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ARTICLE INFO ABSTRACT

Keywords: Ligament regeneration is a complicated process that requires dynamic mechanical properties and allowable space

Ligament. to regulate collagen remodeling. Poor strength and limited space of currently available grafts hinder tissue

?ige“eratw“ process regeneration, yielding a disappointing success rate in ligament reconstruction. Matching the scaffold retreat rate
iber

with the mechanical and spatial properties of the regeneration process remains challenging. Herein, a scaffold
matching the regeneration process was designed via regulating the trajectories of fibers with different degra-
dation rates to provide dynamic mechanical properties and spatial adaptability for collagen infiltration. This
core-shell structured scaffold exhibited biomimetic fiber orientation, having tri-phasic mechanical behavior and
excellent strength. Besides, by the sequential material degradation, the available space of the scaffold increased
from day 6 and remained stable on day 24, consistent with the proliferation and deposition phase of the native
ligament regeneration process. Furthermore, mature collagen infiltration and increased bone integration in vivo
confirmed the promotion of tissue regeneration by the adaptive space, maintaining an excellent failure load of
67.65% of the native ligament at 16 weeks. This study proved the synergistic effects of dynamic strength and
adaptive space. The scaffold matching the regeneration process is expected to open new approaches in ligament
reconstruction.

Dynamic mechanical property
Allowable space

1. Introduction initial phase is an inflammatory reaction, which begins with the for-

mation of a temporary hematoma shortly after rupture and usually

Ligaments are responsible for the mechanical transmission of forces
from bones to bones. Ligament tissues are composed of highly oriented
crimped collagen fiber bundles wrapped by synovium, exhibiting
considerable tri-phasic mechanical properties and excellent axial tensile
strength and stiffness [1-3]. Ligament rupture occurs when the applied
load exceeds its strength. It is reported that the annual cost of ligament
rupture repairs accounts for tens of billions of dollars in Western
countries [3,4]. Ligament regeneration is a sophisticated process, and it
can be primarily divided into three overlapping phases. The duration of
these phases depends on the location and severity of the disease. The
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disappears within 1 week [5-7]. The proliferation phase occurs from 5
to 7 days after injury, accompanied by the synthesis and deposition of
ECM components at the wound site [8-10]. According to the patient’s
conditions, the remodeling phase begins 6-8 weeks after injury and lasts
for months or even years [11,12]. Therefore, an ideal engineered scaf-
fold for ligament reconstruction should provide dynamic mechanical
support and allowable space to accommodate these three physiological
phases.

Currently, the selection of grafting materials is very challenging.
Grafting materials should endow alternatives with matching mechanical
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properties and adaptive space. Carbon-based Intergraft, polytetra-
fluoroethylene (PTFE)-based Gore-Tex, and polyethylene terephthalate
(PET)-based Leeds-Keio were reported as synthetic fiber scaffolds with
excellent mechanical strength, which even exceeds that of ligaments in
humans, exhibiting favorable short-term clinical results. Disappoint-
ingly, various complications with these artificial implantations were
reported, such as synovitis and long-term graft rupture, which was a
combined effect of various factors including failure to provide suitable
biological tissue ingrowth into the scaffold structure resulting from their
poor biocompatibility and compact structure, then chronic inflamma-
tory response caused by non-degradable wear particles generated by
friction, and poor long-term mechanical performance originating from
the unsuccessful remodeling of collagen fibers caused by stress shielding
effect [4,13-15]. A PET-based ligament advanced reinforcement system
(LARS) is a synthetic device currently used in the clinic. However, recent
studies have shown a 33.3% failure rate of anterior cruciate ligament
(ACL) reconstruction with LARS after 3.9 years of follow-up [16-18].
The proliferative fibrous tissue caused by the chronic inflammatory
wrapped the scaffold and prevented the infiltration of new tissue,
yielding the reconstruction failure [8,16,18-20]. Apparently, a group of
strong and straight fibers is not sufficient for a successful and effective
ligament substitute.

Biodegradable materials are considered promising ligament device
materials since non-biodegradable devices showed unsatisfactory re-
sults. Their biodegradation enables the removal of the scaffold material
and its gradual replacement by new tissue, which is vital for tissue
regeneration. Different degradable materials possess distinct mechanical
properties, degradation rates, and cellular responses of customized
scaffolds. Natural cell-friendly biodegradable materials, such as collagen
[21,22], hyaluronic acid [23], and alginate [24,25], have been used for
ligament regeneration, but their poor mechanical properties and fast
degradation rate led to premature failure of scaffolds. In recent years,
synthetic biodegradable polymers with good mechanical properties,
such as polyurethane (PU), polylactic acid (PLA), polycaprolactone
(PCL), poly(p-dioxanone) (PPDO), polyglycolic acid (PGA), and their
copolymers, have shown great promise [8]. Fiber-based scaffolds have
become a research hotspot in recent years based on the in-depth un-
derstanding of the ligaments’ fiber structure. The developed technolo-
gies for producing fiber-based scaffolds include wire-rope, braiding,
knitting, weaving, and electrospinning [26]. Braiding, which provides
porous structures with high uniaxial tensile strength and tri-phasic
mechanical behavior, and electrospinning, which can yield micro-
meter fibers, were combined to closely replicate anatomical and me-
chanical characteristics of ligaments [27-29]. Despite the promising
idea, tissue ingrowth in the synthesized scaffolds was limited due to the
lack of allowable space resulting from slow scaffold retreat. Bone
dissolution and graft fracture phenomena were observed, leading to the
failure of the reconstruction [30,31]. Therefore, an ideal functional
scaffold for ligament reconstruction should have a retreat rate that
mechanically and spatially matches the regeneration process.

