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Introduction

A microfluidics-derived growth factor gradient
in a scaffold regulates stem cell activities for
tendon-to-bone interface healing

Jingtong Lyu, @ + Long Chen,® Jigiang Zhang,© Xia Kang,? Yunjiao Wang,’
Wenjie Wu,® Hong Tang,? Jun Wu, © *4 Zhiyu He @ *© and Kanglai Tang*®

Treatment of tendon-to-bone interface injury has long been challenging in sports medicine. The major
obstacle lies with the complicated three-layer structure of the tissue that consists of a bone region with
osteocytes, a tendon region with tenocytes and a transitional region with chondrocytes. Conventional
tissue engineering approaches using simply biomaterial scaffolds, stem cells and combinations of them
had limited abilities to reconstruct the gradient structure with normal biomechanical properties. We
herein aim to construct a three-layer structure with bone marrow-derived stem cells and tendon stem
cells cultured in a decellularized tendon scaffold, through application of a gradient of biological cues in
the longitudinal direction of the scaffold that guides the stem cells to differentiate and remodel the extra-
cellular matrix in response to different medium concentrations in different regions. A microfluidic chip, on
which a tree-like flow pattern was implemented, was adopted to create the concentration gradient in a
dichotomous manner. We screened for an optimized seeding ratio between the two stem cell types
before incubation of the scaffold in the medium concentration gradient and surgical implantation.
Histology and immunohistochemistry assessments, both qualitatively and semi-quantitatively, showed
that the microfluidic system provided desired guidance to the seeded stem cells that the healing at
8-week post-implantation presented a similar structure to that of a normal tendon-to-bone interface,
which was outstanding compared to treatments without gradient guidance, stem cells or scaffolds where
chaotic and fibrotic structures were obtained. This strategy offers a potentially translational tissue engin-
eering approach for better outcomes in tendon-to-bone healing.

rotator cuff injuries range from 5% to 20%." Meanwhile, the
incidence of Achilles tendon ruptures was estimated to range

Rotator cuff tear, anterior cruciate ligament tear, and Achilles
tendon tear are the three most common tendon injuries seen
in sports medicine. In the United States, approximately
100 000 to 200 000 patients suffer from anterior cruciate liga-
ment injury every year and the prevalence of symptomatic
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from 5.5 to 9.9 per 100 000 people in North America.> Many of
the cases involve injury to the tendon-to-bone interface and
require surgeries. The aims of surgical repair are to reconstruct
the anatomical structure and retrieve the mechanical perform-
ances of the tendon-bone interface that can bear the load
from daily activities.> However, most of the currently adopted
reconstruction surgery procedures, where direct linkage of the
tendon and bone is performed, would result in fibrosis of the
tendon-to-bone interface without normal biomechanical pro-
perties, giving rise to poor clinical outcomes and risks of
tendon re-tearing. The fibrosis is caused by a lack of organized
regeneration of the interface structure, a lack of cellularity,
poor blood supply, etc.*

The tendon-to-bone interface has a gradient structure that
is essential for its normal functions. It has a clear composition
transition from the bone region, which is composed of type I
collagen and minerals, to the tendon region, which is com-
posed of well-aligned collagen I fibers, with an intermediate
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transitional fibrocartilage region that contains both calcified
collagen fibers connected to the bone region and non-calcified
collagen fibers connected to the tendon region. The tendon
region bears the tensile stress, while the bone region bears the
load.® Due to the delicate, unique nature of the structures,
tissue engineering approaches have been widely developed to
promote tendon-to-bone interface healing.”

Traditional tissue engineering approaches for promoting
tendon-to-bone interface healing usually involve scaffolds con-
taining stem cells and/or growth factors.® Among all kinds of
materials, biodegradable decellularized scaffolds are usually
preferred due to their preserved extracellular matrix that
mimics a favorable environment for cell differentiation and
growth.”'® Pati et al. designed a tissue by bioprinting cell-
laden constructs with a novel decellularized extracellular
matrix (dECM); this tissue-engineered scaffold provided an
optimized microenvironment conducive to the growth of
three-dimensional structured tissue with high cell viability and
functionality."" A. Shpichka et al. had also fabricated a 3D
scaffold using two-photon polymerization, decellularization
and cell encapsulation methods and the cell morphology, cyto-
toxicity and viability have been improved well."?

