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Abstract

The rotator cuff tear has emerged as a significant global health concern. However, existing
therapies fail to fully restore the intricate bone-to-tendon gradients, resulting in compromised
biomechanical functionalities of the reconstructed enthesis tissues. Herein, a tri-layered
core—shell microfibrous scaffold with layer-specific growth factors (GFs) release is developed
using coaxial electrohydrodynamic (EHD) printing for in situ cell recruitment and
differentiation to facilitate gradient enthesis tissue repair. Stromal cell-derived factor-1 (SDF-1)
is loaded in the shell, while basic fibroblast GF, transforming GF-beta, and bone morphogenetic
protein-2 are loaded in the core of the EHD-printed microfibrous scaffolds in a layer-specific
manner. Correspondingly, the tri-layered microfibrous scaffolds have a core—shell fiber size of
(25.7 5.1) m, with a pore size sequentially increasing from (81.5 4.6) mto

(173.3  6.9) m,and to (388.9 6.9 m) for the tenogenic, chondrogenic, and osteogenic
instructive layers. A rapid release of embedded GFs is observed within the first 2 d, followed by
a faster release of SDF-1 and a slightly slower release of differentiation GFs for approximately
four weeks. The coaxial EHD-printed microfibrous scaffolds significantly promote stem cell
recruitment and direct their differentiation toward tenocyte, chondrocyte, and osteocyte
phenotypes J O W Whks fhplanted J O WtldAtiFlayered core—shell microfibrous scaffolds
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rapidly restored the biomechanical functions and promoted enthesis tissue regeneration with
native-like bone-to-tendon gradients. Our findings suggest that the microfibrous scaffolds with
layer-specific GFs release may offer a promising clinical solution for enthesis regeneration.

Supplementary material for this article is available online

Keywords: coaxial electrohydrodynamic printing, core—shell structures, microfibrous scaffolds,

growth factors, enthesis regeneration

1. Introduction

The rotator cuff of the shoulder, which is frequently subject
to injury from excessive loading and degenerative tendino-
pathy, has become a major global health concern, with mil-
lions of new cases reported annually [1, 2]. Conventional sur-
gical suturing techniques for repairing rotator cuff tears are
often ineffective due to a lack of innate healing ability, res-
ulting in the formation of scar tissues instead of the desired
enthesis tissues with tendon-to-bone gradient interfaces [3].
The inferior regenerated enthesis tissues result in a high retear
ratio of the repaired rotator cuffs, leading to ongoing suffering
for patients [4].

Emerging tissue engineering strategies may provide prom-
ising ways for the functional reconstruction of the enthesis
tissues [5, 6]. For example, adipose-derived stem cells
(ADSCs) were cultured and harvested as cell sheets, which
were then delivered to rats with chronic rotator cuff tears as a
therapeutic intervention. The engineered ADSCs sheets were
able to improve fibrocartilage remodeling and enhance bone
formation for the healing of enthesis tissues [7]. However, the
main drawbacks associated with cell sheet engineering are the
limited thickness (< 80 m) [8] and mismatched cellular archi-
tectures between the engineered homogeneous cell sheets and
native gradient enthesis. Jiang F U eMoyed 3D bioprinting
and melt electrospinning to fabricate zonal-specific constructs
containing ADMSCs, markedly improving the reconstruction
of gradient fibrocartilaginous interfaces in enthesis tissues [9].
Chae F U pBebdnted an innovative study on bioprinted biomi-
metic living tissue constructs with a compositional gradient
bioink, which exhibited the potential in zone-specific indu-
cibility and multi-tissue formation mimicking the tendon-to-
bone interfaces [10]. Similarly, we previously proposed to
bioprint stem cells-laden constructs with layer-specific growth
factors (GFs) [11]. The GFs were able to facilitate the region-
specific differentiation of loaded stem cells J O Wah&lsteP
nificantly enhanced the functional enthesis tissue regeneration
when implanted J O WNeWitheless, the clinic usage of exo-
genous stem cells is restricted by invasive and painful harvest-
ing procedures, short self-renewal J O W anld j&ntial mor-
bidity of donor sites [12—14].

Unlike directly incorporating exogenous cells, cell-
instructive tissue engineering scaffolds with specifically
designed structural and/or compositional configurations have
gained extensive attention owing to their unique capability
to guide endogenous stem cell growth for improving the
reconstruction of enthesis interfaces [15, 16]. For instance,

tape-casted bilayered polycaprolactone (PCL)/calcium phos-
phate silicate spacers [17], and electrospun bilayered poly
(L-lactide) thin films with/without nano-hydroxyapatite [18]
were employed for the treatment of rotator cuff tears, and these
scaffolds with layer-specific compositions of polymers and
osteoinductive materials were able to guide collagen align-
ment and gradient mineralized cartilage formation. Recent
developments in 3D printing further enabled the construction
of highly porous scaffolds with designer structural and com-
positional distributions [19]. In one interesting study, Tarafder
F U [B3Ylencapsulated tenogenic, chondrogenic, and osteo-
genic GFs inside poly (lactic-co-glycolic acid) microspheres
and then implemented the GFs-laden microspheres for the
extrusion-based printing of porous PCL scaffolds with layer-
specific GFs distributions. The spatially-released GFs can act
as local regulators for modulating cellular activities, which
successfully guided regional differentiation of mesenchymal
progenitor cells J O Waddklse ntegrative healing of tendon-
to-bone interfaces JO WJW P