Inspired by the physiological stages of the ligament healing process,
we designed an innovative scaffold that matches the regeneration pro-
cess, having dynamic mechanical properties and spatial adaptability for
collagen infiltration and remolding. To customize the dynamic me-
chanical properties and spatial adaptability, we manipulated the tra-
jectory of PPDO, PGCL, and PGLA in the core-shell braided structures.
The braided scaffold exhibited tri-phasic mechanical behavior and
excellent strength and stiffness. In this scaffold, the porosity increased
from day 6 and remained stable on day 24 with the degradation of PGLA
and PGCL, which was consistent with the cell proliferation and matrix
deposition phase in the healing process. The scaffold exhibited good
biocompatibility and promoted the adhesion and proliferation of rat
tendon stem/progenitor cells (rTSPCs). In vivo, the regeneration process-
matching scaffold promoted collagen infiltration and maintained
structural integrity and sufficient strength for daily activities at 16
weeks. This regeneration process-matching scaffold with dynamic
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mechanical properties and spatial adaptability may be proposed as a
feasible substitute to facilitate the reconstruction of ligaments.

2. Materials and methods
2.1. Materials

PPDO monofilaments (81 tex, d = 0.31 + 0.001 mm, M, = 57.58 kg/
mol), PGCL monofilaments (81 tex, d = 0.31 £ 0.001 mm, M,, = 56.38
kg/mol), and PGLA multifilaments (81 tex/12 f, d = 0.33 £+ 0.001 mm,
M,, = 62.09 kg/mol) were manufactured by a melt spinning method in
Donghua University (tex: gram/1000 m, f: number of filaments). Dul-
becco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS),
penicillin/streptomycin (P/S), and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from Shanghai
Limin Industrial Co., 100 Ltd. (Shanghai, China). Water used in the study
was purified using a Milli-Q Plus 185 water-purification system (Milli-
pore, Bedford, MA, USA) with a resistivity higher than 18.2 MQ cm.

2.2. Fabrication of the scaffold

The scaffold was prepared with a 12-bobbin braiding machine
(Fig. 1) (manufactured by Donghua University, China). To simulate the
core-shell structure of native ligaments, composed of crimped collagen
fiber bundles wrapped by synovium, we developed three braided
structures with the same total number of yarns. (1) 1S3B: 3 braided
bundles (12X) wrapped by 1 shell layer (12X), (2) 1S6B: 6 braided
bundles (6X) wrapped by 1 shell layer (12X), (3) 2S2B: 2 braided bun-
dles (12X) wrapped by 2 shell layers (12X). (12X: 12-yarns braided
structure; 6X: 6-yarns braided structure). To further customize the
degradation performance of the scaffold and optimize the internal
spatial distribution and structural stability, we designed two material
ratios, C1 and C2, with 6:4:2 and 4:6:2 yarn number ratios of PPDO,
PGCL, and PGLA, respectively (Fig. S1, S2). The as-made scaffolds were
freeze-dried after cleaning and sterilized by ethylene oxide to minimize
contamination.

2.3. Surface morphology and porosity

The scaffold morphology was examined by a stereomicroscope
(SMZ745T, Shanghai Nikon Instrument Co., Ltd.). Diameters and
braiding angles were measured by MB-Ruler software (n = 6 for each
group). The 3-D structure of the scaffold was assessed by an X-ray mi-
croscope (XRM; Xradia 520 Versa, Zeiss, Germany) (n = 3 for each
group). The scanning energy was 80.00 kV/7.00 W, and the exposure
time was 1 s. Image stacks of about 1000 virtual slices with 7.07 pm
voxel sizes were acquired on XRM. XRM3DViewer and Dragonfly soft-
ware was employed for 3D image processing [32].

The porosity was calculated using Equation (1) (n = 6 for each
group).

Vi— (V3= Vy)

Porosity = ! v x 100% (€8]
1

where V7 is the theoretical volume of the sample, V> is the volume of the
solution, and Vs is the total volume of the sample and solution.

2.4. Thermal and chemical testing

Crystallinity was evaluated by an X-ray diffractometer (XRD, D/Max-
2550 PC, Japan) using Cu Ka radiation (A = 154 p.m.) over the range
from 3 to 90° 20 with a rate of 2°/min. (n = 6 for each group). Differ-
ential scanning calorimetry (DSC4000, PerkinElmer, Shelton, CT, USA)
was employed to investigate the melting temperature (Ty,) of PPDO,
PGCL, and PGLA yarns (n = 6 for each group). The samples were cut into
5 mg pieces and sealed in aluminum pans. PPDO was subjected to a
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Fig. 1. Design and preparation schematic of scaffolds. (A) 12-bobbin braiding machine. (B) Braiding scaffolds. (C) Cross-section diagram of core-shell braided
structure. (D) Core bundles. (E) Cross-section diagram of core bundles. (F) Scaffolds degrade gradient to fit the regeneration process and promote reconstruction. @ -

PPDO, @ - PGCL, © - PGLA.

heating-cooling-heating cycle from 40 to 140 °C at a rate of 10 °C/min
under a nitrogen atmosphere, and PGCL and PGLA were subjected to a
heating-cooling-heating cycle from 80 to 250 °C. Furthermore, the
thermal stability of the three yarns was determined by thermogravi-
metric analysis (TGA, TA Instruments SDTQ600, USA) (n = 6 for each
group). 5 mg of each sample were heated from 30 to 600 °C at a rate of
20 °C/min under a nitrogen atmosphere. The TGA curves were obtained,
and the corresponding differential thermogravimetric (DTG) plots were
calculated as the first derivatives of the TGA curves.

2.5. Mechanical testing

Uniaxial tensile testing of yarns: The uniaxial tensile properties of
PPDO, PGCL, and PGLA yarns were determined using a YG (B) 026G-500
universal testing system instrument (Wenzhou Darong Textile Instru-
ment Co., Ltd., China). To determine the ultimate tensile strength (UTS),
stiffness, and modulus of the yarns, we conducted uniaxial tensile testing
with a gauge length of 20 mm at a loading speed of 20%/sec strain rate
(240 mm/min). Stiffness was measured by calculating the linear slope of
the load-elongation curve between 3 and 7 mm of elongation (n = 6 per
group).

