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ABSTRACT

Currently, the repair of Achilles tendon sleeve avulsion is a challenge due to their limited research and partic-
ularly difficult treatment. In tendon repair surgery, the construction of bone tunnels is required for the sus-
pensory fixation of ruptured tendon by sutures. However, due to the biologically inert of commonly used tendon
sutures, postoperative fixation instability, bone tunnel enlargement, and even tendon reconstruction failure can
easily occur under stressful conditions. In this study, core-spun nanoyarns containing p-tricalcium phosphate
(B-TCP) were prepared by electrospinning to serve as surgical sutures for tendon traction and fixation. The suture
of 6 core-spun nanoyarns spun again into one strand had stronger mechanical properties, which could effectively
pull the tendon. The silk fibroin micron yarn of the suture core layer and the polycaprolactone/silk fibroin/f-TCP
nanofibers of the shell layer demonstrated favorable biocompatibility, which facilitated cell adhesion and
expression in the tendon and bone. In the repair surgery of the Achilles tendon sleeve avulsion in rabbits,
compared with non-degradable and high mechanical properties commercial sutures, the §-TCP in the nanofibers
of sutures could induce osteogenesis, thereby reducing the gap in the bone tunnel and preventing enlargement of
the bone tunnel. In conclusion, the suture could weave the ruptured tendon, fix the tendon to the bone, promote
the formation of new bone in the bone tunnel, avoid the instability of the existing commercial sutures to the bone
tunnel, and ultimately improve the success rate of tendon repair surgery.

Statement of Significance: Nowadays, there is very limited research on the Achilles tendon sleeve avulsion model.
This model presents challenges due to inadequate tendon tissue in the calcaneus for direct repair and insufficient
bone tissue on the avulsed tendon for fixation. The incidence of this model is low, but treatment once it occurs is
particularly difficult. In this study, we proposed to compound osteogenesis-promoting B-TCP materials onto
nanoyarns to prepare surgical sutures that could weave the ruptured tendon, fix the tendon to the bone, induce
osteogenesis, and reduce the gap in the bone tunnel, thus avoiding the instability of the existing commercial
sutures in the bone tunnel, and ultimately improving the success rate of the surgery.

1. Introduction

continuous “sleeve,” without a large bony element amenable to internal
fixation, this is referred to as an Achilles sleeve avulsion [2]. This injury

Achilles tendon sleeve avulsion rupture is a rare injury [1]. When the presents challenges due to inadequate tendon tissue in the calcaneus for
Achilles tendon avulses from its calcaneal insertion distally as a direct repair and insufficient bone tissue on the avulsed tendon for
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fixation [3]. The low incidence of this injury has restricted clinical and
basic research, but treatment, when necessary, is particularly difficult.
During tendon repair surgery, it is necessary to establish a bone tunnel to
reattach the ruptured Achilles tendon to the bone. However, the
"windshield-wiper effect" and "bungee effect" occur frequently between
the graft and the bone tunnel after surgery [4]. These phenomena may
disrupt the biological healing process of the graft in the bone tunnel [4,
5]. The local or cross-sectional area of the bone tunnel may widen in the
first 12 weeks after surgery, and a large bone tunnel may hinder revision
surgery and increase the demand for grafts in staged surgery [6,7]. Bone
loss around the graft directly affects the firm bonding between the
grafted tendon and the bone tunnel, resulting in a higher failure rate in
repair [8]. Thus, an effective match between these soft grafts and the
bone tunnel with high hardness is the key to the success of the repair
surgery [9].

In order to provide a stable and relatively static contact between the
tendon graft and the bone tunnel, many fixation methods have been
developed, such as interference screw fixation, endobutton fixation, and
cross-pin fixation systems [7,10]. The majority of tendon grafts are fixed
with screws, which have been demonstrated to have a high success rate.
However, the screw itself usually occupies a considerable space within
the bone tunnel, which limits the contact between the graft and the
sidewall of the bone tunnel, thereby limiting the integration of the graft
with the surrounding bones and ultimately affecting the bonding
strength [10]. Furthermore, it is important to consider that if the bone is
insufficiently large or exhibits relative fragility, the insertion of screws
may result in fracture [11]. In addition, the expense associated with
screws is considerable [12]. Therefore, it is essential to accelerate the
integration of graft and bone tunnel, avoid fracture, improve the repair
success rate, and reduce the cost of tendon repair surgery. Douglas et al.
[13] reported that the suture fixation of the graft could greatly improve
the stability. Matthai et al. [14] used stainless steel wire as an anchor for
the graft to the tibia and femur. It could be used even when the femoral
tunnel was ruptured, and the problem of mismatch between the length
of the tunnel and the size of the graft could be avoided by adjusting the
position of the graft in the tunnel. However, this stainless steel wire was
biologically inert. He et al. [15] used Magnesium-Zinc-Gadolinium
(ZG21) wire as a surgical suture to tighten the tendon fabric and pull
it into the bone tunnel. The results showed that ZG21 wire could facil-
itate enhanced new bone growth, increased fibrocartilage-like tissue
formation, and augmented bond strength. However, the ZG21 wire’s
remaining volume after 14 days of degradation in vivo was only 28.2 +
2.3% of the original volume. If the suture degrades too quickly, it is
difficult to ensure its usefulness in models that require long-term repair
with mechanical support. Therefore, the development of biocompatible,
degradation-matched, mechanically supported sutures is crucial.

