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After surgical tendon repair, the tendon-to-bone enthesis often does not regenerate, which
leads to high numbers of rupture recurrences. To remedy this, tissue engineering
techniques are being pursued to strengthen the interface and improve regeneration. In
this study, we used hyperelastic biphasic 3D printed PLGA scaffolds with aligned pores at
the tendon side and random pores at the bone side to mimic the native insertion side. In an
attempt to recreate the enthesis, the scaffolds were seeded with adult human
mesenchymal stem cells and then cultured in dual fluidic bioreactors, which allows the
separate in-flow of tenogenic and chondrogenic differentiation media. MTS assay
confirmed the ability of cells to proliferate in dual-flow bioreactors at similar levels to
tissue culture plate. Hematoxylin-eosin staining confirmed a compact cell layer entrapped
within newly deposited extracellular matrix attached to the scaffolds’ fibers and between
the porous cavities, that increased with culture time. After 7, 14, and 21 days, samples
were collected and analyzed by qRT-PCR and GAG production. Cultured constructs in
dual fluidic bioreactors differentiate regionally toward a tenogenic or chondrogenic fate
dependent on exposure to the corresponding differentiation medium. SOX9 gene
expression was upregulated (up to 50-fold compared to control) in both
compartments, with a more marked upregulation in the cartilaginous portion of the
scaffold, By day 21, the cartilage matrix marker, collage II, and the tendon specific
marker, tenomodulin, were found to be highly upregulated in the cartilaginous and
tendinous portions of the construct, respectively. In addition, GAG production in the
treated constructs (serum-free) matched that in control constructs exposed to 10% fetal
bovine serum, confirming the support of functional matrix formation in this system. In
summary, our findings have validated this dual fluidic system as a potential platform to form
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the tendon enthesis, and will be optimized in future studies to achieve the fabrication of
distinctly biphasic constructs.
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INTRODUCTION

The tendon-to-bone enthesis (TTBE) is a specialized connective
tissue structure essential to guarantee a smooth transition
between tendons and bones (Font Tellado et al., 2018). The
main function of TTBE is to transfer forces from muscles to
bones and to ensure joint stability during every day movements
(Font Tellado et al., 2018). Thus, entheses are usually subjected to
frequent and repeated tensile and compressive loading (Shaw and
Benjamin, 2007), and this highly demanding environment calls
for a strong structure able to withstandmechanical stress. Moving
from muscle to bone, the TTBE composition gradually changes
from aligned tendon fibers to unmineralized fibrocartilage, which
becomes mineralized immediately before the bone insertion. The
closer the tissue is to bone, the higher is the calcium content
between collagen fibers, and the lower is fiber alignment (Font
Tellado et al., 2017). The fibrocartilage layer is mainly composed
of fibrochondrocytes entrapped in a matrix of collagen type II and
aggrecan. This layer serves to ensure a gradual structural
transition from tendon to bone (Moffat et al., 2008). Injuries
affecting the TTBE have high clinical incidence especially in the
elderly and in the more active populations that play sports, at
both the professional and non-professional level. It is estimated
that each year in the EU and the United States about 30 million
people undergo tendon/ligament repair procedures, causing an
annual expense of over €150 billion (Di Gesù et al., 2019). To date,
surgical repair is the only treatment able to partially restore joint
functionality after a TTBE injury. Despite several innovative
techniques that have been developed (Rothrauff et al., 2020),
surgical repair of massive enthesis injuries is still inadequate, with
up to 79% failure rate in the most severe cases (Galatz et al., 2004;
Mall et al., 2014; Henry et al., 2015). The main reason for failure is
the poor healing properties of fibrocartilage in the native enthesis,
which does not regenerate after surgical repair. Instead, collagen
fibers of the tendon appear to directly insert into bone, and the
mismatch in mechanical properties without a fibrocartilaginous
transition layer predisposes to repair failure and recurrences
(Thomopoulos et al., 2003). In principle, tissue engineering
can significantly contribute to address these issues by actively
promoting the recovery of a fibrocartilaginous layer. However,
the realization of an engineered TTBE is particularly challenging
due to the intrinsic complexity of the TTBE and the still limited
understanding of its development (Spalazzi et al., 2006; Qu et al.,
2015). Inspired by this challenging scenario, we hypothesized that
a scaffold-based approach mimicking the structural features of
the TTBE may be able also to support tissue regeneration and
ultimately help in restoring TTBE functionality (Font Tellado
et al., 2017). For this reason, in this work we describe the
realization of a cellularized graft mimicking the tendon-
fibrocartilaginous biphasic transition tissue of the TTBE. The
construct is composed of a tendon-like side and a cartilage-like