Uniaxial tensile testing of scaffolds: It was reported that pre-
conditioning could increase stiffness, reduce residual deformation, and
stabilize the load-strain curve [33]. In this research, the samples were
preconditioned with 10 cycles and cyclically extended between 1 and
5% strain with a gauge length of 20 mm at a strain rate of 10%/sec [34].
Uniaxial tensile testing was conducted with a gauge length of 20 mm at a
loading speed of 20%/sec strain rate to determine scaffold
load-elongation curve, UTS, and stiffness. Ligament ruptures and in-
juries occur quickly, at fast rates; thus, a 20%/sec strain rate was
selected [34]. The stiffness was measured by calculating the linear slope
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of the load-elongation curve between 3 and 7 mm of elongation [2] (n =
6 per group). The apparent stress was calculated by dividing the force by
the cross-sectional area measured before the test, and the net stress was
determined by dividing the apparent stresses by the volume fraction (v)
of the specimens according to Equation (2).

apparent stress
net stress =————

(2)
v
where v = 1-P, P is the porosity of scaffolds.

Cyclic tensile testing of scaffolds: Cyclic testing was conducted
with a 5% constant elongation of the 2 mm gauge length at a 2%/sec
strain rate [35] for 500 cycles. A 5% constant strain level was selected
because more than 6% strain levels had been suggested to cause the
failure of a single collagen bundle, resulting in permanent changes in the
tensile behavior of ligaments [36,37]. The peak loads during the cyclic
testing were recorded every 50 cycles. The peak load decrease rate (PLR)
was calculated [38] (n = 3 per group).

PLsy, — PL,

PLR = x 100% 3)

1

where PLs is the peak load after 500 cycles and PL; is the peak load at
the 1st cycle.

Elastic recovery testing of scaffolds: Loading-unloading testing
was conducted under a 500 N loading force, which is close but does not
exceed the UTS of beagle native ligaments [39,40], with a 20%/sec
strain rate [34] to estimate the elastic recovery properties of prostheses
under a traumatic force. The elastic recovery rate (ER) was calculated
according to Equation (4) [34] (n = 3 per group).

E —E,
ER=———

x 100% 4
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where E; is the total elongation and E, is the residual elongation.

Stress relaxation testing of scaffolds: The stress relaxation per-
formance of scaffolds was evaluated under a fixed 5% elongation at a
2%/sec strain rate [35,37], followed by a 2100 s relaxation period. 5
peak force data were collected every 100 s. The stress relaxation rate
(SR) was calculated using Equation (5) [35] (n = 3 per group).

_ Faino

SR x 100% %)

max

where F19p is the force at 2100 s relaxation, and Fy,x is the maximum
stress at 5% elongation.

2.6. Accelerated degradation in vitro

All scaffolds were cut into 5.5 cm samples5, freeze-dried after
cleaning, and sterilized with ethylene oxide for 24 h. Degradation was
performed by immersing scaffolds in a phosphate-buffered saline solu-
tion (PBS). The ratio of the PBS volume (mL) to the sample mass (g) was
30:1. The centrifuge tubes were placed in a shaker with a constant speed
of 60 r/min at 50 °C, and the liquid was changed every 2 days. PPDO,
PGCL, and PGLA scaffolds (expressed as Cpppo, Cpgcr, and Cpgra,
respectively) with the same braided structure were used as controls. 6
samples were used for each test at each time point.

Morphological changes: The morphological changes of scaffolds
were characterized on days 0, 6, 12, 18, 24, 30, and 36. The samples
were taken out and freeze-dried. The surface morphology was observed
using a scanning electron microscope (SEM; Hitachi S-4800, Japan).

Porosity and mass loss: The porosity was measured according to
Equation (1) in section 2.3. The mass loss was calculated using Equation
(6) [41].

Wo = We  100% (6)

Mass loss =
0

where W, is the dry weight of the sample after a certain degradation
period, and Wj is the initial dry weight of the sample.

pH testing of the degradation solution: The degradation solution
was collected every 2 days, and its pH value was determined by a pH
meter (PHSJ-4A, Leici, China).

Weight-average molecular weight (M,,) and uniaxial tensile
testing: The molecular weight was characterized by gel permeation
chromatography (GPC; EcoSEC HLC-8320GPC, Japan). The tensile
properties of scaffolds were characterized according to section 2.5.

2.7. Cytocompatibility in vitro

rTSPCs isolated following the methods of Yanming et al. [42] were
cultured in a tenocyte growth medium (TGM) containing a DMEM me-
dium, 20% FBS, and 1% P/S [43]. All of the cells at passages 4-6 were
cultured in 5% CO; at 37 °C. All scaffolds were cut into 1.5 cm in length.
Before cell seeding, coverslips and scaffolds were placed in 6-well plates
with stainless-steel rings and sterilized with 75% ethanol steam for 24 h.
After that, a PBS solution was used to wash out the samples three times,
and TGM, capable of soaking all of the samples, was added to culture in
5% CO, at 37 °C overnight. Then, TGM was sucked out, and all scaffolds
were washed out with PBS before cell seeding. Cells were seeded at a
density of 1 x 10° cells per fibrous scaffold for 1, 2, 4, and 8 h for cell
adhesion assay and 1, 4, and 7 days for cell proliferation assay. Cover-
slips without scaffolds were used as controls, with the medium being
replaced every 2 days. The viability and morphology of rTSPCs attached
on different scaffolds were separately investigated via MTT assay and
fluorescein isothiocyanate-conjugated phalloidin (green) staining. After
1, 2, 4, and 8 h of culturing, TGM was sucked out, and all scaffolds were
washed out twice with PBS. A 10% MTT working solution was added to
each well and cultured in a CO5 incubator for 4 h. The absorbance was
measured at a wavelength of 492 nm. After 1, 4, and 7 days of culturing,
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the seeded cells gradient dehydrated in 30-100% ethanol were fixed
with 4% paraformaldehyde, and then fluorescein
isothiocyanate-conjugated phalloidin (Invitrogen, USA) was employed.
A TS100 fluorescence microscope (Nikon, Japan) was used to examine
cell proliferation (n = 3 per group and time point).