Yet, extrusion-based printing possesses relatively low res-
olution, which commonly results in microstrands with a dia-
meter of 200400 m and a spacing larger than 200 m,
and thus limits the cell guiding capabilities of the result-
ant scaffolds. Recently, electrohydrodynamic (EHD)-printed
microfibrous scaffolds were developed for tissue engineer-
ing applications due to their unprecedented advantages for
generating cell-favorable microenvironments [20-22]. It is
reported that EHD-printed PCL scaffolds with specifically
designed microscale fibers and pores can enhance cellu-
lar activities, including alignment [23], adhesion, prolifer-
ation and migration [24]. However, the absence of stem
cells at the wound locations remains one of the main
causes of the failure of rotator cuff healing [19, 25].
Therefore, microfibrous scaffolds printed by EHD print-
ing with the ability to recruit and direct regional differ-
entiation of endogenous stem cells have great potential
for healing tendon-to-bone interfaces and warrant further
investigation.

Here we proposed to use coaxial EHD printing for the fab-
rication of cell-instructive microfibrous scaffolds with layer-
specific structural and compositional organizations, and the
potential of the scaffolds for tendon-to-bone enthesis tissue
reconstruction was investigated (figure 1). To facilitate stem
cell recruitment and regional differentiation, the EHD-printed
microfibers were designed with core—shell structures, where
chemokines (stromal cell-derived factor-1, SDF-1) laden in
the sheath and differentiation-inductive GFs laden in the core
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Figure 1. Schematic illustration of coaxial EHD printing of layer-specific core—shell microfibrous scaffolds with GFs release for enthesis

regeneration.

region of the printed fibers. Because natural enthesis tis-
sues display a gradient interface transitioning from tendon
to fibrocartilage and bone, scaffolds with three distinct lay-
ers were designed and EHD-printed with the correspond-
ing compositions of SDF-1/basic fibroblast GF (bFGF) and
a pore size of 100 m, SDF-1/transforming GF-beta (TGF-

) and a pore size of 200 m, and SDF-1/bone morpho-
genetic protein-2 (BMP-2) and a pore size of 400 m as
tenogenic, chondrogenic, and osteogenic instructive layers,
respectively. The structural organizations, mechanical proper-
ties, and GFs release properties of the microfibrous scaffolds
were tested. The effect of the scaffolds on cellar viability, pro-
liferation, and recruitment was investigated using Live/Dead
staining and transwell experiments. Following this, the abil-
ity of the instructive properties of the scaffold to direct cell
differentiation was explored using immunofluorescence stain-
ing and real-time quantitative polymerase chain reaction (RT-
gPCR). *O Wekp¥rRnents were further conducted to con-
firm the effect of the layer-specific microfibrous scaffolds on
collagen fiber remodeling, fibrocartilage reconstruction, and
osteointegration.

2. Materials and methods

2.1. Materials

SDF-1, bFGF, TGF- , and BMP-2 were obtained from
Peprotech (USA). PCL with a molecular weight of 80 000

was purchased from Jinan Daigang Company (China).
Polyethylene oxide (PEO, Mw = 300 000) and hexa-
fluoroisopropanol (HFIP) were purchased from Shanghai
Aladdin Biochemical Technology Co. (China). For solvent-
based coaxial EHD printing, PCL and PEO were dis-
solved in HFIP with the concentration of 1% and 5.5%
(w/v) for the core ink, and 5% and 5.5% (w/v) for
the sheath ink, respectively. Rabbit bone marrow stem
cells (BMSCs) were purchased from Cyagen Biosciences
(China).

2.2. Preparation and characterization of GFs-loaded
chitosan nanopatrticles

Chitosan nanoparticles were synthesized as carriers for GFs
using a previously established method [26, 27], which involves
the ionotropic gelation of chitosan with sodium tripolyphos-
phate (TPP). Briefly, 75 mg of chitosan was dissolved in 25 ml
of 1% acetic acid. 10 mg TPP was mixed with 10 1 of diluted
GFs in 1 ml of 1% acetic acid solution. The TPP solution
was then added to the chitosan solution dropwisely, stirred
magnetically for 5 min, and subjected to ultrasonication (60 W,
BILONO96-I1, Bilon Biotechnology Co., China) for 10 min to
form a uniform emulsion. The resulting GFs-loaded chitosan
nanoparticles were obtained by filtration, washing, and freeze-
drying, and the size and shape were analyzed using a particle
analyzer (Delsa™ Nano, Beckman Coulter, USA) and a scan-
ning electron microscope (SEM, SU8010, Hitachi, Japan).
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2.3. Coaxial EHD printing of microfibers with tunable
core-shell structures