side, cellularized with adult human mesenchymal stem cells
(hMSCs). hMSCs represent a good choice to promote de novo
regeneration, owing to their relative abundant availability and to
their differentiation potential into all cellular phenotypes of the
musculoskeletal lineage (Nancarrow-Lei et al., 2017). The
structural core of our construct is a scaffold composed of
medical-grade poly (L-lactide-co-glycolide) (PLGA), with high
internal porosity and elastic properties sufficient to form a self-
supporting mesh (Dewey et al., 2020), and able to support cell
proliferation (Jakus et al., 2018). The pore architecture was
specified for each tissue-type with changes in both dimension
and distribution, smaller and aligned at the tendon side to favor
the aligned deposition of collagen fibers, and larger and more
randomly distributed at the cartilaginous side to mimic the
architecture of cartilage.

For TTBE regeneration, hMSCs need to be differentiated
toward a tenogenic and chondrogenic phenotype
simultaneously within the scaffold. However, the induction of
multiple specific phenotypes within a single construct is often
challenging, as each specification process requires a different
culture medium. Specifically, several studies have shown that
serum free conditions enhance chondrogenesis (Valonen et al.,
2010; Angelozzi et al., 2017), whereas the presence of serum is not
detrimental in tenogenesis. Hence, the cell laden scaffold were
maintained in culture within a dual flow biphasic bioreactor
system we have previously established (Lin et al., 2014; Iannetti
et al., 2016), which allows the feeding of two separate
differentiation media simultaneously in different segments of
the scaffold, thus enabling for bizonal differentiation of
hMSCs. To assess stem cell differentiation toward a
chondrogenic phenotype, we monitored the expression of the
cartilage specific genes SOX9 (Kim et al., 2019) and COL2A1
(Lian et al., 2019), while for tenogenic differentiation we
examined the expression of TNMD, which is a specific marker
for tendon and ligaments (Shukunami et al., 2016).

MATERIALS AND METHODS

Cells
In this work, adult human bone marrow derived mesenchymal
stem cells (hMSCs) were used. Cells were isolated from the
femoral heads of 9 male donors (56–81 years old) undergoing
total hip arthroplasty, a common and traditionally accessible
source of bone marrow (Nöth et al., 2002; Song et al., 2005), with
Institutional Review Board approval (University of Washington
and University of Pittsburgh) following our standard protocol
(Lin et al., 2014; Rothrauff et al., 2018). Briefly,
trabecular bone was cored out using a curette, and put inside
a Petri dish containing rinsing medium (RM: DMEM (Gibco,
United States) supplemented with 1% v/v antibiotic-antimycotic
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solution (Gibco, United States)). Trabecular bone was minced
into small pieces to expose the bone marrow, and the suspension
was then filtered through 40 µm filter to separate cells from bone
chips. Finally, cells were resuspended with growth medium (GM:
DMEM supplemented with 1% v/v antibiotic-antimycotic
solution, and 10% v/v fetal bovine serum (Gibco,
United States)) and passaged with GM. All experiments
described in this work were conducted with cells at passage 3.

Cell Laden Scaffold Fabrication
Scaffolds were composed of medical-grade poly (L-lactide-co-
glycolide) (PLGA) with ≥95% internal porosity and hyperelastic
properties (2.7 ± 0.8 MPa Elastic Modulus) commercialized as the
Fluffy-X 3D-Printable Universal Scaffold system (Jakus et al.,
2018) (Figure 1A). The material was provided by Dimension Inx
(Dimension Inx, United States) having an open 0°–90° pore
pattern, and an interfiber distance of ∼150 μm at the tendon
side and of ∼300 μm at the cartilage side. The material was
provided as a square shaped sheet (thickness � 8 mm, height
� 4 mm) from which cylinders where punched out using a 4 mm
biopsy punch equipped with a plunger (Integra, United States).