Electrospun nanoyarns can be precisely sized and have stable, high-
strength mechanical properties, which are suitable for tendon repair
[16-18]. One of the most important points is that the nanoyarns ob-
tained by mixing the spinnable materials in different proportions have
controllable degradation rates and mechanical properties, so they can be
made on demand [19]. In addition, it can mimic the microenvironment
of the extracellular matrix (ECM), thus facilitating cell attachment,
proliferation, and differentiation [20,21]. Polycaprolactone (PCL) is a
biodegradable polymer that has been approved by the US Food and Drug
Administration for a variety of medical applications [22]. Silk fibroin
(SF) is biocompatible, and SF-based scaffolds can promote the regen-
eration of soft tissues such as ligaments and tendons. In addition, it also
can serve as filling materials for cartilage and bone repair [23]. p-tri-
calcium phosphate (B-TCP) is absorbable and can promote the prolif-
eration and differentiation of mesenchymal stem cells, which can
promote bone inward-growing through bone conduction [24,25].
Therefore, f-TCP has been widely used in bone tissue regeneration.

In this study, the core-spun nanoyarns containing -TCP as surgical
sutures were prepared by electrospinning. At first, the SF micron yarn is
the reinforcing core of the core-spun nanoyarns, thereby imparting
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enhanced mechanical properties. Then, the nanofibers containing PCL,
SF, and p-TCP were used to wrap the SF micron yarn to prepare the core-
spun nanoyarns, and the nanofibers were biocompatible, which was
beneficial for cell attachment in the bone tunnel. Finally, the core-spun
nanoyarns were woven to prepare the tendon graft, which acted as a
suture to wrap and tighten the ruptured tendon and then pulled into the
bone tunnel to assist in fixation. In this process, the sutures could pro-
vide better initial fixation strength. The sutures then induced bone
regeneration, which could reduce the gap between the sutures and the
bone tunnel, and prevent the movement of the sutures in the bone
tunnel. We have systematically evaluated the sutures at the in vitro
cellular and in vivo animal levels.

2. Experiments and methods
2.1. Materials

Polycaprolactone (PCL, Mn 80,000, 440,744-250 G, Sigma-Aldrich),
B-tricalcium phosphate (8-TCP, 99.5 %, BD114545-500 g, Bidepharm),
silk fibroin micron yarn (SF micron yarn, Suzhou Huguang Mountain
Velvet Development Co.), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP,
Shanghai Jiu Ming Trading Firm), silk fibroin (SF). The following was
the extraction method for SF: Firstly, NapCO3 of 30 g was poured into
deionized water of 6 L and boiled. Secondly, silkworm cocoons of 60 g
were poured and boiled for 30 min. Repeat the above steps three times.
Next, the boiled silkworm cocoons were torn and then dried in an oven.
In addition, LiBr of 273 g was dissolved in deionized water to 350 mL.
The torn silkworm cocoons were added to the LiBr solution and stirred
until completely dissolved. Finally, the dissolved liquid was dialyzed for
5 days, then filtered and frozen dry to obtain SF.

Arthrex-FiberWire® suture (Art) was a common commercial suture
constructed of a multi-strand, long chain ultra-high-molecular-weight
polyethylene core with a braided jacket of polyester, which was pro-
vided by Shanghai General Hospital.

2.2. Electrospun sutures preparation

The mechanical properties of SF, PLA, PLGA, and polyethylene
terephthalate (PET) micron yarns were compared from two aspects:
Young’s modulus and ultimate tensile strength (UTS) (Fig. 3A).
Although the mechanical properties of SF, PLA, and PLGA micron yarns
were not as strong as PET micron yarns, SF micron yarn had better
mechanical properties among the three degradable micron yarns, so it
was selected as the reinforcement core for electrospinning nanoyarn.

The electrospinning nanoyarn containing PCL, SF, p-TCP nanofiber
membrane as the shell layer and SF micron yarn as the core layer was
used as the suture for the ruptured tendon traction and fixation (Fig. 1).
The preparation method was as follows: PCL (0.8 g), SF (1 g), and p-TCP
(0 mg, 50 mg, 100 mg) were dissolved in HFIP (10 mL). The solution was
stirred for 12 h until fully dissolved at room temperature. The solution
was loaded into two syringes that were fixed at the positive and negative
voltage of the electrospinning equipment. SF micron yarn was fixed to
the receiving roller through the winding roller. Under high-speed rota-
tion of the winder and high voltage, nanofibers of PCL/SF/B-TCP
wrapped around SF micron yarn, which formed core-spun nanoyarns.
Multiple core-spun nanoyarns could be combined and electrospinning
again to obtain a thicker suture that could improve mechanical prop-
erties. For example, the 6 bundles of core-spun nanoyarns were com-
bined and electrospinning again at their periphery to obtain a suture.
The spinning parameters were: the voltage was 8 kV; the propulsion
speed was 0.02 mL/min; the receiver speed was 10 rpm; and the winding
roller speed was 400 rpm. The suture was cross-linked with 75 % alcohol
vapor for 3 days. According to the type of nanofiber material and p-TCP
mass to solution volume ratio, these electrospun sutures were named PS
(PCL/SF), PS-T5 (PCL/SF/B-TCP- 5 mg/mL), and PS-T10 (PCL/SF/
B-TCP- 10 mg/mL).
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Fig. 1. Schematic illustration of the preparation and application of the suture. Firstly, the core-spun yarns were obtained by electrospinning, in which the reinforcing
core was SF micron yarn and the nanofiber membrane was PCL/SF/B-TCP. Secondly, the 6 bundles of core-spun yarn were combined and spun again to obtain a
thicker suture. Then, cells were seeded on the suture in vitro, which could promote rapid proliferation of tenocytes and expression of collagen I (COL1A1). In addition,
it could promote the proliferation of rat bone marrow mesenchymal stem cells ('BMSCs) and the expression of alkaline phosphatase (ALP), alizarin red S (ARS), etc.,
which had the function of promoting osteogenesis. Finally, In the repair surgery of the Achilles tendon sleeve avulsion model in rabbits, the suture could weave the
ruptured tendon, traction into the bone tunnel, and fixation the tendon to the bone. Compared with commercial suture, the PS-T10 suture could induce new bone
formation, thereby reducing the gap in the bone tunnel and not causing bone tunnel enlargement, and ultimately improving the success rate of tendon repair surgery.