As for stem cells, bone marrow mesenchymal stem cells
(BMSCs) have been shown to be a promising candidate due to
their multipotency for differentiation into osteoblasts, chon-
droblasts, adipocytes, and tendon fibroblasts."*™*® Another
candidate is tendon stem cells (TSCs), as they present a strong
promotive effect towards tendon regeneration.”” The co-culture
of both cell types was shown to be optimal for tendon repair,®
and the osteogenic and tenogenic behaviors of the co-culture
system could be regulated directly by the concentrations of the
osteogenic medium.'® Several previous works using a combi-
nation of scaffolds, stem cells and growth factors have shown
its effectiveness in tendon-to-bone interface repair,°>* but it
is still a major challenge to establish a microenvironment in
the scaffold that can regulate the differentiation of seeded
stem cells to form the gradient structure as in a normal
tendon-to-bone interface. Although some success has been
achieved to promote the formation of the desired composition
transition by applying a growth factor concentration gradient
through chemical conjugation,® only one growth factor (PDGF)
was involved that might have rendered a suboptimal regulatory
effect. Recently, there has been increasing interest in the pres-
ence of a concentration gradient focused on the microfluidic
method. A microfluidic chip can establish the on-chip flow dis-
tribution and diffusion. Concentration gradients were formed
by a distance of a few hundred micrometers and were gener-
ated in a series of microchannels.”> K. Deekshith et al.
designed a novel microfluidic chip and used a standard
Y-shaped ladder design to obtain robust uniform chemical gra-
dients.>* F. Zheng et al. also achieved a microfluidic biochemi-
cal sensor with a cost-effective and rapid process which
showed good sensitivity and a linear section at a low-level con-
centration of glucose (0-10 mM).>*

Herein, we proposed to achieve a better tendon-to-bone
composition transition in the scaffolds by regulating stem cell
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differentiation using a concentration gradient of the osteo-
genic induction medium containing multiple essential growth
factors. A microfluidic chip, in which an implanted tree struc-
ture was designed and manufactured, was used to create the
medium concentration gradient in a dichotomous manner by
mixing the two introduced medium streams and their down-
stream mixtures sequentially. When the medium reaches the
decellularized tendon scaffold seeded with bone marrow-
derived stem cells (BMSCs) and tendon stem cells (TSCs), a
total of eight concentrations are established longitudinally
along the scaffold. We optimized the ratio between the stem
cells for the best outcomes of the composition transition
under the medium concentration gradient maintained by the
microfluidic chip in vitro and implanted the scaffolds in a rat
model of tendon tear injury to evaluate the effectiveness of
tendon-to-bone repair. We demonstrate this method as a
powerful approach to create scaffolds that can mimic the
unique gradient structure of the tendon-to-bone interface and
a potentially translational technique for patient treatment.

Experimental reagents and
instruments
Preparation and characterization of microfluidic chips

Polydimethylsiloxane (PDMS) microfluidic chips and poly
(methyl methacrylate) (PMMA) top/bottom shields were fabri-
cated by Capital Bio Corporation (China) using the design
shown in Scheme 1. To examine the feasibility of the gene-
ration of a concentration gradient and the stability of the con-
centration gradient, two streams of water containing a red dye
and a green dye, respectively, were introduced into the two top
inlets of the chip. The colors from the 8 outlets were observed
and recorded over a period of 72 h.

Preparation and characterization of the decellularized scaffold

Frozen Achilles tendons (DaQing Biotechnology Co., Ltd,
China) were thawed at room temperature and trimmed into
cylindrical segments of 1 cm length. The tendon segments
underwent repeating freeze-thaw cycles (1 min in liquid nitro-
gen followed by 5 min in saline solution at 37 °C) five times.
Following three washes in phosphate-buffered saline (PBS) for
30 min each, the tendon segments were treated with nuclease
solution containing 100 pg mL™' RNase and 150 IU mL™"
DNase (Roche Diagnostics, USA) at 37 °C. Finally, the decellu-
larized tendons were washed six times with 50 mL of PBS for
30 min each with shaking. DNA assay (Quant-IT™ PicoGreen®
dsDNA assay kit, Thermo Fisher Scientific, USA) was adopted
to detect any residual host DNA to evaluate decellularization.
Mechanical tests were performed to evaluate the preservation
of the mechanical properties of the decellularized scaffolds.
For toxicity assessments, cells incubated with the medium in
contact with the decellularized scaffold were subjected to cell
apoptosis staining and flow cytometry (Annexin V-FITC/propi-
dium iodide) to look for any abnormal increase of apoptotic
behaviors. Scanning electron microscopy (SEM, ZEISS Gemini)

This journal is © The Royal Society of Chemistry 2020
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Scheme 1

was performed to observe the microstructures of the scaffold
and to evaluate the stem cell attachment and ECM remodeling
of the scaffold.