The scaffolds were sterilized immediately before cell seeding
by immersion in 70% v/v ethanol for 60 min under gentle
agitation, followed by three washing cycles with sterile
phosphate-buffered saline (PBS). Each scaffold was then
grossly dried using a sterile wipe to remove excess PBS
prior to cell seeding. hMSCs were randomly split into 3
different lots, each lot containing cells from 3 different donors
(n � 9), and 4 × 105 cells/scaffold were seeded. The cell-laden
scaffolds were then inserted in the bioreactor (Figure 1B) or
cultured in a standard tissue culture plate (control).

FITC-Phalloidin Staining
Constructs were fixed for 2 h at room temperature using a 4% v/v
paraformaldehyde/PBS solution (Thermo Scientific,

United States), rinsed thrice with fresh PBS and incubated
with 0.1% v/v Triton-X (Sigma-Aldrich, United States)/PBS at
room temperature for 10 min. Then, constructs were washed
thrice with fresh PBS, incubated with 1% w/v Bovine Serum
Albumin (BSA) (Sigma-Aldrich, United States)/PBS to saturate
non-specific binding sites, washed thrice with fresh PBS and
incubated with a 0.005% w/v FITC-Phalloidin (Sigma-Aldrich,
United States)/1% BSA/PBS solution. The constructs were rinsed
with PBS and stored at 4°C in dark condition until imaging with a
Keyence BZX800 (Japan) microscope (λEx � 470/40 nm, λEm �
525/50 nm.

Dual Fluidic Bioreactor
The bioreactor is composed of a body with cylindrical inner space
that can be fed through an upper and a lower inlet. The body is
isolated from the external environment by a base (on the bottom)
and by four lids. Engineered constructs are placed within an inner
insert, which has a hollow interior and includes a central
protruding ring having an outer diameter approximating the
inner diameter of the body. The insert is characterized by lateral
perforations, which allow flow of medium through the tissue.
Such insert divides the interior of the body into an upper chamber
and a lower chamber so that fluids can flow through the insert
perforations. All the connections between the body and the other
components are equipped with silicone O-rings, which avoid
liquid leaking during medium flow (Lozito et al., 2013; Alexander
et al., 2014; Lin et al., 2014; Iannetti et al., 2016; Pirosa et al.,
2018).

Culturing and Differentiation Assay
The culture system was set to transfer media from the 20 ml
reservoir syringes (BD, United States) to the collection 10 ml
sterile bags (Kiyatec, United States) perfusing through the
bioreactor at a constant flow of 0.083 ml/h (equivalent to
∼2 ml/day).

FIGURE 1 | (A) Macroscopic scaffolds appearance before cell seeding (white) and at day 7 after seeding (green fluorescence based on FITC-phalloidin staining,
high resolution images available as SI, Supplementary Figures S1, S2). (B) scaffold placement within insert, and (C) phases of bioreactor assembly. (D) Schematic
representation of a bioreactor compartment.

Frontiers in Materials | www.frontiersin.org March 2021 | Volume 8 | Article 6132123

Gottardi et al. Engineered Enthesis

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Cell laden scaffolds were cultured in growth medium
Colourless GM (CGM: FluoBrite (Gibco, United States)
supplemented with 1% v/v Glutamax (Gibco, United States),
1% v/v sodium pyruvate (Gibco, United States), 1% v/v
antibiotic-antimycotic solution (Gibco, United States), and
10% v/v fetal bovine serum (Gibco, United States)) for 7 days,
with assays performed at days 1, 3, and 7 for cell viability and
proliferation assays.