2.3. Electrospun sutures characterization 2.6. In vitro osteogenesis abilities of rBMSCs

The sutures were characterized as follows: scanning electron mi- The ALP and ARS activity, COL1A1, osteocalcin (OCN), osteopontin
croscopy (SEM), energy dispersive spectrometer (EDS), fourier trans- (OPN) and runt-related transcription factor 2 (RUNX2) immunofluo-
form infrared spectroscopy (FTIR), mechanical test, water contact angle rescence staining, and osteogenic gene expression that was evaluated by
test, thermogravimetric analysis (TGA), inductively coupled plasma Quantitative Real-time PCR (qPCR) in rBMSCs to verify the osteogenesis
emission spectrometer (ICP) detected Ca®* release, and in vitro degra- abilities in vitro (n = 3). A detailed description of the related methods
dation test (n = 3). A detailed description of the related methods used was provided in the Supplementary material.

can be found in the Supplementary material.

2.7. Abilities of sutures to traction and fixation ruptured tendon in the

2.4. In vitro biocompatibility evaluation bone tunnel
MC3T3-E1 was obtained from the Cell Bank of the Chinese Academy This study received ethical approval from Chedun Experimental
of Sciences. rBMSCs and tenocytes were extracted from two-week-old SD Animal Breeding Farm Co., LTD., Songjiang, Shanghai.
rats according to the previous report [26,27]. The SD rats were pur- The Art, PS, and PS-T10 sutures were used to validate the abilities of
chased from Shanghai JieSiJie Laboratory Animal Co., Ltd. All cells were traction and fixation of the ruptured tendon in the calcaneus tunnel:
cultured in an incubator at 37 °C, 5 % CO,, and the medium was adult rabbits were selected and each rabbit was injected with Zoletil 50
changed every 2 days. through the ear vein at a dose of 0.3 mL/kg. After the rabbit was anes-
Different cells were used to evaluate the biocompatibility of the su- thetized, the rabbit’s left hind limb was shaved and sterilized. The skin
tures (Art, PS, PS-T5, PS-T10). The experiments included cell seeding, was cut to expose the Achilles tendon and calcaneus. Then the Achilles
cytotoxicity, migration, proliferation, fluorescence staining, and adhe- tendon was separated from the calcaneus with a blade. The bone tunnel
sion SEM (n = 3). A detailed description of the related methods was was drilled in the longitudinal direction of the calcaneus with a 1.5 mm
provided in the Supplementary material. Kirschner needle. Next, the sutures were equipped with 11 x 34 suture

needles, and the ruptured Achilles tendon was weaved with two sutures,
then the sutures were pulled into the bone tunnel. After the sutures were

2.5. Invitro COL1A1 express ability of tenocytes pulled out of the bone tunnel, they were folded in reverse, tied, and

secured at the Achilles tendon. Therefore, the ruptured Achilles tendon

Tenocytes (2 x 10* pcs) were seeded, and cultured in the sutures was reattached to the calcaneus by sutures. Finally, the skin was steril-

extraction solution for 10 days. The tenocytes were stained with ized with iodophor and sutured. Benzylpenicillin sodium was injected
COL1A1, F-actin and DAPI (n = 3). A detailed description of the related with 4 x 10% units/kg, three times a day for 3 days.

methods was provided in the Supplementary material. The repaired Achilles tendon and calcaneus samples after 4 and 12
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weeks were treated with micro-computed tomography (micro-CT),
hematoxylin-eosin staining (HE staining), Masson’s trichrome staining
(MT staining), immunofluorescence staining (IF staining), and me-
chanical tensile testing.

2.8. Statistical analysis

All data were expressed as mean + standard deviation (SD) from
three independent experiments with a minimum of three replicates for
each condition. One-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test was used to determine the statistical significance
unless specified otherwise. The significant difference was considered at
*p < 0.05 and **p < 0.01, *** p < 0.001.

3. Results
3.1. Characteristics of electrospun sutures

The suture was composed of 6 bundles of core-spun yarn, with a
diameter of 0.86 + 0.02 mm as observed under 240 X SEM. The presence
of -TCP between the nanofibers of PS-T5 and PS-T10 was discernible at
1000 X SEM, with the diameter of 620.16 + 145.76 nm nanofibers
(Fig. 2A). The presence of Ca and P in PS-T5 and PS-T10 suture that
could be seen through EDS (Fig. 2B). From FTIR, the characteristic peaks
of amide I and amide II of SF were observed at 1640 cm ' and 1514
em™}, respectively. The carbonyl of PCL appeared at 1731 em™}, at the
same time, the characteristic peaks of PCL at 733 cm ™! and p-TCP at 559
cm~! could also be seen (Fig. 2C). Therefore, EDS and FTIR confirmed
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that SF, PCL, and B-TCP had been successfully spun into the sutures.