Isolation, co-culture, and identification of TSCs and BMSCs

TSCs were isolated and cultured as previously described.”®
Briefly, hind limb Achilles tendons were collected from eutha-
nized rats and washed twice in PBS and digested in 3 mg mL™"
collagenase I (Sigma-Aldrich Co., Ltd, USA) and 4 mg mL™"
dispase (Sigma-Aldrich, USA) in PBS (pH 7.4) at 37 °C for 1 h.
Undigested tissues were removed using a 200-mesh filter, and
the resulting suspension was centrifuged at 600g for 5 min.
The pelleted cells were resuspended in DMEM (Cyagen, China)
supplemented with 10% fetal bovine serum (FBS) and cultured
in a 35 mm dish coated with 0.1% gelatin. Bone marrow was
obtained in accordance with the institutional review board
approval from The Animal Research Ethics Committee of the
Third Military Medical University, China. The bone marrow
was isolated from the tibia and femur of eight-week-old male
Sprague-Dawley (SD) rats. The bone marrow was added to
DMEM with the medium refreshed every three days. After 10
days in culture, colonies of BMSCs and TSCs were formed. The
BMSCs and TSCs were characterized by the cell markers of
CD44(+), CD90(+), CD45(+), and CD34(—) for BMSCs and CD44
(+), CDY0(+), CD3(-), and CD34(—) for TSCs, respectively. To
confirm the identification of the BMSCs and TSCs, the BMSCs
were incubated with anti-CD44, CD90, CD34, and CD45 and
the TSCs were incubated with anti-CD44, CD90, CD34, and

This journal is © The Royal Society of Chemistry 2020

CD3 for 1h, then incubated with Alexa Fluor594- and FITC-con-
jugated secondary antibodies for 30 min, and observed under
a fluorescence microscope.

Quantitative reverse-transcription polymerase chain reaction
(qRT-PCR)

Total RNA was isolated from the cells using Trizol (Invitrogen,
USA). A First-Strand ¢cDNA Synthesis kit (MBI Fermentas, USA)
was used to synthesize the cDNA. The mRNA expression levels
of ALP-L, TNC, SOX-9, and CEBP-a were determined with an
ABI PRISM 7300 System (Applied Biosystems, Foster City, USA)
using a Quant qRT-PCR (SYBR Green I) kit (Tiangen, China)
according to the manufacturer’s instructions. GAPDH was
used as the endogenous control. Negative controls were
included to identify any contamination. The primer sequences
used in this research are listed in Table 1.

Surgical procedures

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of the
Third Military Medical University and approved by the Animal
Ethics Committee of the Third Military Medical University.
Male SD rats (n = 32; 6-8 weeks old) were used for the study.
For analgesia, chloral hydrate (0.1 mg kg™') was administered
subcutaneously 30 min prior to surgery. In brief, the Achilles
tendon of the right leg was exposed, and then grasped and
sharply transected from its bone insertion to make a 1 cm
defect. For repair using the scaffolds, a high-speed bur with a

Biomater. Sci,, 2020, 8, 3649-3663 | 3651
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Table 1 The sequences of the primers used for qRT-PCR
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Gene Forward primers Reverse primers

TNC 5'-AAAGCAGCCACCCGCTATTA-3’ 5-TCAGGTTCTTTGGCTGTGGAG-3'
ALP-L 5-GGCACCATGACTTCCCAGAA-3’ 5-CACCGTCCACCACCTTGTAA-3'
SOX-9 5-GCCCCTTCAACCTTCCGCACTAC-3' 5-CGGCTGCGTGGCTGTAGTAGGA-3'
CEBP-a 5-GGTGGATAAGAACAGCAACG-3' 5-GGTCATTGTCACTGGTCAAC-3'
GAPDH 5-TGACTTCAACAGCAACTC-3' 5-TGTAGCCATATTCATTGTCA-3'

Fig. 1 The process of the operation of tendon-to-bone injury.

diameter of 2 mm was used to remove the remaining fibrocar-
tilage from the footprint of the tendon insertion site. A
0.5 mm bone tunnel was drilled through the calcaneus. A
suture was then passed through the bone tunnel and tied,
securing the bone end of the scaffold to the footprint. Then
the tendon end of the scaffold was sutured to the tendon
(Fig. 1). The skin was closed with a 4-0 vicryl suture.

The rats were divided into four groups: the control group
without treatment; the decellularized tendon scaffold group
with implantation of the scaffold in the absence of stem cells;
the decellularized tendon scaffold + cell group, for which the
cell-seeded scaffold was directly implanted without culture in
the chamber with control of medium supply by the microflui-
dic chip; and the microfluidic chip group, for which a 2-week
culture in the chamber was followed after cell seeding before
surgical implantation. After eight weeks, the rats were sacri-
ficed and the bone-tendon area was collected and assessed by
hematoxylin-eosin (H&E) staining, Masson’s trichrome stain-
ing, and immunohistochemical staining.

