C, M, P” represented the
spinning temperature, rotational speed, voltage, the distance of collection, the initial mass of
raw PLLA materials, and the production rate of fibers, respectively.
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Figure2.
SEM image and Fiber diameter distribution evaluation of (A) typically random PLLA

fibrous scaffold and (B) optimized aligned PLLA fibrous scaffold. Scale bars = 20 um.
Micro CT images of random (C) and aligned (D) PLLA fibrous scaffolds. (E) Pore size
distribution and mean pore diameter tests of PLLA fibrous scaffolds with different fiber
arrangements (random or aligned) and scaffold thickness (~200 um, ~400 um, ~800 pm). (F)
Water contact angle of PLLA fibrous scaffolds with different fiber arrangements (random or
aligned) and scaffold thickness (~200 um, ~400 um, ~800 um) (n=3; bars that do not share
letters are significantly different from each other, p<0.01). The Tensile mechanical tests: (G)
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Young’s modulus; (H) Tensile strength. (n=>5; bars that do not share letters are significantly
different from each other, p<0.05)
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Figure 3.

Fiber alignment induced cell alignment and promoted cell proliferation. Live/Dead images
for HADMSC-seeded (A, B) random PLLA fibrous scaffold and (C, D) aligned one
conditioned in TDM for 7 days and 21 days. Scale bars = 100 um. (E) HADMSC cell
orientation angle distribution measurement on random and aligned PLLA fibrous scaffolds
after 21-day culture in TDM. (F) Cell proliferation quantification by MTT assay at day 7 and
21 on the random and aligned PLLA scaffolds populated with HADMSC in TDM (n=6;
*p<0.05, **p<0.01).
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Fiber alignment promoted HADMSC differentiation towards tenocytes in TDM after 21-day
culture. Immunofluorescent staining for TNMD (green) and nuclei (blue) on (A) random
PLLA fibrous scaffold and (B) aligned PLLA fibrous scaffold in TDM. Scale bars = 100 pum.
Real-time PCR analysis of (C) SCX, (D) COL1, (E) COL3, (F) TNMD and (G) TNC on
HADMSC-seeded PLLA random and aligned fibrous scaffolds conditioned in TDM for 21
days. Relative gene expression is presented as normalized to 18S and expressed relative to
HADMSC-seeded PLLA random fibrous scaffolds (n=3; ** p<0.01).
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Figure5.
Thinner scaffolds promoted HADMSC infiltration and proliferation at early stage of cell

culture. Cross-sectional H&E staining of HADMSC seeded PLLA aligned fibrous scaffolds
with different thickness in TDM for 21 days: (A) ~200 um, (B) ~400 um (C) ~800 pm. Scale
bars = 200 um. (D) Cell density at 21 days of aligned in TDM HADMSC-seeded PLLA
fibrous scaffolds with different thicknesses (n=5; ** p<0.01). (E) Quantification of cell
proliferation by MTT assay at day 7 and 21 for aligned in TDM HADMSC-seeded PLLA
aligned fibrous scaffolds with different thicknesses (n=6; *p<0.05, **p<0.01).
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Figure®6.

Co-culture of HADMSC and HUVEC on aligned PLLA fibrous scaffolds promoted

HADMSC in

HADMSC in TDM

TDM+EG

HADMSC/HUVEC
in TDM+EGM

] HADMSC in [ HADMSC in [ HADMSC/HUVEC in

TDM TDM+EGM TDM+EGM
G 15 1.4
c 1.2
c
09 , [ 00 1
S @ ~ . 2 'n
- - 0.8
So S o
r aOS ° aOAG
X x0 (14
& & o
0.2
0 0
SCX COL3
5 * %
2 * %
c
o C:) 15 o .9 6
2'n ; 2 »n
g1 | ; =8
[ (]
) % I I ) %
W 0.5 w2
|
0 0
TNMD TNC

Page 22

tenogenic differentiation in vitro. Representative immunofluorescent staining for TNMD

(green), CD31 (red) and nuclei (blue) on aligned PLLA fibrous scaffolds after 21-day

culture: (A) HADMSC in TDM, (B) HADMSC in TDM+EGM, (C) HADMSC+HUVEC in
TDM+EGM. Scale bars = 100 um. Cross-sectional immunofluorescent staining for COL1

(green), and nuclei (blue) on aligned PLLA fibrous scaffolds after 21-day culture: (C)
HADMSC in TDM, (D) HADMSC in TDM+EGM, (E) HADMSC+HUVEC in TDM

+EGM. Scale bars = 100 pm. (G) qPCR analysis. HADMSC or HADMSC-HUVEC were

Biofabrication. Author manuscript; available in PMC 2018 November 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wu et al.

Page 23

seeded and conditioned in TDM only or hybrid media with TDM and EGM for 21 days.
Relative gene expression is presented as normalized to 18S and expressed relative to
HADMSC-seeded scaffolds in TDM only (n=3; ** p<0.01)
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