From the tensile mechanics results of the PS, PS-T5, and PS-T10, it
can be seen that three sutures experienced a 12.60 + 1.12 % strain at
fracture, at which point the stress was 57.87 + 3.04 MPa (Fig. 3B-D).
The Young’s modulus of the three sutures was 804.27 + 56.01 MPa, and
the maximum force was 28.23 + 1.65 N (Fig. 3E and F). After 50 tensile
cycles, the stress loss of the three sutures was 14.46 + 1.65 % (Fig. 3G-I).
It could be seen from the water contact angle test that three sutures were
hydrophobic, and the hydrophobicity increased with the increase of
B-TCP (Fig. 3J and K). The TGA curve of the sutures was consistent with
SF micron yarn, and the mass loss mainly occurred at 200 °C - 800 °C,
indicating that the sutures were thermally stable (Fig. 3L). The Ca®* of
B-TCP in PS-T5 could release 70.30 + 0.06 pg/mL after 24 h, and PS-T10
could release 72.82 + 0.25 pg/mL, which could sustain release for more
than 30 days (Fig. 3M).

The degradation results of the SF micron yarn and three sutures after
1, 2, 4, and 8 weeks were as follows: with the increase of time, the SF
micron yarn and the nanofibers on the surface of the sutures appeared to
break, but the overall shape could be maintained intact (Fig. 4A & S1).
After 8 weeks, SF micron yarn had a significant mass loss of 27.01 +
7.21 %, and the mass loss of the PS, PS-T5, and PS-T10 was 13.56 + 1.08
%, 14.73 + 1.96 %, and 17.51 + 3.79 %, respectively (Fig. 4B). The
mass loss rate of PS-T5 and PS-T10 was faster than the PS, which was
related to the release of B-TCP. The SF micron yarns were exposed to
PBS, so the degradation rate was fast. Fortunately, in the sutures, the
nanofiber on the surface played a protective role in the internal SF
micron yarn, so the sutures degraded slowly, which contributed to
prolonging the functionality of the sutures and could also be proved by

Fig. 2. (A) SEM images of the sutures at 240X and 1000X, and the nanofibers diameter statistics, scale bar = 300 pm, and scale bar = 80 pm. (B) EDS of the sutures,
scale bar = 100 pm. (C) FTIR spectra of the SF, PCL, p-TCP, and sutures. Red arrows: -TCP.
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Fig. 3. (A) Mechanical comparison of SF, PLA, PLGA, and PET micron yarns. (B) The tensile stress-strain curves, (C) UTS, (D) strain at failure, (E) Young’s modulus,
and (F) maximum force of sutures, and (G) stress-strain curves for 50 cycles of PS, (H) stress-strain curves for 50 cycles of PS-T5, (I) stress-strain curves for 50 cycles
of PS-T10. (J) The water contact angle of sutures and (K) contact angle statistics. (L) The TGA curves of SF micron yarn and sutures. (M) The Ca?" cumulative release

content of sutures. n.s.: no significance, * p < 0.05, ** p < 0.01.

the mechanical results after degradation. After 8 weeks, the UTS loss
rate SF micron yarn was 93.57 + 0.44 %, while the loss of PS, PS-T5, and
PS-T10 was 56.22 + 1.34 %, 41.13 + 1.54 %, 28.55 + 4.06 %, respec-
tively (Fig. 4C and D). The Young’s modulus loss rate of SF micron yarn
was 96.52 + 0.34 %, while the loss of PS, PS-T5, and PS-T10 was 58.23
+ 3.86 %, 50.19 + 3.12 %, 56.20 + 2.18 %, respectively (Fig. 4E and F).
The maximum force loss rate of SF micron yarn was 82.01 + 1.24 %,
while the loss of PS, PS-T5, and PS-T10 was 56.87 + 1.47 %, 48.86 &
2.68 %, 32.57 + 3.34 %, respectively (Fig. 4G and H). The results of the
tests demonstrated that the SF micron yarn exhibited significant func-
tional deterioration after 8 weeks, whereas the PS, PS-T5, and PS-T10
exhibited superior performance in all evaluated aspects. Compared to
the human Achilles tendon [28], the sutures meet the mechanical
requirements.
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3.2. Tenocytes biocompatibility and COL1A1 express

To verify the difference between the sutures after electrospinning
and commercial sutures (Art) in cell culture, the Art sutures were
introduced as controls in cell experiments. From the CCK-8 results of
tenocytes proliferation, it could be seen that the cell viability on the PS,
PS-T5, and PS-T10 sutures was higher than that on the Art suture
(Fig. 5A). The live/dead staining of tenocytes was consistent with CCK-8
results after 7 days, tenocytes spread more on the surface of the sutures
of PS, PS-T5 and PS-T10 sutures, which were superior to the Art group
(Fig. 5B). These results indicated that the sutures were biocompatibility
and that PS, PS-T5 and PS-T10 were more conducive to tenocytes sur-
vival than Art.

The ability of tenocytes to form COL1A1 in vitro was verified by
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Fig. 4. (A) SEM, (B) mass loss rate, (C) UTS, (D) UTS loss rate, (E) Young’s modulus, (F) Young’s modulus loss rate, (G) maximum force and (H) maximum force loss
rate of SF micron yarn and three sutures degradation after 1, 2, 4, and 8 weeks, scale bar = 20 pym. Red arrows: the SF micron yarn and nanofibers of three su-

tures broke.

DAPI/F-actin/COL1A1 staining when tenocytes were cultured for 10
days. The number of tenocytes in the PS-T5 and PS-T10 groups was
significantly higher than that in the Art and PS groups (Fig. 5C and F). F-
actin staining showed a large spread of tenocytes in the PS, PS-T5, and
PS-T10 groups (Fig. 5D and F). Interestingly, the PS-T10 group has the
highest COL1A1 expression ability (Fig. S5E and F).