2.8. Subcutaneous implantation and histological evaluation

All scaffolds cut into 1.5 cm in length and sterilized by ethylene oxide
were subcutaneously implanted in six-week-old male rats (weighing
approximately 200-250 g, purchased from Shanghai Jiesijie Laboratory
Animal Co., Ltd, Shanghai, China). PET scaffolds with the same braided
structure were set as controls. The experimental samples were implanted
symmetrically on one side of the back, and the PET scaffolds were
embedded on the other side of the same rat. 7, 14, and 21 days post-
operation, the entire subcutaneous tissue containing scaffolds was
excised from euthanized animals and fixed in 4% (w/v) buffered
formalin overnight (n = 6 per group and time point). The samples were
paraffin-embedded and sectioned to a 300 pm thickness. Sections were
stained with hematoxylin and eosin (H&E) (Gibco, USA) for evaluation
of the inflammation and with Masson’s Trichrome (Masson) (Gibco,
USA) for observation of collagen infiltration using a light microscope
(Olympus BX41, Japan) and photographed by a DP71 camera (Olympus,
Japan). Semi-quantitative analyses of the inflammatory area (%) and the
collagen deposited area (%) were performed using Image-Pro Plus 6.0
software (Media Cybernetics, Silver Spring, MD, USA).

2.9. Animal model of ligament reconstruction

ACL reconstruction: According to the method in section 2.2, scaf-
folds that fit the size of the rabbit knee ligament, ACL, were customized.
The diameter and length of the customized GDS were 2.32 + 0.12 mm
and 2.03 + 0.38 cm, respectively, with two 10 cm long traction lines at
each end (Fig. S7). The as-made scaffolds were cleaned with deionized
water and sterilized by ethylene oxide. 54 rabbits were randomly
divided into the GDS group and the PET group, with 9 rabbits in each
group for 3-time points. Then, the knee ligament reconstruction pro-
cedure was performed according to the previous study [44,45]. Briefly,
after exposing the right posterior knee joint and cutting the native ACL,
tibial and femoral tunnels were established with a drill along with the
original ACL footprint. Afterward, the scaffold was pulled into the tibial
tunnel and passed through the femoral tunnel using a PPDO-II suture
(Ethicon, Puerto Rico, USA). Both ends of the graft were sutured with the
adjacent periosteum and soft tissue, and the wound was closed layer by
layer. In each group, 9 rabbits were sacrificed at 4, 8 and 16 weeks
postoperatively for further evaluations, including macroscopic obser-
vation (n = 9), histological and immunofluorescence assessment (n = 3),
biomechanical testing (n = 6) and micro-computed tomography (CT)
analysis (n = 3).

Histological and immunofluorescence assessment: The 4-week,
8-week, and 16-week specimens were sacrificed to evaluate the histo-
logical properties and immunofluorescence imaging (n = 3 per group
and time point). These samples were decalcified at room temperature in
10% ethylenediamine tetraacetic acid for one month. Then, the samples
were dehydrated, embedded in paraffin, and sectioned at a thickness of
5 pm perpendicular to the longitudinal axis of the bone tunnel. The
sections were stained with H&E (Gibco, USA), Masson trichrome (Gibco,
USA), and observed with inverted light microscopy (IX71SBF-2,
Olympus Co., Japan). Digital images were taken using a DP Manager
(Olympus Optical Co., Japan). Besides, the picrosirius red staining (PSR)
(Gibco, USA) images under a polarized light microscope (Leica DM4000-
B, Germany), CD3 (Thermo Fisher, USA), and CD68 (Thermo Fisher,
USA) images under LSM 700 laser scanning microscope (Carl Zeiss,
Germany) were obtained. Further quantitative analyses were performed
using Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring,
MD, USA). H&E was used to assess the intraosseous graft-to-bone
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integrations by calculating the average width of the interface between
bone and the graft, while Masson trichrome staining was used to analyze
the collage infiltration into the scaffold [46,47]. Under polarized light
microscopy, thicker type I collagen fibers appeared orange or yellow,
whereas thinner type III collagen fibers were green. The PSR images
were used to further analyze collagen deposition and maturation using
Adobe Photoshop CC (Photoshop CC, Adobe Systems Inc., USA) and
Image-Pro Plus 6.0 (Media Cybernetics, Silver Spring, MD, USA) soft-
ware by color factor [48,49]. CD3 (in orange) and CD68 (in red) staining
were used to identify immune cells.

Micro-CT: The remaining 16-week specimens post-operation of both
groups were scanned using a Skyscan 1176 micro-CT imaging system
(Bruker, Kontich, Belgium) to analyze the graft osseointegration process
in the bone tunnel at a spatial resolution of 35 pm (1 mm aluminum
filter, 65 KV, 380 pA). The images were reconstructed and evaluated
using customized software (DataViewer, CTvol and CTAn) [44,50]. The
average cross-sectional bone tunnel area (mm?) was measured from
femoral and tibial tunnels, and the 3D-reconstructed datasets were used
to calculate the trabecular bone volume fraction of the total tissue vol-
ume (BV/TV, %) within the region of interest.

Biomechanical test: At 4, 8, and 16 weeks, 36 rabbits (n = 6 per
group and time point) used for biomechanical tests were sacrificed to
obtain knee samples. Then, the samples were carefully dissected to
remove soft tissue around the graft, and the femur-graft-tibia complexes
(FGTCs) were subsequently fixed on the mechanical testing with a uni-
versal electronic material testing machine (AGS-X, Shimadzu, Co.,
Japan). After preloading, a 5 mm/min load-displacement rate was
applied to the samples until the graft was pulled out of the bone tunnel
or ruptured. The ultimate failure load and stiffness were noted according
to the load-deformation curve [44,45].