As depicted in figure 2(a), we employed a coaxial EHD print-
ing system (Shaanxi Baipusheng Medical Technologies Co.,
Ltd, China) to fabricate microfibrous scaffolds with layer-
specific structural and compositional configurations [28]. The
corresponding nanoparticles containing chemokine and differ-
entiation GFs were mixed with the sheath and core inks, each
at a fixed concentration of 100 mg ml !, and loaded into sep-
arate 1 ml syringes, which were independently controlled by a
syringe pump. A coaxial printing nozzle was mounted on the
Faxis and connected to a high-voltage supplier. The core inlet
of the nozzle was linked to the syringe loaded with differenti-
ation GFs, while the sheath inlet was connected to the syringe
loaded with chemokine. The process of coaxial EHD print-
ing was initiated by placing an indium tin oxide-coated glass
substrate as the collecting surface onto the moving stage with
a nozzle-to-collector distance of 2.5 mm. The core and sheath
PCL solutions were simultaneously fed into the coaxial nozzle
by opening the syringe pump and applying a high voltage of
2 kV to the nozzle. This resulted in the formation of core—
shell PCL microfibers through the evaporation of the HFIP
solvent.

The effect of ink feeding rate on the structure of the core—
shell microfibers produced by the coaxial EHD printing pro-
cess was investigated. Rhodamine was included in the core
ink to enable the visualization of the core—shell structure. Two
sets of experiments were performed. In the first experiment,
the total ink feeding rate was set at 50 1h 1 and the ratios
of core ink to sheath ink were varied from 1:9 to 9:1. In the
second experiment, the ratio of the core ink to sheath ink was
fixed at 1:1, and the total ink feeding rate was increased from
10 1h 'to50 1h '"and 100 1h !.Bright-field images of
the printed fibers were captured using an inverted fluorescence
microscope (ECLIPSE Ti, Nikon, Japan) for the determina-
tion of the size of the core and sheath components. Table S1
demonstrates the detailed variables for the optimization of the
coaxial EHD printing.

2.4. Coaxial EHD printing of microfibrous scaffolds with
layer-specific structural and compositional configurations

Coaxial EHD printing was employed to fabricate microfibrous
scaffolds with layer-specific structural and compositional con-
figurations by changing the printing inks and precisely direct-
ing the movement of the ¥ Zmoving stage according to a user-
specific designed trajectory in a layer-by-layer manner. As
abovementioned, a tri-layered microfibrous scaffold consist-
ing of tenogenic, chondrogenic, and osteogenic instructive lay-
ers was designed for enthesis tissue reconstruction (figure 1).
For the construction of the tenogenic layer, SDF-1 and bFGF
were added in the sheath and core inks, respectively, and the
core—shell microfibers were stacked in a cross-hatched con-
figuration with a fiber spacing of 100 m and a printing layer
number of 60. Similarly, the chondrogenic/osteogenic layers
were fabricated by replacing the bFGF with TGF- /BMP-
2, with a fiber spacing of 200/400 m, respectively. The

scaffolds designed with structural and compositional gradi-
ents were thus termed the ‘S + R + D group’. By contrast,
the microfibrous scaffolds without any GFs (henceforth ‘S
group’) and microfibrous scaffolds with differentiation GFs
only (henceforth ‘S + D group’) were fabricated as the control
groups.

The structural organizations of the coaxial EHD-printed
layer-specific microfibrous scaffolds and the distribution of
encapsulated chitosan nanoparticles were captured with a con-
focal laser scanning microscope (Olympus, Japan) and SEM.
The mechanical properties of the coaxial EHD-printed layer-
specific microfibrous scaffolds 20 mm 20 mm 0.3 mm)
were evaluated at a 10 mm gauge length with a cross-head
speed of 5 mm min 1129, 30]. Tensile modulus, strength, ulti-
mate strain, and toughness were determined from stress-strain
curves following established methods [29].

2.5. Release of the GFs from the coaxial EHD-printed
microfibrous scaffolds

The core—shell structure is engineered with an expectation to
achieve the sequent release of chemotactic and differentiation
GFs, which consequently allows the recruitment and differen-
tiation of autologous stem cells in a sequential process. The
release behaviors of four GFs, BMP-2, TGF- , bFGF, and
SDF-1, were analyzed utilizing enzyme-linked immunosorb-
ent assay kits (SAB, USA) following a protocol described in
previous literature with modifications [31]. Briefly, the coaxial
EHD-printed layer-specific microfibrous scaffolds ( O= 3)
were soaked in 2 ml of PBS solution. At various time points,
including 0.5 h, 1 h,2h,3h, 6 h, 12h,24 h,2d,3d, 7d,
14 d and 28 d, the entire supernatants were collected, and the
released GFs were quantified.