3.3. MC3T3-E1 and rBMSCS biocompatibility

The cytotoxicity experiment of MC3T3-E1 showed that the cell
viability of each group was higher than 75 %, indicating that the sutures
were non-toxic (Fig. 6A). Transwell assay showed that PS-T5 and PS-T10
groups could promote the MC3T3-E1 migration (Fig. 6B and C). From
the CCK-8 results, it could be seen that MC3T3-E1 and rBMSCs were all
in a proliferative state (Fig. 6D). The results of live/dead staining of
MC3T3-E1 were almost consistent with CCK-8, and the number of cells
in the PS, PS-T5, and PS-T10 groups was more than that in the Art group
(Fig. 6E). Both DAPI/F-actin staining and MC3T3-E1 morphology on

207

sutures showed that MC3T3-E1 were able to spread over a large area,
proving that the sutures were well biocompatible (Fig. 6F and G).
rBMSCs showed proliferation and there was no obvious difference after
7 days among the PS, PS-T5, and PS-T10 suture, but all were signifi-
cantly higher than the Art suture (Fig. 6H). The results of live/dead
staining and SEM of rBMSCs after 7 days showed that the rBMSCs
adhered to the Art suture in a dot or cluster shape, while the rBMSCs in
the PS, PS-T5 and PS-T10 suture had better morphology and spread out
in a spindle shape (Fig. 61 and J). These results suggested that the PS, PS-
T5, and PS-T10 sutures were more suitable for the growth of rBMSCs
than Art sutures.

3.4. In vitro osteogenesis abilities

The osteogenic ability of rBMSCs in vitro was evaluated by the
expression of ALP, ARS, COL1A1, OPN, OCN, and RUNX2. For ALP ac-
tivity between the groups after 7 days, there were no significant dif-
ferences. With the increase of B-TCP content on the electrospun sutures,
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Fig. 5. (A) The proliferation of tenocytes on sutures was measured using the CCK-8 assay after 1,4, and 7 days. (B) Live/dead staining of tenocytes cultured on
sutures after 7 days, scale bar = 200 pm. In vitro COL1A1 expression of tenocytes cultured in sutures extraction solution for 10 days: (C) the number of nuclei, (D) F-
actin spreading area, (E) COL1Al infiltration area statistics of tenocytes, and (F) tenocytes DAPI/F-actin/COL1A1 staining, scale bar = 500 ym. * p < 0.05, ** p <

0.01, *** p < 0.001.

ALP activity increased after 14 days, and both were significantly better
than the Art group (Fig. 7A and C). The calcium deposition ability was
detected by ARS, and it could be seen that the Art, PS-T5 and PS-T10
groups had stronger deposition capacity than the PS group after 14
days. Furthermore, the calcium deposition ability of the PS-T5 and PS-
T10 groups was superior to the other two groups after 21 days, among
which the PS-T10 group was the best (Fig. 7B and D).

The ability of rBMSCs to form COL1A1 in vitro was verified by DAP1/
F-actin/COL1A1 staining when rBMSCs were cultured for 10 days. The
number of rBMSCs in the PS-T10 group was significantly higher than
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that in the Art group (Fig. 7E and H). The rBMSCs of all the groups had a
better spreading state, but the Art group had a slightly lower spreading
area than the other groups, which was mainly due to its small number of
rBMSCs (Fig. 7F and H). In COL1A1 staining, it could be found that the
expression in PS-T5 and PS-T10 groups was significantly higher than
that of the other two groups, indicating that the addition of p-TCP
promoted COL1A1l expression (Fig. 7G and H). Meanwhile, other
immunofluorescence staining of the rBMSCs revealed that the addition
of B-TCP was more able to promote the expression of rBMSCs. Among
them, PS-T10 expressed the highest level of OPN (Fig. 7I and L), and
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Fig. 6. In vitro biocompatibility evaluation. (A) Cell viability of MC3T3-E1, control: blank without sutures. (B) The number of cell migrations of MC3T3-E1, and (C)
transwell migration staining, scale bar = 200 pm. (D) The proliferation of MC3T3-E1 on sutures was measured using the CCK-8 assay after 1,4, and 7 days. (E) Live/
dead staining of MC3T3-E1 cultured in sutures extraction solution after 7 days, scale bar = 200 ym. (F) MC3T3-E1 DAPI/F-actin staining in sutures extraction
solution after 10 days, scale bar = 200 pm. (G) MC3T3-E1 morphology on sutures after 7 days under SEM, scale bar = 80 pm. (H) The proliferation of rBMSCs on
sutures was measured using the CCK-8 assay after 1,4, and 7 days. (I) rBMSCs live/dead staining on sutures after 7 days, scale bar = 200 pm, and (J) the rBMSCs
morphology on sutures after 7 days under SEM, scale bar = 100 pm. n.s.: no significance, * p < 0.05, ** p < 0.01, *** p < 0.001.

expressed the highest level of OCN (Fig. 7J and M). The levels of RUNX2
expression in PS-T5 and PS-T10 were comparable, but both were higher
than those in the Art and PS groups (Fig. 7K and N).