2.10. Ethics statement

The used experimental animal protocols were strictly according to
the Institutional Animal Care and Use Committee (IACUC) policy of
Shanghai Jiao Tong University Affiliated Sixth People’s Hospital. The
IACUC has approved this study. Ethical principles were followed
throughout all experimental procedures. All animal experiments were
performed according to the Animal Management Regulations of China
(1988 and revised in 2017, Ministry of Science and Technology).

2.11. Statistical analysis

The data were analyzed by SPSS version 26 for Windows (SPSS Inc.,
Chicago, IL, USA). All results were expressed as mean =+ standard de-
viation (SD). The significance between the data groups was tested using
the One-way ANOVA test. A value of p < 0.05 was considered significant
and indicated with (*), p < 0.01 was indicated with (**), and p < 0.001
was indicated with (***).

3. Results and discussion
3.1. Fabrication and characterization of the scaffolds

Inspired by the remarkable tri-phasic mechanical properties and
excellent axial tensile strength resulting from the crimped collagen fiber
bundles wrapped by synovium, we designed a braided structure in
which a shell wrapped core bundles. Three braided structures, 1S3B,
1S6B, and 2S2B, were developed to customize the mechanical properties
(Fig. 1C). (1) 1S3B: 3 braided bundles (12X) wrapped by 1 shell layer
(12X), (2) 1S6B: 6 braided bundles (6X) wrapped by 1 shell layer (12X),
and (3) 2S2B: 2 braided bundles (12X) wrapped by 2 shell layers (12X).
(12X: 12-yarns braided structure). We designed two material ratios to
further optimize the degradation performance and spatial adaptability
to fit the regeneration process (C1 and C2 with 6:4:2 and 4:6:2 yarn
number ratios of PPDO, PGCL, and PGLA, respectively) (Fig. S1, S2).
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The morphology of the prepared scaffolds is shown in Fig. 2. PPDO,
PGCL, and PGLA are uniformly distributed in the shell layers and core
bundles of six scaffolds. The trajectory position of PPDO, PGCL, and
PGLA is transferred along the axial direction of the scaffold (Fig. 2C;
Videos S1 and S2, Supporting Information). The average diameter of all
scaffolds is 3.71-4.41 mm as designed, similar to the beagle ACL
diameter. The braiding angles of core bundles and shell layers are
19.27-30.05° and 33.85-40.81° (Table S1), respectively. It was reported
that the crimped angle of the collagen fiber bundles in native ligaments
is 15-45° [6], so the synthesized scaffold successfully replicates the
crimped angles of native ACL. In particular, the 1S6B structure exhibits a
minimum braiding angle, and there is no obvious difference between C1
and C2. This is because the core bundles of 1S6B are diamond-braided
structures with the yarns intertwining one up and one down, leading
to a stronger orientation of yarns along the axial direction of the scaf-
fold. As shown in Fig. 2D, the initial porosity of scaffolds is
35.43-53.74%, which can provide sites for early cell adhesion. In the
early stage of implantation, the main function of the scaffold is to bear
the load and avoid graft fracture.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2021.11.001.

3.2. Thermal and chemical properties

The XRD analysis of PPDO, PGCL, and PGLA yarns was performed to
study the crystalline structure, and the results are shown in Fig. 2E.
PPDO exhibits a 56.04 + 8.00% crystallinity with two characteristic
peaks at 21.82° and 23.50°, confirming the semi-crystalline structures.
PGCL shows two characteristic peaks at 21.78° and 28.52° (60.85 +
2.76%), while PGLA possesses two characteristic peaks at 21.60° and
28.44° (52.71 + 5.10%) [51]. DSC and TGA measurements were per-
formed to evaluate the thermal properties of PPDO, PGCL, and PGLA.
Fig. 2F shows the DSC curves, indicating the melting behavior of the
samples. The Ty, values of PPDO, PGCL, and PGLA are 104.85, 197.22,
and 194.33 °C, respectively. The thermal degradation properties are
presented in Fig. 2G and H. The maximum thermogravimetric rates of
PPDO, PGCL, and PGLA occur at 339.44, 418.95, and 374.92 °C,
respectively. The above results demonstrate that the three yarns have
good thermal stability.

3.3. Mechanical properties of the scaffolds

Most failures related to synthetic grafts occur due to the mismatch of
mechanical properties, so the mechanical properties of the scaffold are
crucial for ACL reconstruction.

Tri-phasic mechanical properties originating from the crimped
collagen fibers are at the core of the mechanical performance of ACL.
Sufficient tensile strength and appropriate stiffness are necessary to
maintain the stability of the joint. The mechanical properties of the three
prepared yarn materials are shown in Fig. 3A-C and Fig. S3A, 3B. As can
be seen from Fig. 3D and Fig. S3C, the obtained scaffolds possess tri-
phasic mechanical properties. In the initial stretching stage, the yarns
tend to straighten in the axial direction, and the braiding angle de-
creases, which is manifested as the “toe region”. As the load increases,
the molecular chain of the yarn becomes oriented, and the stress-strain
and load-elongation curves show linear behavior. The slopes of the
stress-strain and load-elongation curves determine the tensile modulus
and stiffness, respectively. Finally, the yarns break at the ultimate load.
The UTS and stiffness are shown in Fig. 3E and F. The UTS of the scaf-
folds is 75.04 + 2.90-109.66 + 3.04 MPa and is higher than beagle
natural ACL (38.04 + 2.67 MPa) [39]. For all braided scaffolds, the net
stress is 2 times higher than the apparent ones (Fig. S3E). The stiffness is
67.40 + 1.66-92.60 + 4.83 N/mm, similar to natural beagle ACL (74.30
+ 7.00 N/mm) [39]. The Young’s modulus (Fig. S3D) is within the value
range of natural ligaments [27]. The stress and energy to yield/failure
point (Table S2) are higher than those of the natural ligaments [2,36].
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Disappointingly, the strain to failure point (95.28-122.61%) exceeds
that of the natural ligaments (50.90-61.00%) [26,36], which is caused
by the elongation of the braided structure during stretching. 1S6B ex-
hibits the highest UTS, stiffness, and modulus for the three braided
structures, while 252B shows the lowest values. More core bundles yield
greater friction and holding force, providing better mechanical proper-
ties. As the 252B structure demonstrates the worst mechanical response,
1S3B and 1S6B structures are selected for subsequent fatigue tests.