2.6. Decipher the effect of microfibrous scaffolds on cellular
viability, recruitment, and proliferation

2.6.1. Cell viability and proliferation on each layer of
microfibrous scaffolds in the S + R + D group. The cyto-
compatibility of the osteogenic, chondrogenic, and tenogenic
layers of the microfibrous scaffolds in the S + R + D group
was investigated by directly seeding BMSCs on them. The
scaffolds were first immersed in 75% alcohol for 15 min and
exposed to UV light for disinfection. After carefully washing
the scaffolds three times in PBS, 500 1 culture medium with
rabbit BMSCs was seeded on each scaffold with a density
of 1  10° cells ml '. Adequate culture medium was added
to each dish after 4 h of cell attachment. After being cul-
tured for 1 d, 2 d and 3 d, the viability of the seeded BMSCs
on the scaffolds was evaluated by Live/Dead assay (Thermo
Fisher, USA) and then observed with a fluorescent micro-
scope. Cytotoxicity of different layer scaffolds was evaluated
via a CCK-8 assay kit (Biosharp Life Science, China).

2.6.2. Cell recruitment and proliferation on each layer of
microfibrous scaffolds in S + D and S + R + D groups.

Transwell cell culture inserts (Corning, USA) were utilized to
study the cell recruitment capacity of the S+ Dand S+ R +D
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groups. Briefly, different layer scaffolds of the S + D and
S + R + D groups were placed at the bottom chamber in 24
well plates under the transwell inserts. 5 10* BMSCs labeled
with Cell Tracker™ Green CMFDA (Invitrogen, USA) were
seeded into the top chamber of the transwells, and the plates
were incubated at 37 C for 24 h and 48 h before measurement.
At specific time points, the cells above the membranes were
eliminated, while those across the membranes were visual-
ized using a confocal laser scanning microscope (A 1+, Nikon,
Japan). Images of migrated cells were captured and analyzed
using Image]J software.

The osteogenic, chondrogenic, and tenogenic layer scaf-
folds from the two groups were then utilized to analyze
the seeding efficiency, spreading, and proliferation of rabbit
BMSC:s. Briefly, the microfibrous scaffolds were immersed in
a culture medium with a BMSCs density of 1~ 10° cells ml !
and incubated at 37 C for 24 h. The scaffolds were then
moved to new culture plates and incubated for another 6 d
before analyzing. The cellular morphology on the scaffolds
was visualized by phalloidin and DAPI staining at 24 h and 7 d.
Cell numbers were then quantified using Imagel software’s
‘Watershed’ function [32, 33].

2.7 Directed cell differentiation on each layer of the
microfibrous scaffolds in S, S + D, and S + R + D groups

The osteogenic, chondrogenic, and tenogenic layer scaffolds
of the S, S + D, and S + R + D groups were EHD-
printed individually to investigate their directional differenti-
ation capabilities [34]. After being cultured for 14 d, phen-
otypic differences at each layer scaffolds in the S group,
the S + D group, and the S + R + D group were ana-
lyzed using immunofluorescence staining of tendon fibroblast
marker Tenomodulin (TNMD), chondrocyte markers SRY-
Box Transcription Factor 9 (SOX-9) and osteoblast marker
Runt-related transcription factor 2 (RUNX-2), respectively.
Detailed procedures can be found in supplementary inform-
ation. Finally, the cellular constructs were rinsed with PBS
and observed via laser confocal microscopy. The expression
of TNMD, SOX-9, and RUNX-2 was semi-quantified based
on the fluorescence intensity using ImagelJ software and nor-
malized by the expression in the corresponding layer scaffolds
in the S group.

In addition, RT-qPCR was employed to quantitatively
assess the expression of specific genes, including tendon
fibroblast markers TNMD and scleraxis (SCX), chondrocyte
markers SOX-9 and aggrecan (ACAN), as well as osteo-
genic markers BMP-2 and osteocalcin (OCN), in the vari-
ous layer scaffolds of the S + R + D group. Following a 14
day culture, BMSCs on each layer scaffold were harvested.
mRNA was extracted and converted into cDNA, and RT-qPCR
was performed on an ABI 7500 RT-PCR system (Applied
Biosystems, USA) according to the manufacturer’s protocol
[35]. The primer sequences are provided in table S1. Target
gene expression was quantified using the CT method
and normalized to the corresponding layer scaffolds in the S

group.