H&E, Masson’s trichrome, and immunohistochemical staining

The tendon-bone interface was harvested by slicing transversely
at 1 cm proximal to the bone-tendon junction. Sections with

5 um thickness were cut in the transverse plane and subjected
to H&E or Masson’s trichrome staining and microscopic obser-
vations. The cross-sections were also immunohistochemically
stained for collagen type I (Col I), II (Col II), and III (Col III),
SOX-9, and SCX. Deparaffinized cross-sections were incubated
with proteinase K for antigen retrieval for 10 min, peroxidase
blocking solution for 5 min, and 10% goat serum solution for
30 min. Then, the cross-sections were incubated with primary
antibodies against Col I, Col II, Col III, SCX, and SOX-9 followed
by peroxidase-labeled polymer-conjugated secondary anti-
bodies. Finally, the cross-sections were incubated with 3,30-dia-
minobenzidine for 10 min to visualize the antibody binding.

We adopted a grading system to evaluate the efficacy of the
treatments of different groups according to previous reports.>”
There are six major criteria: (1) collagen fiber continuity; (2)
collagen fibers oriented in parallel; (3) collagen fiber density;
(4) maturation of the tendon-bone interface structure; (5) vas-
cularity; and (6) cellularity. The observations from tissue sec-
tions were evaluated and categorized into 4 levels from GO,
which represents the poorest outcome, to G3, which represents
the best outcome, as fully described in Table 2. A score of 1, 2,
3 and 4 was granted to GO, G1, G2 and G3, respectively, for
statistical analysis.

Table 2 Histological grading criteria of the tendon-to-bone interface healing

Parameter GO G1 G2 G3

Collagen fiber continuity 25% 25-50% 50-75% 75%

Collagen fibers oriented in parallel 25% 25-50% 50-75% 75%

Collagen fiber density Very loose Loose Dense Very dense
Maturation of the tendon-bone interface structure Poorly organized Mildly organized Moderately organized Markedly organized
Vascularity Minimally present Mildly present Moderately present Markedly present
Cellularity Minimally present Mildly present Moderately present Markedly present
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Statistical analyses

Data were analyzed using SPSS software (version 15.0; SPSS
Inc.) and GraphPad Prism 7. A Mann-Whitney U test with a
Bonferroni correction for multiple comparisons was per-
formed to evaluate differences between groups for the histo-
logical data. One-way ANOVA was conducted for comparison
between two groups for the mechanical and cell apoptosis
tests. The results are presented as mean + standard deviation,
and significant differences were claimed with a p < 0.05.

Results and discussion
Manufacture and characterization of the microfluidic chip

The design of the 3D co-culture system is shown in Scheme 1,
in which the decellularized scaffold seeded with BMSCs and
TSCs was placed in a chamber, supplied with culture medium
controlled by the microfluidic chip over the entire period of 2
weeks for the tissue formation. The key concept of the design
is to generate a concentration gradient of the functional cyto-
kines in the osteogenic induction medium (from none as in
pure DMEM to full cytokine supply as in pure osteogenic
induction medium), to promote the cultured stem cells in the
scaffold to undergo cytokine-driven differentiation into
different cell types to mimic the tendon-to-bone interface. In
other words, the higher the concentration of the osteogenic
induction medium, the more likely the BMSCs undergo differ-
entiation into osteocytes; the more diluted the osteogenic
induction medium, the more TSCs differentiate into tenocytes
and the more the extracellular matrix (ECM) is regulated to
have more aligned collagen fibers. Between these two regions,
there is an intermediate level of the cytokines in the medium
where both stem cells play a role in the tissue formation,
forming a transition region.

The microfluidic chip comprises three layers (Fig. 2A and
B). The chip was implemented into the intermediate 2 mm
polydimethylsiloxane (PDMS) layer, where a tree-like microflui-
dic structure with a channel width of 200 um was fabricated by
etching. The chip was fixed and sealed by two layers of 5 mm
poly(methyl methacrylate) (PMMA) shields. Pure osteogenic
induction medium (medium concentration = 1) and pure
DMEM (medium concentration = 0) enter the chip in two
aligned channels on top of the chip and flow downstream,
passing through many flow junctions. At each junction, one
stream of the medium containing a higher concentration of
osteogenic induction medium merges with the other stream
with a lower concentration. Upon merging, the two streams are
intensely mixed by the elongated channels before proceeding
to the next flow junction. Each junction-channel part results in
an averaged concentration of the medium out of the two emer-
ging ones, thus creating an intermediate concentration.
Multiple intermediate concentrations are therefore produced
in a dichotomous manner. When reaching the culture
chamber for the scaffold, a total of 6 intermediate concen-
trations are created between 0 and 1, thus rendering a concen-
tration gradient inside the chamber (Fig. 2D).

