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ABSTRACT: Inspired by the imbalance between extrinsic and
intrinsic tendon healing, this study fabricated a new biofilter
scaffold with a hierarchical structure based on a melt electrowriting
technique. The outer multilayered fibrous structure with connected
porous characteristics provides a novel passageway for vasculariza-
tion and isolates the penetration of scar fibers, which can be
referred to as a biofilter process. In vitro experiments found that
the porous architecture in the outer layer can effectively prevent
cell infiltration, whereas the aligned fibers in the inner layer can
promote cell recruitment and growth, as well as the expression of
tendon-associated proteins in a simulated friction condition. It was «
shown in vivo that the biofilter process could promote tendon g‘,), ;
healing and reduce scar invasion. Herein, this novel strategy

indicates great potential to design new biomaterials for balancing extrinsic and intrinsic healing and realizing scarless tendon healing.
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T endon tissue is a crucial part of the musculoskeletal between the competitive dominance of extrinsic and intrinsic
system, responsible for connecting muscle and bone healing during the tendon repair process. This coordination
tissue and facilitating mechanical conduction." A tear, whether ensures that the overall effectiveness of the repair and prevents
partial- or full-thickness, often leads to the disruption of the growth of scar tissue into the tendon tissue.

tendon continuity. Thus, patients would experience significant During extrinsic healing, the local inflammatory response
impairment in joint and limb mobility, leading to a detrimental and recruitment of inflammatory cells lead to fibroblast
effect on the quality of life. The regeneration of the tendon infiltration, which provides essential nutrients for subsequent
follows the conventional process of tissue repair, which tissue repair. Fibrous cells surrounding the tendon can facilitate
includes inflammation, reparation (scarring), and remodeling this process through continuous proliferation. However, the
(late rearrangement of the tendon bundle). Typically, this lack of sufficient vascular cells in the primary tendon structure
process is mediated by a combination of extrinsic and intrinsic often disturbs the healing process, including scarring and

peritendinous adhesions.” Currently, various biomaterials, such
as electrospun fiber scaffolds and silicone cannulas, are
commonly employed to address those issues. However, these
methods have limitations, such as low porosity and the lack of
regenerative capabilities. Consequently, they can result in
inadequate biomechanical repair and postoperation failure.” To
address the issue of poor regenerative characteristics, chemical
modifications, such as mRNA, nanomolecular medicines, and
various active components such as liposomes are introduced

tendon healing mechanisms: intrinsic healing is associated with
the self-proliferation of tenocytes and the formation of an
extracellular matrix; extrinsic healing is characterized by the
infiltration of fibroblasts and capillaries, while scar repair
occurs through the development of new granulation tissue.
The biomechanical function and tissue arrangement caused by
extrinsic healing are significantly worse than those of a typical
tendon.” Tendons, being composed of tissue with a limited
blood supply and cells, typically undergo a healing process that

is primarily driven by extrinsic factors. This involves bringing

new blood vessels and active tissue to the repair site. However, Received: April 1, 2024
excessive scar tissue formation and disorganized fiber Revised:  May 27, 2024
deposition often occur with the growth of new blood vessels. Accepted:  May 28, 2024

These complications can lead to postoperative adhesions, Published: June 4, 2024

which significantly impair the biomechanical function after
surgery.” Hence, it is crucial to maintain control of the balance
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Figure 1. Schematic diagram of the structure and the scarless tendon regeneration effect of the biofilter tube. (A) The structure of the biofilter tube
for different directions. (B) The implantation and repair process of the biofilter tube in a rat tendon injury model. (C) The mechanism of the
biofilter tube for scarless tendon regeneration, in which the neo fiber was aligned with the orientational scaffold fiber and the neovascularity
penetrated in the scaffold and provided a local neovascularization environment.

into the biological scaffold.°”? Nevertheless, due to challenges
such as biosafety, packaging efficiency, and difficulties in
clinical application, chemical modification is not the most
effective way to achieve reliable tendon regeneration.