2.8. In vivo validation of the coaxial EHD-printed tri-layered
microfibrous scaffolds

48 adult male New Zealand white rabbits (2.5-3.0 kg) were
randomly divided into four groups. A rotator cuff tear model
was created in both extremities based on the supraspinatus ten-
don, following established procedures [35-37]. Coaxial EHD-
printed tri-layered microfibrous scaffolds were implanted and
secured to form experimental groups (S, S + D, S + R + D),
while sutures directly connected bone channels in the con-
trol group (Ctl) without scaffolds [38, 39]. At 6 weeks and
12 weeks post-operation, 6 rabbits (totaling 12 rotator cuff
samples) in each group were sacrificed for biomechanical and
histological analysis. Animal experiments were approved by
the animal research committee of Xi’an Jiaotong University.
The details of biomechanical tests, histological analysis, and
immunofluorescence analysis of the retrieved samples are
available in Methods in the supplementary information.

2.9. Statistical analysis

All experimental data was analyzed with SPSS 25.0 (SPSS
Inc., Chicago, USA), presenting as means  standard devi-
ations. One-way ANOVA and Tukey’s test were used to com-
pare the differences among different groups. A significant dif-
ference was noted at 1< 0.05.

3. Results and discussion

3.1. Coaxial EHD-printing of layer-specific core-shell
microfibrous scaffolds

The chitosan nanoparticles exhibited spherical shapes and
smooth surfaces as revealed by SEM (figure S1(a)). A unim-
odal distribution in particle size was observed, with an aver-
age diameter of (515.1  146.5) nm (figures S1(b) and (c)).
The printability of the chitosan nanoparticles was evaluated
by incorporating them into PCL/PEO inks for EHD printing.
Figure 2(a) depicts the coaxial EHD-printing platform and an
enlarged image of the coaxial printing nozzle. Upon applic-
ation of high voltage, a continuous, tiny fiber much smaller
than the orifice size was ejected and deposited on the collector
(figure 2(b)). Optical microscopy revealed that the chitosan
nanoparticles were uniformly distributed and maintained their
spherical shape, suggesting that the printing process had little
effect on their morphology (figure S1(b)).

As depicted in figures 2(c) and (e), by tuning the flow ratio
of the core ink and sheath ink to 1:9 with a fixed total feeding
rateof 50 1h !, the sizes of the core line and sheath line were
determined tobe (1.6 0.4) mand (27.1 6.1 m), respect-
ively. When the ratio was adjusted to 1:4, the core line and
sheath line width reached (6.3 2.3) mand (28.7 5.2) m,
respectively. With the ratio further increasing to 1:1, the core
and sheath line widths changed to (10.0 3.5) m and
(257  5.1) m, respectively. However, no evident coaxial
structure was observed when the ratio further increased to 4:1.
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Figure 2. Fabrication and characterization of the coaxial EHD-printed microfibers. (a) The coaxial EHD printing platform. (b) Enlarged
image of the ejected microfiber during coaxial EHD printing. (c) Coaxial EHD-printed microfibers with the total feeding rate fixed at
50 1h ' while changing the ratio of core ink and sheath ink from 1:9 to 4:1. (d) Coaxial structure with the ratio of core ink and sheath ink

set to 1:1 while changing the total feeding rate from 10 1h

"t0100 1h '. (e) The line width of the coaxial fibers with various

core-sheath ink feeding ratios ( G= 3). (f) The line width of the coaxial structure with different total ink feeding rates ( O= 3). Blue dashed

line: Sheath line. Green dashed line: Core line.

Therefore, we adopted a 1:1 ratio for the subsequent experi-
ments to ensure the stability of the printing and maximize the
loading capacity of GFs in both core and sheath lines.

The size of the coaxial fibers produced by EHD printing
is dependent on the total feeding rate of the inks (figures 2(d)
and (e)). A reduction in the feeding rate to 10 1h ! resul-
ted in a decrease in the size of the core and sheath lines to

43 1.1) mand (6.2 1.8) m,respectively. Conversely,
an increase in the feeding rate to 100 1h !led to an increase
in the size of the core and sheath lines to (29.8 5.7) m
and (53.7 11.5) m, respectively. Coaxial EHD print-
ing also enables the fabrication of diverse microfibrous pat-
terns by stacking the microfibers in a layer-by-layer manner.
Microfibrous lattice scaffolds with fiber spacing of 100 m,
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Figure 4. Recruitment of BMSCs by coaxial EHD-printed microfibrous scaffolds. (a) Schematic diagram of the chemotaxis experiment. (b)
Transwell test of different layer scaffolds in S + D and S + R + D groups for 12 h and 24 h. Quantified results of cell numbers across the
membrane after (c) 12 h and (d) 24 h of culture ( O= 3). 1< 0.001.