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Manufacture and characterization of the microfluidic chip. (A)
The integral structure of the microfluidic chip; (B) the three layers of the
microfluidic chip; (C) the tree-like flow pattern in the microfluidic chip
for the generation of a concentration gradient, and illustration with two
dyes with a red and a green color; and (D) the medium concentration
gradient created in the culture chamber.

To validate, illustrate and examine the stability of the con-
centration gradient generated by the microfluidic chip, we
applied streams with two miscible dyes into the system.
0.3 mm s~ was adopted as the flow rate based on previous
reports®®?? to deliver sufficient nutrient supply to the cultured
cells and at the same time minimize medium waste and poten-
tial shear effects on the cells. Establishment of a color gradient
from pure green to pure red was observed (Fig. 2C), and the
gradient was stable without perturbations over a period of 2
weeks. This ensured the consistency of the medium concen-
tration in the cell culture experiments.

In addition to previous successful works on promoting the
formation of a gradient structure in the tendon-to-bone inter-
face by applying a gradient concentration of a single growth
factor PDGF> or a concentration gradient of the mineral
content also leading to a gradient of stiffness of the
scaffolds,*® we here provide a new strategy to take full advan-
tage of the abilities of the stem cells to react to the concen-
tration gradient of cytokines that allow modulations of the cell
type and the ECM components in the scaffolds at the same
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time. The transition from bone tissue to tendon tissue in the
scaffold occurs simultaneously as a result of the controlled
activities of the BMSCs and TSCs by the medium concen-
tration gradient in full supply of the nutrients required for the
growth of the tendon-to-bone interfaces. The concentration
gradient is smooth and is formed in an extremely simple
manner where only pure media need to be supplied into the
system. Bio-microfluidic systems based on cells on scaffolds
have been adapted for a variety of biomedical applications.*"*?
They are also cheap and scalable. Under steady flows of both
media, the concentration gradient remains consistent as
balanced convections and diffusions in the chamber for cell
culture on the scaffold. This stability is believed to be essential
for a consistent guidance to the stem cells.

Characterization of the decellularized scaffold

Full decellularization of the tendon tissue was characterized by
the absence of DNA as observed by a fluorescence assay
(Fig. 3A). The absence of DNA from the tissue donor indicated
the absence of cells from the donor in the generated ECM of
the scaffold, thus ensuring minimal immunogenicity upon
implantation of the scaffolds. The decellularized scaffold
maintained similar mechanical properties to the original
tendon tissue, and for the maximum load, tensile strength
and elongation at break tested, there was no statistically mean-
ingful difference (Fig. 3B). This suggested that the ECM com-
positions and structures were well preserved in the decellulari-
zation process, and the decellularized scaffold was qualified
for cell seeding.

The potential toxicity of the decellularized scaffold was
assessed by the culture of TSCs in a medium pre-incubated
with the scaffold for 24 hours. FITC fluorescence staining
observations under a fluorescence microscope showed that the
cells kept in such culture for 24 h, 48 h and 72 h showed no

A Fluorescence

Primary tendon
scaffold

Decellularized

tendon scaffold

View Article Online
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increasing population with early apoptosis (green) or progres-
sing apoptosis (red) compared to the cells cultured without
contact with the scaffold components (Fig. 4A). The results
were confirmed by quantitative analysis through flow cytome-
try that the percentages of live and apoptotic cells are consist-
ent between the two groups (Fig. 4B). Therefore, the scaffold
was found to be suitable for subsequent cell cultures.

Scanning electron microscopy (SEM) was conducted to
assess the microstructure of the scaffolds with and without
seeded cells. The original tendon tissue presented a dense
alignment of the collagen fibers, which was well preserved
during the decellularization process as no major difference
was observed afterwards (Fig. 5A). Upon seeding with BMSCs
and TSCs, the cells grew on the scaffold and actively remo-
deled the ECM component to a less aligned structure (Fig. 5B).
This indicated that the scaffold materials had an outstanding
affinity to the stem cells that allowed adhesion and cell
developments.