Since ligaments are normally stretched back and forth during their
service life, the cyclic tensile properties of the scaffolds also need to be
tested. The results of cyclic tensile are shown in Fig. 3G and J. A 13-18%
decrease of the maximum load after 500 cycles with a 5% constant
elongation is observed for all groups. C1@1S6B and C2@1S6B exhibit a
lower decrease rate. The smallest braiding angles of the 1S6B structure
limit the yarn elongation range when subjected to cyclic tension [52].
The peak load decrease rate of the scaffold is lower than that of ligament
prosthesis (17-29%) [40], indicating suitable fatigue resistance prop-
erties when used in vivo.

The failure of ligament reconstruction often occurs due to the lack of
prosthesis elasticity [41]. It is significant for the joint’s stability that
prostheses can quickly recover to their original position after stretching.
As shown in Fig. 3H and K, when the load is close to the UTS of native
ACL, the scaffolds can still recover to more than 60% of their original
length. The strain recovery ability of the scaffold is better than that of
the braiding ligament prosthesis (30-59%) [34,53].

Stress relaxation of prostheses caused by cumulative damage in vivo
was reported to be one of the reasons for the reconstruction failure [36].
Therefore, the scaffolds need to have resistance to stress relaxation. As
shown in Fig. 31, L, the results of 30 min of stress relaxation show that
the force required to maintain the daily elongation (5% strain) of the
scaffold is 40-50% of the initial stress, which may indicate a scaffold
elongation caused by the slippage of the braided bundles during
stretching.
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It can be seen from the above that the obtained scaffold exhibits tri-
phasic mechanical properties, excellent UTS, and stiffness. Fatigue
resistance shows that the scaffold can maintain the relative positions of
the femur and tibia and avoid early fatigue failure after reconstruction.
The 1S6B structure shows good mechanical properties, without a sig-
nificant difference between C1 and C2. To further verify the degradation
performance between C1 and C2, C1@1S6B and C2@1S6B are selected
for the accelerated degradation tests in vitro.

3.4. Evaluation of accelerated degradation in vitro

To evaluate the degradation performance of the scaffold, we per-
formed an in vitro accelerated degradation experiment at 50 °C to
simulate the degradation process rapidly. Theoretically, the degradation
of PPDO, PGCL, and PGLA typically follows a bulk erosion mechanism
through the hydrolysis of ester bonds [54]. In the initial stage of
degradation, the interchain ester bonds break with the rapid water
diffusion into the amorphous region of the polymer, and the insoluble
macromolecular chains are gradually sheared into small soluble mole-
cules and finally decomposed into water and carbon dioxide through the
hydrolysis reaction and discharged through metabolism. With the
degradation process, water gradually permeates from the amorphous to
the crystalline region, causing the molecular chains in the crystalline
region to undergo a hydrolysis reaction and disintegrate [41]. During
accelerated degradation at 50 °C, no phase transition occurs in the
polymer material (Table S3). The scaffold exhibits a gradient degrada-
tion behavior due to the sequential degradation of PGLA, PGCL, and
PPDO fibers. Therefore, in the following, scaffolds with the 1S6B
braided structure are named gradient degradation scaffolds (GDS).

The structure and morphology of the scaffolds change progressively
during 0-36 days, as shown in Fig. 4A and B, and Fig. S4-S6. For
C1@GDS and C2@GDS, there is no apparent change on day 6. On day
12, the PGLA multifilaments in C1@GDS and C2@GDS exhibit a
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transverse fracture phenomenon. The PGCL monofilaments in C1@GDS
and C2@GDS show longitudinal splitting. On day 18, the degradation of
PGLA and PGCL in C1@GDS and C2@GDS is enhanced (Fig. S5).
Meanwhile, the structures of Cpgcr and Cpgra collapse and break into
fragments (Fig. S6) and cannot be collected further. Over time, the PGLA
and PGCL degradation fragments are discharged from the scaffolds
during days 18-30, while PPDO retains an intact braided structure. On
day 36, PGLA and PGCL in C1@GDS and C2@GDS entirely fall off,
leaving a visible space, the PPDO components with a few cracks on the
surface still maintain the skeleton, while Cpppo only cracks on the sur-
face of the PPDO monofilament and shows a tight braided structure
(Fig. S6).

As shown in Fig. 4C, the mechanical loss time for C1@GDS and
C2@GDS is 30 days. The mechanical loss rate of C2@GDS at 6 days is
faster than that of C1@GDS due to its lower PPDO content and high
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PGCL content. After 6 days of degradation, water diffuses into the
amorphous region of the polymer (Fig. 4E), breaking the interchain ester
bonds, so the degradation fragments start to fall off from the scaffold, as
evidenced by the mass loss curve (Fig. 4F), causing a gradual increase of
porosity (Fig. 4D). At 12 days, PGLA and PGCL in C1@GDS and
C2@GDS begin to produce degradation fragments, and the mechanical
properties decrease further. In the meantime, the internal space of the
scaffold gradually increases, which is conducive to collagen deposition.
At 24 days, with the degradation of PGLA and PGCL, the mass-loss rates
of C1@GDS and C2@GDS are 31.60% and 41.13% (Fig. 4F), respec-
tively, yielding a porosity of 81.40% and 85.93%, (Fig. 4D), and meeting
the requirement of 70% porosity for tissue regeneration [26,55]. From
24 days to 36 days, although the mass loss rate of C1@GDS and C2@GDS
further increases to 48% and 53% (Fig. 4F), respectively, the porosity
does not increase significantly. This may be because most PGLA and
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Fig. 4. SEM images of (A) C1@GDS, (B) C2@GDS, (C) Mechanical property, (D) Porosity, (E) Water absorption, (F) Mass loss, (G) pH, and (H) Weight-average
molecular weight changes during degradation in PBS buffer at 50 °C. The yellow, red, and blue arrows indicate PGLA, PGCL, and PPDO, respectively.