layer scaffolds ((207.3  15.2) cells mm 2), chondrogenic  group was consistently higher compared to the corresponding
layer scaffolds ((215.3  19.0) cells mm 2), and osteogenic S + D groups, as SDF-1 is prone to recruit more stem cells [48,
layer scaffolds ((209.7  30.0) cells mm 2) in the S + D 49]. Moreover, different cell numbers were observed on the
group at 24 h was relatively similar. By contrast, the num-  tenogenic layer scaffolds ((527.3  13.5) cells mm 2), chon-
ber of cells adhering to each layer scaffold in the S + R + D  drogenic layer scaffolds ((363.7  16.0) cells mm 2), and
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osteogenic layer scaffolds ((261.3  9.1) cells mm ?) in the
S + R + D group, which may be due to the distinct structural
configurations. When the surface area of the layer scaffolds
becomes insufficient for promoting cell adhesion and spread-
ing, it may impose a constraint on the maximum number of
cells that can be attached. After 7 d of incubation, the rabbit
BMSC:s in each layer scaffolds of the S + R + D group prolif-
erated substantially and spread over the microfibers’ surfaces
of the scaffolds. In contrast, the cell numbers in each layer
scaffold of the S + D group were significantly lower than that
of the S + R + D group, as confirmed by DAPI staining and
cell count analysis (figure 5(d)). The abovementioned results
demonstrated once again that the local release of SDF-1 can
effectively recruit a substantial number of stem cells to the
scaffolds.

3.6. Directed stem cell differentiation on each microfibrous
layer scaffold in S, S+ D, and S+ R+ D groups

The effect of the loaded differentiation GFs on the regional
differentiation of the recruited stem cells was further invest-
igated. Figure 6 presents immunofluorescence images of each
layer scaffoldin S, S + D, and S + R + D groups, which were
stained for the tendon fibroblast marker (TNMD), chondrocyte
marker (SOX-9), and osteoblast marker (RUNX2), respect-
ively. Nuclear and cytoskeletal components were visualized
using specific fluorochromes: DAPI bound to DNA in nuclei
in Blue fluorescence, while phalloidin targeted actin filaments
in Green fluorescence. Figure 6(a) depicts the majority of cells
in the tenogenic cellular construct of the S group spreading
along the fibers. The fiber spacing was only about 100 m, and
thus the stem cells could span the gaps obliquely. In the S + D
group, a significant portion of cells grew along the microfibers.
Red fluorescence indicated TNMD expression in certain cells.
Meanwhile, the tenogenic constructs in the S + R + D group
exhibited significant cellular proliferation filling the inter-fiber
spaces, resulting in a complete cell sheet that covered the entire
surface of the scaffold, with only a few circular pore-like vacu-
ities present. Additionally, there was a high expression of red
fluorescent markers.

Figure 6(b) illustrates the development of chondrogenic
cellular constructs in the S, S + D, and S + R + D groups.
The cells in the chondrogenic cellular construct of the S group
developed into a homogeneous network structure with little
red fluorescence. In contrast, the chondrogenic cellular con-
struct of the S + D group displayed an increased number of
cells on the surface of the fibers, with many cells spanning
the microfibers and completely covering the lattice structure.
Additionally, red fluorescence was detected in several cells.
Similar to the S + D group, the cells in the chondrogenic cel-
lular construct of the S + R + D group proliferated extensively
and bridged the spacing between fibers, resulting in complete
coverage of the microfibrous scaffolds. A high expression of
red fluorescent marker was also observed.

The amount and shape of cells in the osteogenic cellular
construct in the S group were similar to those in the S + D
group (figure 6(c)). There was no obvious red fluorescence in

the osteogenic cellular construct in the S group, but clear sig-
nals can be observed surrounding the nucleus in the S + D
group. For the osteogenic cellular construct in the S + R + D
group, spreading cells could be observed on the surface of the
scaffold, and the cells proliferated vigorously even through
the relatively large spacing of the microfibers, exhibiting a
homogeneous sheet-like construct. Fluorescence intensities of
TNMD, SOX-9, and RUNX2 were semi-quantitative analyzed
as shown in figures 6(d)—(f), with the results showing a signi-
ficantly higher expression of specific proteinsinthe S+ R + D
groups, followed by the S + D group and the S group.

The mRNA levels in rabbit BMSCs on the distinct layer
scaffolds were also assessed (figure 7). The S + R + D
group showed remarkable increases in tendon fibroblast mark-
ers (TNMD  5.3-folded, SCX  7.1-folded) [50], chondro-
cyte markers (SOX-9  4.9-folded, ACAN 5.9-folded) [51]
and osteoblast markers (BMP-2  4.4-folded, OCN  3.5-
folded) [52] as compared to those in the S group, respectively.
These findings demonstrated that the coaxial EHD-printed
microfibrous scaffolds can effectively direct stem cells to dif-
ferentiate toward multi-lineages.

3.7 Coaxial EHD-printed microfibrous scaffolds enhanced
enthesis tissue regrowth in vivo

Microfibrous scaffolds were implanted between the rab-
bit supraspinatus tendon stump and the humeral footprint
(figure 8(a)). As shown in figure 8(b), the gross morphology at
6 weeks postoperative indicates that the tendon-to-bone inter-
face of the rotator cuff was poorly healed in the Ctl group. In
contrast, the S, S + D, and S + R + D groups showed a more
continuous tendon-to-bone interface with significant fibrous
tissue growth.