The extrinsic vascular system plays a critical role during the
initial phases of tendon healing, ie, supplying the local
environment with essential nutrients eliminating waste and
modulating the immune response.'® Therefore, it is essential to
establish a well-supplied vascular microenvironment around
the damaged tissue and regulate the infiltration of the
neovascularization. The newly born capillaries are about 6—9
pm in diameter, which is much smaller than the normal 50—80
p#m diameter of fibroblasts. It is possible to selectively allow the
infiltration of capillaries while suppressing the overinvasion of
fibroblasts during the initial phase. This can be achieved by
adjusting the structural characteristics (e.g, porosity) of the
biological scaffold, achieving biofilter effects. Such topological
structures can also determine the cell fate in tissue regeneration
with high effectiveness and precision. Adjustments in the local
topology of tendon cells, for instance, can lead to adaptive
phenotypes, including tenogenic differentiation.'’ The appro-
priate introduction and amplification of the local stress
environment, especially shear stress, can enhance the healing
of damaged tissue. It can also boost the self-repair capability of
tendons when combined with a biomimetic structure.'”
However, it remains challenging to build a bionic topological
structure that combines biological filtration (biofilter effects)
with coupled shear force to achieve behavioral regulation at the
cellular level and promote tendon tissue regeneration.
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The melt electrowriting (MEW) technique, as a high-
resolution 3D printing technique, has been widely used for
fabricating scaffolds with complex structures."”'* It is capable
of providing both improved controllable structural and flexible
possibilities in filament and material morphology. Therefore, it
enables the creation of programmable biological structural
scaffolds. In this study, a novel hierarchical anisotropic Janus
scaffold was fabricated by MEW, possessing topological
structure characteristics for tendon repair (Figure 1). In
vitro, the well-aligned fibers inside the scaffold can promote
tenocyte-specific bonding and migration. It activates the
expression of the mechanical force-related protein Piezo-1
and tenogenesis-related proteins Col-I and SCX in a shear
force environment that stimulates relative movement in the
body. Simultaneously, it can prevent excessive scar tissue
ingrowth in vivo, promote local extracellular matrix deposition,
and speed up the rearrangement of the corresponding tendon
fibrous tissue. It has been demonstrated in the rat Achilles
tendon injury model. Finally, the oriented topological structure
in the inner layer contributes to the regeneration of damaged
tendon tissue, while the mixed and staggered fiber structure in
the outer layer creates a synergistic biofilter effect.

The traditional Janus tube features an asymmetrical
morphological structure and chemical composition on both
sides, giving the Janus membrane unique biorepairable
properties that surpass those of homogeneous materials.'>~"”
However, it was hard for this approach to control the
membrane thickness and even drug loading efficiency. This
study fabricated an integrated Janus structure via MEW with
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Figure 2. Anisotropic Janus tube scaffold characterization and local morphology. (A) The general morphology of the Janus tube and net patch
scaffold. (B) Local architecture of the Janus scaffold. (C) Observation of the morphology of a Janus tube under an optical microscope. (D) SEM
micrographs of the Janus tube from different sides. (E,F) SEM micrographs of the Janus tube from different sides after S days of cell culturing.

programmable and one-step construction advantages. The
general shapes are shown in the Figure 2A. The net patch
printing scaffold was consisted of oriented PCL fibers arranged
in a perpendicular vertical direction, as control group. The
Janus tube was fabricated as a long tube with 3 mm diameter.
The outer surface of the tube was composed of interlocking
PCL fibers, and the inter surface was constructed from parallel
longitudinally orientated fibers which were similar to the
tendon fiber arrangement structure. As shown in Figure 2B,C,
the original oriented fiber morphology inside the tube and the
oriented alignment after unfolding the tube could be better
observed. Local structures of the two scaffolds were observed
by a light microscope, as shown in Figure 2D. The black arrow
marks the interlocking fiber in the outer surface, and the
orange arrow marks the oriented fiber in the inter surface. The
vertical fiber features were shown in the net patch printing
scaffold. In contrast, the Janus tube showed both the
interlocking and longitudinally parallel Polycaprolactone
(PCL) fibers in the projected vertical shot of the light
microscope. Then, the mechanical characterization of the two
groups was tested, and there was no significant difference
between the two groups (Figure S1).