PGCL are fractured and degraded into fragments at 24 days, leading to
an increase in the internal space of the scaffold, but there may be a delay
in the removal of degradation debris from the scaffold [26]. Based on the
application environment of ACL in vivo and the structural variability
under the force of the scaffold, this phenomenon may be alleviated in
vivo. In addition, it can be seen that the early collapse of Cpgra and Cpgcr
cannot provide the structural integrity required for cell growth. On the
contrary, Cpppo maintains a tight braided structure with limited space
(60.57% porosity) for tissue ingrowth on day 36 (Fig. S6). The changes
in the pH value of the degradation solution (Fig. 4G) and the molecular
weight of the polymer (Fig. 4H) also verifiy the above process. More
importantly, it can be observed that the adverse acidic environment
caused by the degradation products is improved in the
gradient-degradable scaffold.

In brief, the in vitro accelerated degradation results demonstrate that
the pace of gradient degradation allows the scaffold to provide perfo-
rating channels to enable the ingrowth of autologous tissues and
maintain structural integrity during the proliferation phase while
retreating slowly during the remodeling phase to progressively transfer
its load-bearing burden to the regenerated tissue and promote the
collagen remodeling. Moreover, the adverse acidic environment caused
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by the accumulation release of acid degradation products is improved
due to the different degradation times of the gradient-degradable
scaffold.

3.5. Cell adhesion and proliferation

rTSPCs were seeded on C1@GDS and C2@GDS to analyze the
adhesion and proliferation for 1, 2, 4, 8 h and 1, 4, 7 days. As shown in
Fig. 5A and B, there is no significant difference in the adhesion between
scaffolds and coverslips, mainly due to the disability to adjust the pore
size of the soft scaffold in static culture. On day 1, there is no obvious
difference between coverslips and scaffolds. However, on day 4, the cell
viability significantly increases (122.84-164.03%), especially for
C2@GDS (164.03%). Laser confocal images (Fig. 5C) illustrate that the
spread area and size of rTSPCs on C1@GDS are large, having a spindle
shape, whereas, on C2@GDS, rTSPCs are small and have no obvious
pseudopodia with an ellipsoid shape [56,57]. After 4 and 7 days of
culturing, a higher cell viability of rTSPCs is observed in the GDS than in
the coverslips, indicating that the 3-D structure of the scaffold provides
more space for cell proliferation. When cultured for 7 days, the cell
viability of C1@GDS and C2@GDS remains 80-90%. The MTT results
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indicate that the scaffolds can enhance the cell proliferation.

3.6. Biodegradability and biocompatibility in vivo

Biomedical scaffolds need to have good biocompatibility. More
importantly, the scaffold degradation rate should match the self-tissue
regeneration process while maintaining mechanical stability and struc-
tural integrity. Therefore, we designed subcutaneous implantation ex-
periments to verify the biocompatibility of the obtained scaffolds in vivo.
Simultaneously, a preliminary study on the rate of scaffold degradation
and tissue regeneration in vivo is conducted (Fig. 6A).

No rats die after subjecting to subcutaneous implantation. The
immunocytes infiltration can be observed in the tissue around the
scaffold after implantation by H&E staining [5,41,58,59]. The infiltra-
tion area of inflammatory cells increases at 2 weeks, caused by the
degradation of PGLA and PGCL (Fig. 6B and C). After two weeks, the
inflammatory cells in GDS are significantly reduced, especially in
C2@GDS, probably due to the slow degradation of PGLA and PGCL and
without the PPDO degradation (Fig. 4A and B). The PET group still ex-
hibits severe inflammatory tissue infiltration at 3 weeks due to its
disability of removing the scaffold material causing foreign body reac-
tion. In addition, dense collagen fibers appear in the central area of GDS
at 3 weeks, as evidenced by Masson staining (Fig. 6D and E), having only

Bioactive Materials 13 (2022) 82-95

little collagen deposition in the PET scaffold. This may be because the
GDS degradation provides space for the collagen matrix deposition,
while the surface fibrinolysis of the PET scaffold yields a dense structure
and hinders the internal infiltration of cells and collagen matrix [5,41,
60].

This subcutaneous implantation demonstrates good biocompatibility
of GDS. The GDS effectively alleviates the chronic inflammatory
response caused by the concentrated release of acidic degradation
products. More importantly, collagen fibers are found in the GDS
accompanied upon material degradation, indicating the tissue induction
potential of the gradient-degradable structure in ligament regeneration.

3.7. Ligament reconstruction evaluation

Finally, we designed a rabbit ligament reconstruction model to
evaluate the tissue regeneration of GDS under stress (Fig. 7A). The gross
morphology of the intraarticular graft is shown in Fig. 7B. At 4 weeks,
noticeable pores appear on the surface of GDS scaffolds, caused by the
degradation of PGLA and PGCL fibers, while the PET scaffolds have a
dense structure. Fig. 7E demonstrates that the infiltration of macro-
phages (CD68) and T cells (CD3) on the interface tissues in the GDS
group is lower than that of the PET group [61]. At 8 or 16 weeks, slight
synovial coverage in the PET groups indicates a persistent inflammatory
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Fig. 7. Ligament reconstruction evaluation. (A) Schematic diagram of timeline of the ligament reconstruction. (B) Gross morphology of the regenerated ACL. (C)
H&E staining images, scale = 100 pm. (D) Quantification of the interface width between the tissue and scaffold. (E) Immunofluorescence staining of CD68 (in red)
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response, while glossy newborn tissues are observed in the GDS group.
The histological analyses show better ligament-to-bone integration than
the PET groups, as demonstrated by the healing interface width in H&E
staining sections (Fig. 7C and D) [47,62].