At 12 weeks postoperatively, despite improved continu-
ity of the tendon-to-bone interface in the Ctl group, the loc-
ally generated new tissue lacked native-like gradient fea-
tures. In the S group, a substantial amount of tendon-like
tissue was generated in the repaired area. However, a dis-
continuous area was observed, indicating mechanical weak-
ness of the newly-formed tissues. Notably, the tendon-to-
bone junction site exhibited better healing in the S + D and
S + R + D groups, with significantly more tendon-like tis-
sues generated at the tendon end in the S + R + D group.
The biomechanical performances of the tissue-scaffold com-
plexes were evaluated at 6 weeks and 12 weeks postoperat-
ively. No significant differences in the cross-sectional area of
the rotator cuff insertion area were observed between these
experimental groups (figure 8(c)). The maximum failure loads
of the S + R + D group, however, reached (131.47 8.95) N
and (150.97  8.25) N at 6 weeks and 12 weeks respectively,
which were significantly greater than those of the other three
groups ( 1< 0.05, figures 8(d) and S5).

H&E staining was performed at 6 and 12 weeks postoper-
atively to evaluate the rotator cuff healing (figure 8(e)). At
6 weeks postoperatively, host tissues and cells infiltrated into
the tendon-to-bone interface regions in all groups, but the
arrangement of cells varied among the groups. The Ctl group
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Figure 5. The morphology and proliferation of the recruited BMSCs in each layer scaffold in the S + D group and S + R + D group. (a)
Schematic diagram of the experiment. (b) Phalloidin and DAPI staining of the scaffolds from S + D and S + R + D groups after
co-culturing with BMSCs for 24 h and 7 d. Quantified results of cell numbers on each layer scaffold in the S + D groupand S+ R+ D

group after (c) 24 h and (d) 7 d of incubation ( G= 3). 1< 0.05.

showed several fissures at the tendon-to-bone interface and a
random distribution of tightly arranged cells around these fis-
sures. In the scaffold groups (S, S + D, and S + R + D),
microfibrous structures of the scaffolds were visible at the
tendon-to-bone interfaces. Many cellular nuclei were observed
to be randomly distributed in the vicinity of the scaffolds in
the S and the S + D groups. By contrast, the S + R + D

group possessed a reduced number of cells with the appear-
ance of thick connective tissue fiber at the tendon side, sug-
gesting their potential to reduce inflammation and facilitate
enthesis regeneration.

At 12 weeks postoperatively, no clear scaffold remnants
were found at the tendon-to-bone interfaces in the S, S + D,
and S + R + D groups (figure 8(e)). The Ctl group still showed
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Figure 6. Directed differentiation of the stem cells on each microfibrous layer scaffold in the S, S + D, and S + R + D groups.
Immunofluorescence staining of (a) TNMD, (b) SOX-9, and (c) RUNX-2 of the scaffoldsin S, S + D, and S + R + D groups after 14 d of

culture. Relative expression of (d) TNMD, (e) SOX-9, and (f) RUNX-2 ( G= 3).

a high density of cells with disorganized tissue growth at the
tendon-to-bone interfaces. The cell density in the S group
was comparable to that in the Ctl group. Some cracks were
observed on the fibrous connective tissue near the tendon side
in the S group, which might be caused by the residual struc-
tures of scaffolds. The cell number in the S + D group was
further reduced compared to the prior two groups, and loc-
alized cells showed an aligned trend along with the colla-
gen fibers. The S + R + D group showed favorable tissue
repair, with the tendon fibers aligned perpendicularly to the
tendon-to-bone interface. The only shortfall compared to the
native tendon-to-bone interface was the absence of the intact
tidemark (figure 8(f)). Figure 8(g) also confirmed that the
reconstructed tendons in the S + R + D groups exhibited sig-
nificantly superior maturation compared to the other groups,
with statistically significant differences ( 1< 0.05).

1< 0.05.

Fibrocartilage formation is crucial to the regeneration of
functional enthesis tissues [53, 54]. Here, the cartilage was
stained red when combined with Safranine O, whereas the
bone tissue was stained green or blue when combined with
Fast Green [55, 56]. The intensity and size of the red meta-
chromasia area were used as indicators to evaluate the con-
tent of the fibrocartilage matrix [57]. As shown in figure 9(a),
6 weeks after surgery, a large area of metachromasia was
observed at the tendon-to-bone interface in the S + R + D
group. There were no obvious metachromasia areas in the Ctl,
S, and S + D groups. The results at 12 weeks postoperat-
ively showed that the Ctl group had sporadic areas of red-
stained chondrogenic tissue at the interface, while the bone
side of the S group showed lighter red staining. The S + D
group exhibited a larger area of metachromasia, however, the
disordered cellular arrangement on the tendon side suggested