For differentiation, scaffolds were cultured with tenogenic
medium delivered to the upper bioreactor chamber (TM:
FluoBrite (Gibco, United States) supplemented with 1% v/v
Glutamax (Gibco, United States), 1% v/v sodium pyruvate
(Gibco, United States), 1% v/v antibiotic-antimycotic solution
(Gibco, United States), 2% v/v fetal bovine serum (Gibco,
United States), 1% Insulin-Transferrin-Selenium (Thermo
scientific, United States), 1 ng/ml TGF-β2 (Peprotech,
United States)) (Font Tellado et al., 2015), and chondrogenic
specific media in the lower chamber (CM: FluoBrite (Gibco,
United States) supplemented with 1% v/v Glutamax
(Gibco, United States), 1% v/v sodium pyruvate
(Gibco, United States), 1% v/v antibiotic-antimycotic solution
(Gibco, United States), 1% Insulin-Transferrin-Selenium
(Thermo scientific, United States), 40 μg/ml L-proline (Sigma,
United States), 0.1 µM Dexamethasone (Sigma, United States),
50 μg/ml Sodium ascorbate (Sigma, United States), 10 ng/ml
TGF-β3 (Peprotech, United States)). The system was
maintained in a humidified tissue culture incubator at 37°C,
5% CO2 throughout each experiment. As controls, cell-laden
scaffolds were cultured in a cell culture plate in growth medium
(GM: DMEM high glucose (Gibco, United States), 1% v/v
antibiotic-antimycotic solution (Gibco, United States), and
10% v/v fetal bovine serum (Gibco, United States)) renewing
the medium every 2 days.

Viability and Proliferation Assays
Viability was assessed using the Live/Dead staining kit (Molecular
Probes, United States) as per the manufacturer’s protocol. Briefly,
scaffolds were incubated with Calcein AM/Ethidium bromide
solution (4 µM/8 µM) for 20 min at 37°C, then images were
acquired using an upright fluorescence stereomicroscope
(Olympus SZX16, Japan).

Proliferation was assessed by the quantitative MTS CellTiter
96® AQueos Non-Radioactive Cell Proliferation Assay (Promega,
United States) that measures metabolic activity, according to the
manufacturer’s protocol. Briefly, cells laden scaffolds were
incubated for 3 h at room temperature in an MTS/GM
solution, then the amount of produced formazan was
quantified by measuring absorbance at 490 nm with a plate
reader (Sinergy HT, BioTek, United States). The results are
reported as the mean of three separate measurements ±SD.

Histology
At each time point, scaffolds were fixed overnight in 4%
paraformaldehyde (PFA) at 4°C, washed in PBS, and
dehydrated using progressive ethanol/water solution (25, 50,
70, 95, and 100%) and xylene before embedding in paraffin.
The samples were sectioned at 5 μm thickness using a HS325

Microtome (Microm, United States), and collected on Colorfrost
Plus Microscope Slides (ThermoFisher Scientific, United States).
Hematoxylin and eosin (H&E) staining was performed following
the Harris Hematoxylin and Eosin protocol. Briefly, samples were
de-paraffinized by soaking twice in HistoClear for 3 min and
rehydrated by dipping in a descending series of ethanol/water
solutions. Slides were sequentially stained with H&E, washed with
running tap water, then mounted with a coverslip and limonene
mount medium (Fisher Scientific, United States).

GAG/DNA Content Evaluation
Sulfated GAG content was evaluated using the Bioscan Assay
(Biocolor Ltd., United Kingdom) as per the manufacturer’s
instructions. Briefly, scaffolds were pre-digested with papain
(Sigma-Aldrich, United States) for 3 h at 65°C. After
incubation, the suspension was centrifuged, and the
supernatant was collected and treated with Blyscan reagent for
30 min at room temperature. GAG content was quantified by
measuring the absorbance at 656 nm with a plate reader. DNA
content was quantified using the Picogreen assay (Thermofisher,
United States) according to the manufacturer’s instructions.
Briefly, samples were lyophilized, weighed, incubated with
papain at 20 mg/ml, with 5 mM EDTA and 5 mM L-cysteine,
at 60°C for 24 h. After incubation, samples were treated with
Picogreen, and DNAwas quantified bymeasuring the absorbance
at 520 nm.

qRT-PCR
Scaffolds were flash frozen in liquid nitrogen and pulverized using
a hammering set (Spectrum Bessmann, United States). RNA was
extracted and isolated using the RNeasy Mini Kit according to the
manufacturer’s instructions (Qiagen, Germany). RNA was then
converted to cDNA using the SuperScript IV First-Strand
Synthesis System (Invitrogen, United States). Quantitative real-
time PCR (qRT-PCR) was performed with a StepOne Plus Real-
Time PCR system (Applied Biosystem, United States) using
PowerUp SYBR Green Master Mix (Applied Biosystems,
United States). The relative level of gene expression was
calculated using the delta CT method. Gene primer sequences
(Brand, Country) are shown in Table 1.