Decellularized scaffolds have several advantages, includ-
ing the maintenance of the intrinsic tissue mechanical pro-
perties, inclusion of biological cues that are essential for
cell proliferation, migration, and differentiation, good bio-
compatibility, moderate biodegradability, and low immuno-
genicity.’> However, conventional methods to modify the
decellularized scaffolds for cell culture purposes, such as
chemical conjugation, physical adsorption,**?* etc., are com-
plicated and overall difficult, as accessibility of the whole
scaffold, minimization of damage to the original ECM
environment and characterization of the modifications can
all be challenging. Our method in this study required no
modification of the scaffolds, and the established gradient
of the cytokines was robust due to free diffusion inside the
scaffold. It was thus advantageous compared to the conven-
tional methods.

Value

EZ3 Primary tendon scaffold [ Decellularized tendon scaffold

Fig. 3 Decellularization assessments of the tendon tissue and mechanical tests (n = 4, the primary tendon group: strength of extension was 4.875
+ 0.625, elongation at break was 2.043 + 1.686, and the breaking strength was 0.414 + 0.340. The decellularized tendon group: strength of exten-
sion was 6.223 + 2.791, elongation at break was 0.979 + 0.910, and the breaking strength was 0.453 + 0.297. (A) DNA fluorescence assay that shows
the absence of DNA in the tendon scaffold and (B) the maximum load, tensile strength and elongation at break tests of the original tendon tissue

and decellularized scaffold. Scale bar = 200 pm.
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Fig. 4 Percentages of live and apoptotic cells. (A) FITC fluorescence staining observations using a fluorescence microscope and (B) the flow cyto-
metry results showing the percentages of the live and apoptotic cells in the culture with or without coming into contact with the decellularized

scaffold.
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Fig. 5 Scanning electron microscopy (SEM) of the scaffold and cell adhesion. Representative SEM images of (A) the scaffold without cells seeded,
scale bar = 100 pm in 100%, 20 pm in 200%, 1 pm in 15 000Xx; and (B) the scaffold with cells seeded, scale bar = 10 pm.

Isolation, identification, and co-culture cell ratio of TSCs and
BMSCs

The BMSCs and TSCs were isolated according to previously
reported methods (see the Experimental section). The
extracted BMSCs exhibited a typical spindle-shaped appear-
ance, while the TSCs presented a homogeneous population of
a fibroblast-like appearance (Fig. 6A). To fully identify the stem
cells, specific cell markers of the two cell types were examined.
The cell markers specific to mesenchymal stem cells (MSCs),
CD44 and CD90, were positive for both cell types. For BMSCs,
the expression of CD45 (leukocyte common antigen) was low
and the expression of CD34 (hematopoietic stem cell and pro-
genitor cell marker) was negative, which proved that the
BMSCs did not originate from the blood. For TSCs, the
expression of both CD3 and CD34 was negative, suggesting
that the TSCs derived were MSCs rather than blood-circulating
stem cells, which were desired for downstream experiments.
The ratio between the BMSCs and TSCs in the co-culture
system was screened in terms of the ability of the cultured
stem cells to differentiate into tenocytes, osteocytes and

3656 | Biomater. Sci., 2020, 8, 3649-3663

chondrocytes, for which RT-qPCR was conducted to evaluate the
mRNA expression level of the relevant genes of each cell type
(TNC, ALP-L and SOX-9, respectively). For an ideal co-culture
ratio, all three levels need to be high. At the same time, the
stem cell co-culture should have a minimum adipogenesis ten-
dency that may negatively affect the tensile strength of the
formed tendon-to-bone interface, for which a key regulator in
the process CEBP-o was assessed. Based on the aforemen-
tioned criteria, a culture ratio of BMSC: TSC = 1:2 was found
to be optimal out of seven ratios tested, with a high level of
tenogenesis ability, a moderate level of osteogenesis ability, a
high level of chondrogenesis ability, and a low level of adipo-
genesis ability (Fig. 6B). This ratio was adopted to be tested in
the animal model.

Most previous studies on using stem cells to promote the
repair of the tendon-to-bone interface relied on a single stem
cell type of BMSCs.***® The important role of TSCs in teno-
genesis was not discovered until recent findings showed that
TSCs were found in tendon tissue that can differentiate
into chondrocytes, osteocytes, and adipocytes, thus being a

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The morphology and characteristics of bone marrow-derived stem cells (BMSCs) and tendon stem cells (TSCs), and mRNA expression (TNC,
ALP-L, SOX-9 and CEBP-a) for BMSCs/TSCs in co-culture with different cell ratios. (A) The morphology (scale bar = 200 pm in lanes 1 and 3 and
100 pm in lanes 2 and 4) and cell markers of BMSCs and TSCs and (B) mRNA expression of TNC, ALP-L, SOX-9 and CEBP-a for BMSCs/TSCs in co-

culture with different cell ratios (n = 3).

promising candidate stem cell type for tendon repair.’*™*!