https://doi.org/10.1088/1758-5090/ab48ca
https://doi.org/10.1088/1758-5090/ab48ca
https://doi.org/10.1021/acsbiomaterials.0c00193
https://doi.org/10.1021/acsbiomaterials.0c00193
https://doi.org/10.1016/j.cej.2020.126473
https://doi.org/10.1016/j.cej.2020.126473
https://doi.org/10.1016/j.actbio.2017.07.044
https://doi.org/10.1016/j.actbio.2017.07.044
https://doi.org/10.1177/0363546520904022
https://doi.org/10.1177/0363546520904022
https://doi.org/10.1088/1361-6528/ab3db4
https://doi.org/10.1088/1361-6528/ab3db4
https://doi.org/10.1039/C6NR04106J
https://doi.org/10.1039/C6NR04106J
https://doi.org/10.1016/j.actbio.2021.04.036
https://doi.org/10.1016/j.actbio.2021.04.036
https://doi.org/10.1021/acsami.3c10697
https://doi.org/10.1021/acsami.3c10697
https://doi.org/10.18063/ijb.v8i2.514
https://doi.org/10.18063/ijb.v8i2.514
https://doi.org/10.1088/1758-5090/ac88a1
https://doi.org/10.1088/1758-5090/ac88a1
https://doi.org/10.1002/(SICI)1097-4628(19970103)63:1<125::AID-APP13>3.0.CO;2-4
https://doi.org/10.1002/(SICI)1097-4628(19970103)63:1<125::AID-APP13>3.0.CO;2-4
https://doi.org/10.1016/j.ejps.2005.04.009
https://doi.org/10.1016/j.ejps.2005.04.009
https://doi.org/10.18063/ijb.v5i2.202
https://doi.org/10.18063/ijb.v5i2.202
https://doi.org/10.1016/j.biomaterials.2021.120811
https://doi.org/10.1016/j.biomaterials.2021.120811
https://doi.org/10.1155/2019/8050413
https://doi.org/10.1155/2019/8050413
https://doi.org/10.1126/scitranslmed.3009696
https://doi.org/10.1126/scitranslmed.3009696
https://doi.org/10.1117/12.24211
https://doi.org/10.1117/12.24211
https://doi.org/10.3390/biom10091315
https://doi.org/10.3390/biom10091315
https://doi.org/10.1016/j.biomaterials.2021.121288
https://doi.org/10.1016/j.biomaterials.2021.121288
https://doi.org/10.1016/j.cej.2020.125335
https://doi.org/10.1016/j.cej.2020.125335
https://doi.org/10.1177/0363546518764685
https://doi.org/10.1177/0363546518764685
https://doi.org/10.1177/0363546517703336
https://doi.org/10.1177/0363546517703336
https://doi.org/10.1177/0363546518787181
https://doi.org/10.1177/0363546518787181
https://doi.org/10.1159/000129507
https://doi.org/10.1159/000129507
https://doi.org/10.1021/bm025652p
https://doi.org/10.1021/bm025652p
https://doi.org/10.1007/s10853-018-3166-7
https://doi.org/10.1007/s10853-018-3166-7
https://doi.org/10.1039/D0RA00956C

	Coaxial electrohydrodynamic printing of core–shell microfibrous scaffolds with layer-specific growth factors release for enthesis regeneration
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Preparation and characterization of GFs-loaded chitosan nanoparticles
	2.3. Coaxial EHD printing of microfibers with tunable core–shell structures
	2.4. Coaxial EHD printing of microfibrous scaffolds with layer-specific structural and compositional configurations
	2.5. Release of the GFs from the coaxial EHD-printed microfibrous scaffolds
	2.6. Decipher the effect of microfibrous scaffolds on cellular viability, recruitment, and proliferation
	2.6.1. Cell viability and proliferation on each layer of microfibrous scaffolds in the S + R + D group.
	2.6.2. Cell recruitment and proliferation on each layer of microfibrous scaffolds in S + D and S + R + D groups.

	2.7. Directed cell differentiation on each layer of the microfibrous scaffolds in S, S + D, and S + R + D groups
	2.8. In vivo validation of the coaxial EHD-printed tri-layered microfibrous scaffolds
	2.9. Statistical analysis

	3. Results and discussion
	3.1. Coaxial EHD-printing of layer-specific core–shell microfibrous scaffolds
	3.2. Characterization of the coaxial EHD-printed layer-specific microfibrous scaffolds
	3.3. Viability of BMSCs seeded in each microfibrous layer scaffold in the S + R + D group
	3.4. SDF-1 promoted the migration of BMSCs toward microfibrous scaffolds
	3.5. Coaxial EHD-printed microfibrous scaffolds supported cell adhesion and proliferation
	3.6. Directed stem cell differentiation on each microfibrous layer scaffold in S, S + D, and S + R + D groups
	3.7. Coaxial EHD-printed microfibrous scaffolds enhanced enthesis tissue regrowth in vivo

	4. Conclusion
	References