Statistical Analyses
Statistical analyses were performed using Prism 8 software
version 8.2.1 (GraphPad software, United States) over four
scaffold groups for each lot (pool of three donors). Metabolic
activity and gene expression were analyzed using two-way
ANOVA followed by Tukey’s post hoc test. The GAG/DNA
ratio was analyzed using an unpaired t test with Welch’s

TABLE 1 | Primer sequences used for qRT-PCR analyses.

Genes Forward (5’--> 39) Reverse (3’--> 59)

COL2A1 AACCAGATTGAGAGCATCCG ACCTTCATGGCGTCCAAG
SOX9 GAGCCGAAAGCGGAGCTGGAA ACAGCTGCCCGCTCCAAGTG
S18 GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
TNMD TGTGGACTGGTGTTTGGTATCC AGTGCCATTTCCGCTTCTGAA
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corrections. All data are expressed as means ± standard deviation,
and a p value of 0.05 was considered significant for all
experiments.

RESULTS

Culturing in the Bioreactor Supports Cell
Proliferation and Viability
Cell proliferation within the scaffold was evaluated using the
MTS assay in constructs cultured either in a culture plate or
within the dual fluidic (biphasic) bioreactor, with the same
medium composition. Cell proliferative activity observed at
days 1, 3, and 7 was comparable in both conditions at each
time point, increasing as a function of time as expected for
proliferating cells (Figure 2A). Such trend was more linear for
constructs cultured within the dual fluidic bioreactor. Cell
viability was confirmed at day 7 by incubation with Calcein
AM, to fluorescently label (green) viable, metabolically active
cells. Green-labeled cells were found to be uniformly distributed
on the scaffold surface (Figure 2B) and within the scaffold as
evidenced by imaging along a longitudinal section of the
construct (Figure 2C).

3D Dynamic Culturing Promotes hMSCs
Differentiation and ECM Production
To confirm hMSC differentiation into tenocyte and chondrocyte
lineage, we analyzed the expression of tissue specific genes (SOX9,
COL2A1, TNMD) in the cartilaginous and tendinous components
of the constructs after culturing within the dual fluidic bioreactor.
The expression of SOX9 increased at day 7 in both construct

components (up to 50-folds change compared to day 0), and
continued increasing in the whole scaffold up to day 14.
Interestingly, SOX9 expression maintained high values but
started to decrease at day 21, with a more evident decrease in
the tendinous component (Figure 3).

The histological morphology of the engineered constructs
after culturing in the bioreactor was carried out with H&E
staining at early (7 days) and late (21 days) time points. Large
cell clusters were observed adherent to the surface of the scaffold.
At day 7, such structures appeared as a thin monocellular layer
(Figures 4A,B), and by day 21 these developed into thicker cell
aggregates (Figures 4C,D) embedded in newly produced
extracellular matrix (ECM). Results from GAG assay
confirmed that the constructs cultured in the bioreactor in
serum-free conditions produced significant amounts of GAG
compared to the controls cultured in a tissue culture plate
supplemented with 10% FBS (Figure 4E).

Furthermore, by day 21, the cartilage specific COL2A1 gene
and the tendon specific TNMD gene were highly expressed in the
cartilaginous and tendinous components, respectively, when
compared to the control at the same time point (Figures
4F,G). Taken together, these results further suggested tissue-
specific differentiation toward chondrocyte and tenocyte lineages
in the engineered constructs.

DISCUSSION

In this work, we have described the realization of an engineered
biphasic construct with spatially distinct cartilaginous and
tendinous components, supporting the feasibility of tissue
engineering the tendon-to-bone enthesis.