The gene expression associated with rBMSCs osteogenesis after 7 and
14 days was examined by qPCR. The detailed results are shown in
Fig. 70 and P: the expression level of COL1A1 was the highest in the PS-
T10 group after 7 days. After 14 days, on the one hand, there was no
significant difference between the PS-T5 and PS-T10 groups, indicating
that the COL1A1 expression ability was comparable. On the other hand,
the COL1A1 expression levels in the PS-T5 and PS-T10 groups were
higher than those of the other two groups, indicating that the addition of
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B-TCP could promote COL1A1l expression. These were similar to the
results obtained with COL1A1 staining in Fig. 7G and H. The expression
level of OPN was significantly different between the groups after 7 and
14 days. After 7 days, there was no significant difference in the
expression level of OCN between the groups, but after 14 days, the
expression level of PS-T10 was higher than the other groups. The
expression level of RUNX2 showed no significant difference between the
groups after 7 days, however, it was only highest in PS-T10 compared to
PS after 14 days. These results indicated that PS-T10 had the best
osteogenesis ability.
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Fig. 7. In vitro osteogenesis abilities. (A) The measurement of ALP activity after 7 and 14 days. (B)The measurement of ARS activity after 14 and 21 days. (C)
Microscopic images of ALP staining of rBMSCs after 7 and 14 days, scale bar = 500 pm. (D) Microscopic images of ARS staining of rBMSCs after 14 and 21 days, scale
bar = 500 pm. In vitro COL1A1 expression of rBMSCs cultured for 10 days: (E) the number of nuclei, (F) F-actin spreading area, (G) COL1A1 infiltration area statistics,
and (H) rBMSCs DAPI/F-actin/COL1A]1 staining, scale bar = 200 pm. (I) OPN infiltration area statistics. (J) OCN infiltration area statistics. (K) RUNX2 infiltration
area statistics. (L) DAPI/OPN staining, scale bar = 200 pm. (M) DAPI/OCN staining, scale bar = 200 pm. (N) DAPI/RUNX2 staining, scale bar = 200 pm. (O, P) The
expression of osteogenic genes in rBMSCs after 7 and 14 days was analyzed by qPCR, including COL1A1, OPN, OCN, and RUNX2. n.s.: no significance, * p < 0.05, ** p

< 0.01, *** p < 0.001.

3.5. Abilities of sutures to traction and fixation ruptured tendon in the
bone tunnel

The ability of the suture to weave the tendon and fix the bone was
verified by the Achilles tendon sleeve avulsion model (Fig. 8A). As can
be seen from the macroscopic view, all three sutures could weave the
ruptured Achilles tendon and then traction to the bone tunnel for
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fixation. After 4 weeks, the tendons in all three groups were able to
attach to the calcaneus. At this point, the Art can be clearly seen exposed
to the surface. The new tissue of the PS and PS-T10 groups was rougher,
and the color of the sutures changed from white to yellow, which was
caused by degradation. After 12 weeks, the coverage and roughness of
the tissue between the tendon and the calcaneus were better in the three
groups than in the 4 weeks. Because Art couldn’t degrade, its
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Fig. 8. The ability to repair tendon in vivo. (A) Repair model of Achilles tendon sleeve avulsion in rabbits. (B) Macroscopic view of Art, PS, PS-T10 sutures to weave
the ruptured tendon and traction and fixation in the bone tunnel. (C) HE and MT staining of Art, PS, PS-T10 sutures weaving of the tendon after 4 and 12 weeks, scale
bar = 100 pm, and scale bar = 200 pm. Green arrows: the position of the sutures.

appearance was visible, and its surface was covered by a thin layer of
smooth tissue. The surface of tendon tissue in the PS group was still
somewhat rough. Interestingly, the repair effect of the PS-T10 group was
ideal with the degradation of the suture, in which smooth tissue
replacement suture, and the connection between the tendon and calca-
neus was not broken (Fig. 8B).

HE and MT staining of the tendon woven with sutures showed that
the tendon tissue was difficult to grow into Art after 4 or 12 weeks, and
the Art only occupied the position of the tendon tissue and could not be
replaced by the tissue. After 4 weeks, the shape of the sutures in PS and
PS-T10 groups was generally intact, in which some of the nanofibers on
the surface of the sutures were replaced by tissue, and the internal SF
micron yarns were not degraded and replaced. After 12 weeks, sutures
were mostly replaced by tissues, but the collagen expression in the PS
group was lower. The PS-T10 group showed an abundance of collagen
where the suture was completely replaced by tissue, and collagen was
also present in gap areas where the suture was partially replaced
(Fig. 8C). The above showed that the PS-T10 suture had better
biocompatibility and could be used for tendon weaving, which had a
repairing effect on tendon defects.

After 12 weeks of micro-CT of the calcaneus, Art only occupied the
position of the bone tunnel, and there was very little regenerated bone
tissue. Unfortunately, in some of the Art groups, the bone tunnels were
enlarged, making it impossible to calculate their BV/TV values (Fig. 9A
and B). The bone tunnel in the PS group showed new bone but was not
filled. PS-T10 bone tunnel had the most new bone, which provided the
necessary conditions for the tendon to be firmly fixed to the bone tunnel
(Fig. 9A and B).