The microstructure of the Janus tube and net patch scaffold
was characterized by SEM. First, there were complete fibers
showing interlocking direction in the outside layer and
interspersed longitudinal fibers among the interlocking fibers
in the inside layer, as shown in Figure 2E. Additionally, the
local details of the net patch scaffold are shown in Figure S2.
Then, the tenocytes were seeded on the outside layer for
culturing 5 days and checked again by SEM. The related results
are shown in Figure 2F, where the cells were attached on the
outside fiber but did not penetrate the underlying fiber layer.
The outside fiber would be thinner than in the preplanting
state cause of cellular degradation and erosion on the PCL
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fiber, which is marked by the black arrows, and the cells were
blocked by the interlocking networks of the outer layers. In the
inside layer, cells were mainly recruited and attached to the
surface of longitudinal fibers and the general morphology of
the cells was arranged along the longitudinal direction, which is
marked by the orange arrows. So, the outside fiber structure
could prevent some cell invasion into the interlocking fiber
space.

To verify the biocompatibility of those prepared scaffolds,
tenocytes were seeded and cultured on the scaffold surface and
live—dead staining. As shown in Figure S3, no cell death was
observed in any group after 3 days of culturing, which
demonstrated the good biocompatibility of the PCL scaffold
system. Furthermore, to investigate the biocompatibility of the
PCL scaffold system, tenocytes were seeded on the scaffolds
and cultured for S days. As shown in Figure 3A, the tenocytes
showed random and nondirectional cell distribution on the
culture plate. In comparison, the cells grew and attached along
the fibers and displayed different orientations. The orientation
rates of tenocytes in different culture systems were then
analyzed and counted. Compared to the chaotic cellular
arrangement on the culture plate, both the net patch scaffold
and the Janus tube were able to allow tenocytes to appear in a
more oriented arrangement (Figure 3B). Subsequently, cell
cultures were performed for different times (S and 10 days) on
the net patch scaffold and the inside surfaces of the Janus tube
to observe the cell migration property (Figure 3C). The cells
mainly migrated and extended along the longitudinal fibers,
and then gradually moved to the interlocking fibers on both
sides, which has been reported by other researchers as
well. ¥

Shear force is present within the tendon as a primary loading
mechanism to redistribute load and is important for the tendon
development and homeostasis. The tenocytes are mechano-
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Figure 3. Influence of Janus tube on tenocyte behavior patterns and an in vitro shear simulation test. (A) Cytoskeleton staining in Janus tube and
Net scaffold. (B) Cell distribution trend quantification on the scaffold surface. (C,D) Cell migration characteristics at different time points. (E)
Schematic diagram of in vitro shear force simulation. (F) Expression of mechanics and tendon formation related proteins among different groups
under shear force (bar = 100 ym). (G) Quantitative analysis of in vitro shear modeling (mean + SD, Janus tube vs control, *** P < 0.001; Janus
tube vs net scaffold, $ P < 0.05, $$ P < 0.01, $$$ P < 0.001; net scaffold vs control, # P < 0.05; n = 3).