Masson and PSR staining were used to evaluate collagen regenera-
tion and remodeling. Masson staining (Fig. 8A and C) reveals a signifi-
cantly higher collagen infiltration percentage in the GDS group at 8 or
16 weeks. To further quantify the subtype and maturation of collagen
fibers, we analyzed the polarized light images of PSR staining. The re-
sults show that a more mature and remodeled collagen matrix forms in
the GDS group, especially collagen type I. As shown in Fig. 8B, the re-
generated collagen fibers exhibit a crimp morphology, and the maturity
and structure are gradually improved with time, which is proved by the
birefringence of collagen (Fig. 8D). At 16 weeks, the content of type I
collagen is 91.35% (Fig. 8E), similar to that in natural ligaments [27].
On the contrary, the PET group exhibits a disordered arrangement and
low maturity of collagen fibers caused by the compact structure and
stress shielding effect. It can be seen that GDS allows the infiltration of
collagen fibers and made the scaffold escape the stress shielding effect
by providing dynamic mechanical properties and adjustable space.

Moreover, typical images of the cross-sectional femoral and tibial
bone tunnels at 16 weeks postoperatively in Fig. 9A show more new
bone ingrowth into the bone tunnel in the GDS group, indicating a su-
perior graft osseointegration process in vivo. The quantitative measure-
ments of the average bone tunnel area in Fig. 9B and BV/TV in Fig. 9C
further determine that GDS can reduce the bone tunnel area and increase
BV/TV, which firmly enhances the osseointegration of the ligament
compared to the PET group.

As shown in Fig. 9D-G, the initial failure load, UTS, stiffness, and
modulus of the scaffold are 494.98 + 14.40 N (Native ACL: 131.82 +
17.64 N) [63], 117.15 + 3.41 MPa (Native ACL: 32.78 + 4.04 MPa)
[27], 42.24 + 0.80 N/mm (Native ACL: 47.07 + 14.84 N/mm) [63], and
199.97 + 3.79 MPa (Native ACL: 65-111 MPa) [26], respectively. The

4w

8W
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mechanical results of FGTCs are shown in Fig. 9D-G. At three time
points, all PET scaffolds are pulled out from the bone tunnel without any
rupture at mid-substance due to the poor integration between bone
tissue and scaffolds (n = 6 per group and time point). The failure load
increases from 32.83 N at 4 weeks to 70.81 N at 16 weeks, suggesting the
occurrence of tendon-bone healing. For the GDS group, the same phe-
nomenon is observed at 4 and 8 weeks, and the failure load at 8 weeks is
76.80 N (53.48 N for PET scaffolds), indicating a better tissue integra-
tion of GDS. At 16 weeks, the mechanics of the remaining PPDO is lost,
and the fracture occurs at mid-substance of the FGTCs with an 89.17 N
failure load, which is 67.65% of natural rabbit ACL [63]. We analyzed
the knee function of the rabbit at the final time point of 16 weeks after
the scaffold is implanted (n = 9), which helps understand the functional
restoration of the native ligament achieved by this scaffold (Videos S3
and S4, Supporting Information). When the rabbit is walking and
running, the gait of the reconstructed knee in the GDS group is similar to
that of the normal contralateral knee, and the rabbit can run. However,
in the PET group, the gait of the reconstructed knee is not normal,
disabling the rabbit run, which is different from the rabbit in the GDS
group.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2021.11.001.

It can be seen from the rabbit ligament reconstruction model that
GDS can promote collagen infiltration and graft-to-bone integration
under stress. A synovial-like tissue is observed at 8 weeks, and sufficient
mechanical properties are maintained at 16 weeks.

4. Conclusion

In summary, we innovatively developed a regeneration process-
matching scaffold with dynamic mechanical properties and spatial
adaptability for collagen infiltration and remolding. The trajectory of
PPDO, PGCL, and PGLA fibers was manipulated to optimize the dynamic
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Fig. 9. (A) Micro-CT images of the cross-sections of the femoral and tibial bone tunnels in 16-week specimens, quantitative analysis of the (B) average bone tunnel
area, and (C) BV/TV values. (D) Failure load, (E) UTS, (F) Stiffness, and (G) Modulus of the femur-graft-tibia complex after ACL reconstruction at 4, 8, and 16 weeks

postoperatively in the PET and GDS scaffold.

mechanical properties and adaptive space. The GDS showed tri-phasic
mechanical behavior and excellent strength. In this gradient degrada-
tion system, accompanied by the PGLA and PGCL degradation, the
porosity of GDS gradually increased from day 6 until day 24. This was
consistent with the cell proliferation and the matrix deposition phase
during the healing process. In vitro data demonstrated that GDS
exhibited great cytocompatibility and promoted the adhesion and pro-
liferation for rTSPCs compared with the control scaffolds. In vivo, the
histology staining revealed more collagen infiltration and better graft-
to-bone integration in GDS, maintaining a failure load of 67.65% of
the native ligament at 16 weeks. This regeneration process-matching
scaffold could be a viable alternative to facilitate the reconstruction of
ligaments and tendons. However, there is still much work to be done on
biomaterials that can solve actual clinical problems. The mechanism of
collagen infiltration mediated by internal space, the precise force value
regulating collagen remodeling, the fine biomimetic structure (elonga-
tion at break, multi-scale structure from micro-scale to macro-scale),
and the mechanical properties within 4 weeks should be considered in
future research.
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