FIGURE 2 |Metabolic activity of cells measured reading the absorbance at 490 nm at days 1, 3, and 7 of culture in bioreactor, and in a multiwell tissue culture plate
(control). Each test was performed in triplicate and data were analyzed using two-way ANOVA followed by Tukey’s post hoc test. Results are reported as the mean of
three measurements ±SD, p < 0.05 was considered statistically significant (A). Calcein AM staining selective for living cells performed over the entire construct (B), and a
longitudinal section of the construct (C) after 7 days of culture in bioreactor.
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The structural core of our construct is a scaffold composed of
medical-grade PLGA, with high internal porosity and elastic
properties sufficient to form a self-supporting mesh (Dewey
et al., 2020), and able to support cell viability and proliferation
(Jakus et al., 2018). Furthermore, the scaffold has been previously
reported to be cytocompatible and supportive of MCSs
differentiation both in vitro and in mouse and macaque in
vivo models (Jakus et al., 2016). The pore architecture varied
in dimension and distribution, smaller and aligned on one side to
mimic the physiologic alignment of tendon fibers, and larger and
more randomly distributed on the other side to mimic the less
ordered architecture of the cartilage matrix.

The scaffolds were cellularized using hMSCs, which are
characterized by a high differentiation potential toward
musculoskeletal lineages (Yang et al., 2013; Nancarrow-Lei
et al., 2017; Iseki et al., 2019). Following this rationale, we
chose to harvest cells from the femoral heads, which is
characterized by a high content of bone marrow, which is rich
in MSCs. Moreover, femoral heads are an easily accessible source
from surgical waste following total hip arthroplasty. Cell laden
scaffolds were cultured within our advanced biphasic bioreactor
culture system, which is designed to host 3D engineered
constructs or even native tissues and to provide two tissue-
specific differentiation media, separately and simultaneously,
without mixing (Iannetti et al., 2016). The main functional
unit of this bioreactor is a dual flow 3D printed chamber
(Figures 1A–C), extensively described in our previous work
(Chiesa et al., 2021; Lozito et al., 2013; Alexander et al., 2014;
Lin et al., 2014; Iannetti et al., 2016; Pirosa et al., 2018, Pirosa
et al., 2020). The overall system is composed of an infusion pump,
a medium reservoir(s), the bioreactor, and a collection bag. The
bioreactor is a 3D printed array (Tuan et al., 2016) composed of
four communicating compartments connected in series. Each
compartment is divided into two chambers (upper and lower),
which can be simultaneously fed with separate, specific culture

medium. The cell-seeded scaffolds are sized to fit inside an insert,
which is placed within each compartment. The four
compartments are isolated from the external environment by a
base (bottom) and four lids (top), both equipped with silicon
O-rings for sealing. As controls, we cultured cellularized scaffolds
in growth medium in a tissue culture plate for simplicity of
execution, since, in our hands, when a common medium is
utilized the very slow flow rate in the bioreactor (∼2 ml/day) is
equivalent to the periodic medium change in a tissue culture plate
and does not affect cell growth.

The setup of the biphasic culture systems allowed the delivery
of separate teno- and chondrogenic media to the upper and lower
chamber, respectively. Moreover, the flow rate was sufficient to
guarantee oxygen and nutrient distribution while avoiding any
mechanical stress to the cells. The efficacy of our system is
confirmed by the MTS assay, which shows that cellular
metabolic activity levels after 1, 3, and 7 days of culture in the
biphasic bioreactor were comparable to those in constructs
maintained in standard tissue culture plate culture at each of
the corresponding time points (Figure 2A). These observations
are further supported by the cell viability assays after 7 days of
biphasic culturing. Fluorescence images show a homogeneous
distribution of viable cells located on the surface (Figure 2B) as
well as within the inner pores (Figure 2C) of the scaffold.

After assessing cell viability and proliferation, we administered
selective differentiation stimuli to the construct, feeding
tenogenesis and chondrogenesis specific media to the upper
and lower chamber, respectively. We then confirmed teno-
and chondrogenic specific lineage differentiation of the hMSCs
by assessing the expression of tendon and cartilage specific genes
(SOX9, COL2A1, TNMD) in the cartilaginous and tendinous
components of the construct at each time point.