sensitive to shear stress induced by collagen-fiber sliding in
tendons and secrete collagen fiber.”** Currently, to simulate
the shear forces on tendon cells, some researchers have
cultured cells on a cell culture slide surface and used another
glass slide to create friction against the glass slide, thereby
simulating the shear stress condition on tenocytes. However, it
is difficult to control the stress conditions of cells in this way,
and direct physical contact could easily cause direct local cell
damage. It may be difficult to obtain stable results and hard to
stimulate the shear force applied on the biomaterials.”*** To
solve the above application challenges, this study innovatively
used the Flex400 shear force module to detect the cellular
status on the biomaterials via intermittent flushing and
regulating the flow rate of the culture medium. In this
experiment, the topological structure scaffold seeded with
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tendon cells was placed along the direction of water flow
erosion. Thus, the water flow to simulate shear force erosion
can be realized (Figure 3E). First, the tenocytes were seeded
on the inside of a Janus tendon tube and cultured for 10 days.
Second, the cell-grown Janus tube was put into a shear stress
device and the shear environment was simulated by using a
continuous medium flow. To further optimize the role of shear
forces on tenocytes, immunofluorescence staining was
performed to investigate the gene expression, such as Piezol,
Coll, and SCX, which responded to mechanical stress and
associated with tendon regeneration,m27 as shown in Figure
3F. Compared with the no-stimulation scaffolds, the
fluorescence intensities of Piezol, Coll, and SCX increased
under the shear force stimulation (Figure 3G).
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Figure 4. Evaluation repair performances of the Janus tube in vivo. (A) Application of different scaffolds for tendon repair. (B) Gross observation
of peritendinous adhesion of injured tendon at 4 weeks. (C) Gross scores of peritendinous adhesion (mean + SD; Janus tube vs control, *** P <
0.001; net scaffold vs control, ## P < 0.01; n = 3). (D) H&E staining images of different scaffolds. The dotted area showeds the adhesion region.
(E,F) Histologic scores of tendon adhesion and tendon healing (mean + SD, Janus tube vs control, *** P < 0.001; Janus tube vs net scaffold, $$$ P
< 0.001; net scaffold vs control, # P < 0.05; n = 3). (G,H) Immunohistochemical staining and evaluation of Col I expression in peritendinous tissue
at 4 weeks (mean + SDj; Janus tube vs control, *** P < 0.001; net scaffold vs control, ## P < 0.01; n = 3).

As shown in Figure 4A, the ruptured tendon was sutured
and subsequently wrapped with a net patch scaffold or a Janus
tube to achieve scarless tendon healing. Healing and adhesion
grade were assessed by observing the surgical site of the
Achilles tendon. The rat Achilles tendon model was divided
into three groups: untreated control group, net patch group,
and Janus tube group. There were no infectious or necrosis
signs around the incision in the three groups. After 4 weeks
postoperation, the adhesion of the Janus tube around the
peritendinous tissues was rather improved compared with the
other groups. In contrast, more dense fibrotic tissue around
tendon tissue was observed in the tendon injury suture group
and net patch scaffold group (Figure 4B). Notably, there was
less jellylike collagen deposited on the tendon surface, which
was the adhesive tissue on the upper surface, in the Janus tube
groups (Figure 4B). The tendon adhesion evaluation revealed
that the adhesion in the control group was mainly distributed
between grades 4 and 5. The adhesion grade in the net patch
scaffold and the Janus tube group was mainly distributed
between 2 and 3, and the improvements were due to the
barrier between the scaffold and the peritendinous tissue.
Furthermore, the adhesion score of the Janus tube was lower
than those of the other two groups, with a statistical difference
compared with the control group (Figure 4C).

For further characterization of the tendon adhesions and the
effect of histopathological changes, a histopathological staining
and histological analysis were performed. First, hematoxylin
and eosin (H&E) staining was performed to observe the
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adhesion on the tendon surface and invasion into the repaired
area. As shown in Figure 4D, there was smoother and less
adhesion on the tendon surface in the Janus tube group.
However, sections from the control group showed much more
adhesion tissue depositing on the surface and invading into the
repaired area. Furthermore, the histological evaluation of the
three groups showed that the Janus tube group had a lower
adhesion score than the other two groups, with a statistical
difference (Figure 4E). The histological healing score was
evaluated to explore the tendon repair potential of different
scaffolds. The Janus tube group showed a higher healing score,
mainly distributed between grades 4 and 6, compared to the
control and net patch groups (Figure 4F). Figure 4G.H
showeds that collagen I deposition was statistically more in the
Janus tube, which may be due to the oriented fibers inside the
Janus tube promoting the local cell dispersal and migration. In
contrast, the control and net patch groups had lower scores
and less collagen I deposition on the fibers. Moreover, the
expressions of collagen type I and type III in different groups
were analyzed by immunofluorescence staining, in which the
percentage of collagen I expression was significantly higher in
the tube group, compared with the other two groups (Figure
S4).