At 4 weeks, HE and MT staining of the calcaneus showed that the
tendon of the Art group was located in the bone tunnel with less cellular
infiltration. Tissue ingrowth into the sutures was observed in both the PS
and PS-T10 groups. The PS-T10 suture was covered with tissue and there
was almost no gap was visible between the suture and the bone, but in PS
was still a gap present between the suture and the bone. At this time,
there was collagen expression in the periphery of the sutures in both the
PS and PS-T10 groups, but very little collagen was expressed in their
interior (Fig. 9C and D). After 12 weeks, consistent with the CT results,
the Art suture caused the bone tunnel to expand and the original bone to
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disappear. In the PS group, the gap between the suture and bone was
significantly reduced compared to 4 weeks, and sparse tissue was
growing. The tissue between the suture and bone in the PS-T10 group
was relatively dense, with almost no gaps visible. Moreover, PS-T10
after 12 weeks was significantly less inflammatory than PS and PS-T10
after 4 weeks, and there was collagen expression inside (Fig. 9C and D).
After 12 weeks, the IF staining showed that there was only a few cells
grew into the bone tunnel in the Art group, and almost no expression of
COL1A1 and OPN. Interestingly, the PS group had more cells attached to
the sutures than PS-T10, but the expression of COL1A1 and OPN was
highest at PS-T10 (Fig. 10A-D). Similarly, IF staining for RUNX2 and
OCN was performed on the three groups and found to be most expressed
in the PS-T10 group (Fig. 10E-G). These suggested that PS-T10 suture
containing B-TCP had the greatest ability to promote cell osteoblastic
differentiation. Mechanical tension was applied to the Achilles tendon-
calcaneus, and when a small crack appeared in the tendon, the force-
strain curve began to decrease (Fig. 10H and I). The PS group did not
contain p-TCP, resulting in a slower bone formation rate and lower
mechanical properties compared to the normal group (Fig. 10J). The
commercial suture itself had strong mechanical properties, so it showed
high strength in tissue stretching after 3 months, but this did not
represent the strength of the tissue. Its non-degradation, non-integra-
tion, and ease of movement caused the tissue to show greater strain
(Fig. 10K). The B-TCP released by the PS-T10 suture promoted the
integration of the bone tissue, allowing its mechanics to improve. This
also indicated that the tendons repaired with PS-T10 suture produced
mechanical strength similar to commercial sutures (Fig. 10J and K).

4. Discussion

In tendon repair surgery, bone loss in the bone tunnel directly affects
the strength of the tendon and bone tunnel bond, leading to repair
failure [29,30]. The integration between the tendon and bone tunnel is
crucial for the tendon repair [31]. Suture anchors containing 3-TCP have
been shown to have osteoconductive properties and are used clinically
nowadays, but more than 90 % of suture anchors are still structurally
visible after 2 years, further limiting bone growth of autologous bone at
this site due to the slow rate of degradation [32]. Screw fixation has
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Fig. 9. The ability to osteogenesis in vivo. (A) The micro-CT of the calcaneus after 12 weeks, scale bar = 1.5 mm. (B) BV/TV values for Art, PS, PS-T10 sutures. (C) HE
staining of Art, PS, PS-T10 sutures in the bone tunnel after 4 and 12 weeks, scale bar = 60 pm, and scale bar = 300 pm. (D) MT staining of Art, PS, PS-T10 sutures in
the bone tunnel after 4 and 12 weeks, scale bar = 60 pm, and scale bar = 300 pm. Red circle: the aperture of the original tunnel. Yellow arrows: the gap between the

suture and calcaneus. *** p < 0.001.

effective mechanical properties, but it is a major source of complica-
tions, which can be as high as 30 % [33]. Early studies have shown that
tendon graft-bone tunnel healing in both screw-fixed and suture-fixed is
the same in terms of pullout strength [34]. Therefore, inexpensive su-
tures with matching biocompatibility, degradability, and osseointegra-
tion for tendon traction and fixation are in demand nowadays compared
to expensive, slow degrading, and slow osteoinductive screws. In this
study, core-spun nanoyarns containing p-TCP were prepared as surgical
sutures. The core layer of the suture consisted of biocompatible SF
micron yarns and the shell layer consisted of nanostructured fibers
(Fig. 2A), which provided the basis for cell adhesion and proliferation.
Due to the suture being assembled from 6 core-spun nanoyarns, it had
stronger mechanical properties, which remain stable after 50 mechani-
cal cycles of stretching (Fig. 3B-I). After 8 weeks of degradation, the
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mechanical properties of the suture fluctuated steadily within a certain
range, at which point the suture still maintained its function, whereas
the pure SF micron yarn had lost its functionality (Fig. 4). Compared to
non-degradable Art, slow degradable suture anchors, and fast degrad-
able pure SF micron yarns, the nanofibers in the shell layer of this suture
protected the SF yarns in the core layer, allowing the suture to degrade
while ensuring that it did not degrade too quickly. At the same time,
Ca?* in the suture could be continuously released for more than 30 days
(Fig. 3M), both of which gave the time and conditions for bone forma-
tion. It was confirmed in animal experiments. The Art suture was still
visible at 4 and 12 weeks, whereas the PS and PS-T10 sutures were
visible at 4 weeks but not at 12 weeks (Fig. 8B).

Avinesh et al. [35] used B-TCP grafts for bone-patellar tendon-bone
ACL repair, observing a reduction in bone defects. Both animal and
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Fig. 10. (A) DAPI/COL1A1/OPN IF staining of Art, PS, PS-T10 sutures in the bone tunnel after 12 weeks, scale bar = 100 ym. The quantification of (B) the number of
nuclei, (C) COL1Al infiltration area, and (D) OPN infiltration area statistics. (E) DAPI/RUNX2/0OCN IF staining of Art, PS, PS-T10 sutures in the bone tunnel after 12
weeks, scale bar = 100 pm. The quantification of (F) RUNX2 infiltration area, and (G) OCN infiltration area statistics. (H) The appearance before mechanical
stretching, and (I) after mechanical stretching of the Achilles tendon-calcaneus after 12 weeks. (J) The maximum force statistics, and (K) the force-strain curves of
normal, Art, PS, PS-T10 groups Achilles tendon-calcaneus after 12 weeks. Red arrow: the location of the Achilles tendon cracked. * p < 0.05, ** p < 0.01, *** p