Our approach of a co-culture system takes advantage of the
potential of both types of stem cells that would maximize the
possibility of a positive outcome. Besides, the activities of the

This journal is © The Royal Society of Chemistry 2020

stem cells in the co-culture were regulated by the concen-
tration gradient of the osteogenic induction medium con-
trolled by the microfluidic chip. The stem cells adopted and
the strategy to control their lineage commitment are preferen-
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tially promising for repairing a complicated structure in a
simple manner.

In vivo study

A total of 1 x 10° cells were seeded into the scaffold with a cell
ratio of BMSC:TSC of 1:2. The scaffold was placed in the
incubation chamber of the device with a concentration gradi-
ent of the osteogenic induction medium across the longitudi-
nal direction of the scaffold as controlled by the microfluidic
chip. The incubation with the concentration gradient was
maintained for 2 weeks until surgical implantation. Histology
assessments (H&E and Masson’s trichrome) at an 8-week post-
procedure time point were performed to evaluate the repair
efficacy of the tendon-to-bone interface. In Fig. 7, the normal
tendon-to-bone interface shows a typical three-layer structure
with clear distinctions of bone tissue, tendon tissue and carti-
lage tissue in between. The control group showed a poor

Normal
Tendon-to-Bone
interface

Control group

Decellularized
tendon scaffold |\
group

Microfluidic
chip group

View Article Online
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healing status at week 8 with the formation of massive fibrous
tissue in the defect area. There was no smooth transition from
the tendon tissue to the bone tissue, which resulted in poor
prognosis for the normal function of the tendon-to-bone inter-
face. The appreciable presence of inflammatory cells also indi-
cated an unfavorable environment for normal tissue for-
mation. The group implanted with a decellularized tendon
scaffold group without any cells seeded showed improvement
in the healing process as shown by cell growth and angio-
genesis. However, the scaffold region had no order of the cell
types that there was still not a clear distinction of different
regions of a normal tendon-to-bone interface. Compared to
the scaffold group, seeding of the stem cells in a plain culture
medium (DMEM) did not result in an appreciable improve-
ment of cell growth or tissue organization. This suggests that
without proper guidance through biological cues, the stem
cells cannot effectively differentiate into the desired cell types

Masson's trichrme

GO

Fig. 7 H&E and Masson's trichrome staining of the tendon-to-bone interface at 8-week post-implantation. Scale bar = 100 pm in lanes 1 and 3 and

50 pm in lanes 2 and 4.
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or actively remodel the ECM compositions and structures. This
was addressed by the microfluidic chip, as seen in the micro-
fluidic chip group, and the tendon-to-bone interface in the
scaffold region showed a similar 3-layer structure to the
normal tissue when the stem cells were subjected to the con-
centration gradient of the culture medium. With a high con-
centration of the osteogenic induction medium on one end,
the stem cell co-culture favored an osteogenic development,
while on the other end tendon tissue was formed. In the
middle region where the concentration of the osteogenic
induction medium was intermediate, chondrocytes were gener-
ated forming a transitional region connecting the two on each
end. Angiogenesis could also be well appreciated, indicating
good efficacy of the healing process. The effectiveness of the
established medium concentration gradient on the formation
of the gradient structure of the tendon-to-bone interface was
remarkable.

Immunohistochemistry assessments were also performed
to compare the efficacy of different groups (Fig. 8). There was

_Collagen |

Control group

group

Microfluidic
chip group
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no major difference in the deposition of collagen I, collagen II
or collagen III among the experimental groups. For the chon-
drogenesis indicator SOX-9, the microfluidic chip group
showed significantly more expression than the other groups,
indicating a better formation of the transitional region in the
tendon-to-bone interface. This was considered as major evi-
dence of the three-layer structure desired for tendon-to-bone
interface repair by concentration gradient-regulated stem cell
activities in the scaffold. For the tendon tissue indicator SCX,
there was no difference among the groups in terms of the
levels of expression. However, the microfluidic chip group
showed some degree of alignment of the tendon tissue, indi-
cating better reconstruction of the tendon region. The results
were coherent with the histology assessments that the micro-
fluidic system benefited the treatment by co-culture of stem
cells on a decellularized scaffold.

The full set of evaluation results according to the grading
system is summarized in Table 3, showing the distribution of
the 8 animals in each group into the 4 evaluation levels. Fig. 9

Collagen lll

Fig. 8 Collagen |, collagen Il, collagen lll, SOX-9 and SCX immunohistochemical staining of the tendon-to-bone interface at 8-week post-implan-

tation. Scale bar = 50 pm.