The expression of SOX9 increased at day 7 in both
components (up to 50-fold change compared to day 0), and
remained elevated at day 14 (Figure 3). By day 21, SOX9

FIGURE 3 | Relative expression of SOX9 after days 7, day 14, and day 21 in hMSC-seeded constructs cultured within bioreactors. Gene expression levels are
expressed as fold-change normalized to that in day 0 samples. Data were analyzed using two-way ANOVA followed by Tukey’s post hoc test. Results are reported as the
mean of three measurements ±SD, p < 0.05 was considered statistically significant.
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expression remained stable in the cartilaginous component, but
had decreased in the tendinous component. The decreasing trend
suggests a spatially specific differentiation of hMSCs into
chondrocytes and tenocytes. Indeed, SOX9 overexpression is
specifically associated with chondrogenesis, acting to promote
collagen type II expression and deposition (Ikeda et al., 2004), and
inhibiting the synthesis of collagen type X (Leung et al., 2011).
Interestingly, recent embryonic development studies have
reported that SOX9 is also essential for progenitor cells to
differentiate into tenocytes (Sugimoto et al., 2012). In fact,
consistent with our findings, Nagakura et al. (Nagakura et al.,
2020) showed that murine tenoprogenitor cells transiently
express SOX9 in during development, and downregulate the
same gene after differentiation to tenocytes in vivo.

These gene expression results are further supported by our
histological findings. H&E staining highlighted cellular aggregates

attached onto scaffold fibers throughout the thickness of the
construct, and matrix deposition appeared abundant. Remarkably,
between day 7 (Figures 4A,B) and day 21 (Figures 4C,D), there was
a significant increase in matrix deposition, and by the culture
endpoint cells appeared to be integrated in a newly deposited
ECM. Data from biochemical analysis of the constructors cultured
in the biphasic bioreactor showed significantly increased in the GAG/
DNA ratio, compared to control sample at the same time point.
Moreover, additional qRT-PCR analyses of the chondrogenesis
specific gene COL2A1 and the tenogenesis specific gene TNMD
further support the evidence of tissue specific differentiation. While
COL2A1 was highly overexpressed (1,000-fold change) in the
cartilaginous side, TNMD was markedly overexpressed on the
tendon side. Taken together, these results suggest a likely selective
bizonal differentiation of hMSCs toward chondrogenic and tenogenic
phenotypes within the hMSC-seeded biphasic scaffolds.

FIGURE 4 |H&E staining of the biphasic construct (cartilaginous side) after 7 days (A, B) and 21 days (C, D) of culture at two different magnifications. Black arrows
indicate newly produced extracellular matrix. Scale bar � 150 µm (A, C) and 50 µm (B, D). Overview images of the whole construct are reported in Supplementary
Figure S3 (control) andSupplementary Figure S4 (differentiated). GAG content of the constructs expressed as GAG/DNA ratio at day 21. Data were analyzed using an
unpaired t test withWelch’s corrections, *p < 0.05 (E). Relative gene expression of COL2A1, and TNMD at day 21 measured by qRT-PCR (F) normalized to control
at the same time point.
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CONCLUSION

In this study, we have realized an engineered construct that
recapitulates some aspects of the tendon-fibrocartilage transition
tissue of a tendon-to-bone enthesis, and that can support cell
viability, proliferation, and differentiation. Our differentiation
system was based on a 3D printed, highly biocompatible
scaffold of hyperelastic PLGA, characterized by a microporous
architecture with aligned fiber orientation on the tendon side, and
dishomogeneous fiber organization on the cartilaginous side,
mimicking some anatomical features of the native enthesis.

Cellularized with hMSCs, the scaffolds were cultured within an
advanced biphasic bioreactor system that allowed simultaneous
exposure of each side of the biphasic construct to a specific
differentiation medium. Results from gene expression analysis,
biochemical analysis, and histological examination suggest that
we have successfully obtained an engineered construct composed
of a tendon-like side and a cartilage like side, that is potentially
applicable for the surgical tendon repair after mechanical
stimulation to assess resistance to tensile stress, an essential
parameter to proceed to in vivo models.
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