< 0.001.

human cells exhibit normal growth, differentiation, and reproduction on
B-TCP, making it a highly promising material for bone repair [36]. In this
study, increasing p-TCP content promoted the proliferation of rBMSCs,
which grew along the suture, indicating that the suture containing f-TCP
was biocompatible (Fig. 6H-J). The PS-T10 group exhibited superior
osteogenesis abilities in vitro (Fig. 7). These showed that sutures con-
taining B-TCP had the potential to promote new bone formation in bone
tunnels and thus increase ruptured tendon stabilization in bone. While
numerous studies focus on B-TCP’s effects on osteogenesis, there was a
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paucity of research regarding its impact on tendons. As sutures were
essential for weaving the ruptured tendon, the effects of B-TCP-con-
taining sutures on tendons warrant thorough examination. Cellular ex-
periments indicated a proliferation trend of tenocytes on the PS-T10
suture over time, with tenocytes spreading across the suture after 7 days
(Fig. 5A and B). More interestingly, the tenocytes in the PS-T10 group
showed higher levels of cell number, spreading area, and COL1A1l
expression after 10 days than the Art group (Fig. 5C-F). These results
demonstrate that B-TCP not only exhibits cytocompatibility with
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tenocytes but also promotes COL1A1 secretion, establishing a strong
foundation for the integration of the tendon and suture and ensuring
stable fixation within the bone.

Ye et al. [37] developed electrospun heparin-loaded nanofiber su-
tures for the repair of Achilles tendon ruptures, which enhanced the
tensile strength of the tendon after surgery. Although there was exten-
sive research on the repair of Achilles tendon rupture, the studies that
focused on the Achilles tendon sleeve avulsion model are limited.
Consequently, the animal experiments in this study selected the Achilles
tendon sleeve avulsion model and the calcaneus-tendon suture method,
aiming to achieve stable fixation of the ruptured tendon using
B-TCP-containing sutures. This approach represents a significant
advancement in treating the less-studied Achilles tendon sleeve avulsion
model. In the animal repair model, Art, PS, and PS-T10 sutures effec-
tively wove and fixed the tendon to the calcaneus (Fig. 8B). After 12
weeks, the PS-T10 group demonstrated substantial bone regeneration on
micro-CT, and HE and MT staining revealed that the gap between the
suture and the bone tunnel was filled with new tissue (Fig. 9).
Furthermore, IF staining indicated that PS-T10 sutures significantly
induced cells express more COL1A1, OPN, RUNX2, and OCN, signifying
increased bone tissue formation and providing greater stability for
reconstructive surgery where tendons were anchored to the bone
(Fig. 10A-G).

The advent of Art has been a major advance in orthopedic surgery
and is commonly used in the clinic for tendon and ligament repair [38,
39]. Art has strong mechanical properties, and the suture-enhanced
model can improve graft integrity, ultimate strength, yield strength,
and cyclic displacement [40]. However, Art is non-degradable and re-
mains in the bone tunnel for an extended period, impacting the inte-
gration of the ruptured tendon and bone. This can lead to slow bone
growth within the Art bone tunnel, possibly causing the tunnel to
enlarge, posing a risk (Fig. 9). While Art can be left in place after surgery
to avoid a second operation, it may develop stress fatigue over time if not
removed. Degradable sutures have inferior mechanical properties
compared to Art and experience gradual weakening during degradation,
an inherent issue with degradable materials. Nonetheless, the tensile
strength of degradable synthetic sutures can be enhanced by adjusting
material structure and properties. These sutures can also prevent the
need for secondary surgery, reduce inflammatory response, and offer
similar clinical healing effects as non-absorbable sutures [41]. Liu et al.
[42] developed biomimetic, antibacterial, and sensing sutures based on
regenerated SF, which could reduce inflammation and bacterial infec-
tion, measure the tension of tissues and sutures, and support tissue
healing by controlling drug and growth factor release in multiple modes.
In this study, the mechanical properties of the surgical suture were
ensured by merging 6 core-spun nanoyarns, which could provide
stretching and fixation for the ruptured tendon in the initial stage
(Fig. 8B). After 12 weeks of mechanical stretching, newly formed bone
tissue produced by PS-T10 firmly fixed the tendon to the bone, pro-
ducing a mechanical effect similar to Art suture (Fig. 10H-K). Over time,
new tissue in the bone tunnel replaced the original sutures, which could
accelerate tendon fixation to the calcaneus (Fig. 9 and 10A-G). There-
fore, PS-T10 suture could not only avoid the risk of bone tunnel
enlargement in the Achilles tendon sleeve avulsion model but also
improve bone integration, ultimately accelerating tendon rupture
repair.

There is an unresolved issue in this study: the nanoyarn sutures
created through electrospinning are not as smooth as commercial su-
tures, resulting in some resistance when suturing tendons. A break-
through is needed to improve the smoothness of the sutures in future
studies.

5. Conclusions

In this study, electrospun sutures containing -TCP were successfully
fabricated with favorable mechanical properties. PS-T10 suture
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demonstrated the ability to stimulate tenocytes to produce more
COL1A1 and up-regulate the expression of COL1A1, OCN, OPN, and
RUNX2 in rBMSCs. Animal experiments showed that the suture effec-
tively wove the tendon, pulled and fixed it in the bone tunnel, promoted
new bone formation, reduced the gap in the bone tunnel, improved graft
fixation stability on the bone, and significantly increased surgical suc-
cess rates. This study represents a breakthrough in the rarely studied and
challenging Achilles tendon sleeve avulsion model.
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