Table 3 The evaluation results for each group according to the histological grading criteria

Control group

Decellularized Decellularized
tendon scaffold tendon scaffold + Microfluidic chip
group (n = 8) cell group (n = 8) group (n=8)

G3 GO G1I G2 G3 GO Gl G2 G3 GO Gl G2 G3

(n=8)
Item G0 G1 G2
Collagen fiber continuity 8 0 0
Collagen fibers oriented in parallel 8 0 0
Collagen fiber density 8 0 0
Maturation of the tendon-to-bone interface structure 8 0 0
Vascularity 3 3 1
Cellularity 3 5 0

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Histological grading distribution for each group. GO, G1, G2 and
G3 (corresponding to grades of 1, 2, 3 and 4, respectively) are reflected
in the figure from green to red. Each row represents a single criterion of
a single animal within the group. The group that received an overall
grading distribution with more red illustrations had a better overall
efficacy for the tendon-to-bone interface healing.
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shows an overall view of the evaluation results for each group,
with each evaluation criterion of each animal illustrated as a
separate row. This suggests that the microfluidic group had
the best average outcome among all the other groups for the
repair of the tendon-to-bone interface.

To validate the conclusion, the Mann-Whitney U test was
performed between groups to achieve statistical significance (p
< 0.05), and the results are shown in Table 4. Briefly, as for the
collagen fiber continuity and collagen fiber density, the
increasing mean from the control group, the decellularized
tendon scaffold group, and the decellularized tendon scaffold
+ cell group to the microfluidic chip group and the statistical
significance between any two of the groups (with only one
non-important exception of 0.167) suggest that the involve-
ment of scaffolds, stem cells, and the concentration gradient
for guidance of the stem cells is favorable towards better
healing of the tendon-to-bone interface. As for collagen fibers
oriented in parallel, maturation of the tendon-to-bone inter-
face structure and vascularity, the microfluidic chip group
stood out with the best outcome due to the significant differ-
ence compared to any of the other groups. As for cellularity,
the decellularized tendon scaffold + cell group and the micro-
fluidic chip group had similar levels of the best outcome that
was incomparable with the other two groups, suggesting that
the stem cells played a vital role in cell growth during the
repair of the tendon-to-bone interface. In conclusion, the
microfluidic chip design greatly improved the treatment

Table 4 The results of the Mann—Whitney U test for histological scores between groups

Decellularized tendon Decellularized tendon Microfluidic
Parameter Control group scaffold group scaffold + cell group chip group
Collagen fiber continuity
Group A 0.002 <0.001 <0.001
Group B 0.047 0.011
Group C 0.039
Group D
Collagen fibers oriented in parallel
Group A 0.167 0.074 0.002
Group B 0.074 0.002
Group C 0.006
Group D
Collagen fiber density
Group A <0.001 <0.001 <0.001
Group B 0.167 0.027
Group C 0.027
Group D
Maturation of the tendon-to-bone interface structure
Group A 0.074 0.039 0.002
Group B 0.120 0.008
Group C 0.014
Group D
Vascularity
Group A 0.146 0.074 0.008
Group B 0.096 0.014
Group C <0.001
Group D
Cellularity
Group A 0.133 <0.001 <0.001
Group B 0.001 <0.001
Group C 0.055
Group D
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outcome from stem cells seeded on the decellularized
scaffolds.

Conclusions

In this study, we successfully used a microfluidic chip to gene-
rate a concentration gradient of the osteogenic induction
medium, thus a concentration gradient of the essential osteo-
genic growth factors, in a chamber where a decellularized
tendon scaffold pre-seeded with BMSCs and TSCs was incu-
bated. The stem cells seeded perform differentiation into
different cell types, remodelling of the ECM compositions and
structures, and regulation of cell growth differently in different
regions of the scaffold in response to the concentration gradi-
ent, which form a three-layer structure in the scaffold consist-
ing of a bone region with osteocytes, a tendon region with
tenocytes and a transitional region with chondrocytes. The
structure remarkably represented the complicated structure in
the normal tendon-to-bone interface, as assessed by histology
and immunohistochemistry assessments. A grading system
was also adopted and it revealed that the stem cell-scaffold
incubated with the concentration gradient in the microfluidic
system had the best repair outcome in a tendon defect rat
model. The strategy to generate the concentration gradient is
advantageous in terms of the involvement of multiple essential
growth factors as supplied in the functional medium and the
ease of operation; thus it is believed to be a potential transla-
tional tissue engineering approach for the repair of the
tendon-to-bone interface. Further directions will include
investigations of the molecular pathways involved in the
healing process guided by the microfluidic system, scale-up
production of the scaffolds and in vivo functional studies after
repair.
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