The rat gait recovery is a key postoperative functional
analysis item for tendon repair.”® As shown in Figure SA—C,
the Janus tube group had a larger attaching area and showed a
better display of foot shape. The related print area counting
showed that the Janus tube group had a significantly larger

https://doi.org/10.1021/acs.nanolett.4c01540
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attaching area than the net scaffold and control groups (Figure
SD). These demonstrated that the Janus tube could promote
rat lower limb recovery after tendon repair. Picrosirius red
staining was performed to observe the tendon fiber alignment
and collagen distribution after repair (Figure SS). In the
control group, collagen types I and III were mixed, the tendon
fiber orientation was disorganized, and the content and fiber
orientation net patch groups would improve more. Further-
more, type I collagen fibers in the Janus group were arranged in
dense, parallel arrays, and almost no type III collagen was
contained. A biomechanical test further proved the Picrosirius
red staining results, in which the Janus tube group had a
greater failure force compared with the other two groups
(Figure SE). Therefore, this Janus scaffold was able to promote
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tendon tissue repair and could inhibit overcellular and scar
fiber ingrowth based on the previous experiments, suggesting
that this Janus scaffold could balance endogenous and
exogenous tendon repair.

To further determine the effect of different types of patches
on collagen production at the tendon healing site, immuno-
fluorescence staining was performed on the tendon injury site
section at 7 days postoperation. As shown in Figure SF, the
longitudinal section of the Janus tube group, compared to the
control group, were less adhered between the tendon and
scaffold. Besides that, there was more neovascularity in the
tendon tissue of the control group, as marked by the black
arrow, and neovascularity in the peritendinous tissue of the
Janus tube group, as marked by the white arrow. This result is
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consistent with the electron microscopy finding obtained from
an isolated cell culture, demonstrating that the interlaced fiber
structure in the outer layer can prevent excessive cell
infiltration. There were more angiogenesis processes in the
Janus tube group, which were observed and analyzed by
angiogenesis marker CD31 immunofluorescence staining, as
shown in Figure 5G. Finally, a quantitative analysis of the
angiogenesis also demonstrated that the Janus tube could
induce early angiogenesis and was nearly present in the inner
scaffold and did not grow excessively into the interior of the
tendon tissue, as shown in Figure SH,I. Moreover, some
vascular tissue infiltrated the inside of the scaffold to form a
vascularized area. Combined with the results of tissue
regeneration, it was proved that the tube structure could not
only avoid the ingrowth of excessive vascular and scar tissue
but also enrich vascular tissue in scaffold structures, which
would secrete the corresponding substances required for
growth to promote regeneration. The results suggested that
the Janus tube could support the tissue space for neo-
vascularization and avoid the direct growth of blood vessels
into the tendon. Comparable to the fabrication of prevascu-
larized scaffolds, this technique involves scaffold implantation
into the tissue to enrich the vascular tissue prior to
reimplantation into the target repair area.”” Furthermore, the
cross section of the Janus group showed a small gap around the
tendon and scaffold in the early repair process, as shown in
Figure S J. As a result, the biofilter tube could enhance tendon
tissue regeneration and prevent the ingrowth of scar tissue to
promote scarless tendon regeneration.

In the present study, biofilter tube scaffolds with anisotropic
structure were successfully fabricated for the first time to
induce tendon repair and prevent scar tissue penetration
during the repair process. We demonstrated that the inner
oriented topographical structures could enhance tenocyte
biological behaviors including adhesion, migration, and
orientation under a shear force simulation. The outer
interlocking fiber could prevent scars and allow vascular tissue
penetration to provide a local neovascularization environment.
Hence, our study strongly supported the notion that the Janus
tube scaffold system employed in this investigation constitutes
an innovative topographical approach for tendon repair. This
approach focused on regenerating structural anisotropy
between the inner and outer bilayers, indicating a novel
strategy in the field.
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