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Advanced Electroactive and Anti-Inflammatory Sutures for
Enhancing Tendon and Bone Regeneration to Promote
Repair of Achilles Tendon Sleeve Avulsion

Xiao Yu, Chao Li, Jie Cui, Hao Feng, Yangfan Ding, Jiahui Song, Pengfei Cai, Liang Chen,
Mohamed EL-Newehy, Meera Moydeen Abdulhameed, Xiumei Mo,* Yu Han,*
and Binbin Sun*

Achilles tendon sleeve avulsions often involve tissue defects. Standard
bone tunnel fixation risks tunnel enlargement, inflammation, and graft failure.
Native tendon and bone tissue exhibit inherent bioelectrical properties whose
disruption impedes healing. To address these, the study developed electroac-
tive, anti-inflammatory sutures featuring a strong polylactic acid (PLA) micron
yarn core and a conductive poly(3,4-ethylenedioxythiophene)/hydroxyethyl
cellulose/glycerol/chondroitin sulfate/PLA (PEDOT/HEC/glycerol/CS/PLA)
nanofibrous shell. A novel synthesis strategy enabled EDOT polymerization
templated by HEC, eliminating the need for poly(styrene sulfonate) (PSS),
oxidants, or catalysts and allowing direct electrospinning. In vitro, it can
regulate macrophage polarization and enhance tenocytes and bone marrow
mesenchymal stem cell (BMSCs) proliferation and differentiation. In a rabbit
Achilles tendon avulsion model, the suture enables secure tendon-to-bone
fixation via calcaneal bone tunnels. At 12 weeks post-operation,
the suture exerts anti-inflammatory effects by modulating CD206/CD86
expression. Electroactive suture significantly enhances tendon regeneration
and bone formation within the tunnels, and achieves robust tendon-to-bone
integration at the interface, markedly improving fixation stability.
In summary, this electroactive, anti-inflammatory suture effectively promotes
tendon-bone regeneration for repairing Achilles tendon sleeve avulsions.
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1. Introduction

Tendons transmit muscular forces to
bones, enabling body movement through
their unique biomechanical properties.[1]

The Achilles tendon, with its broad inser-
tion at the calcaneal tuberosity, experiences
concentrated shear stresses that predispose
it to avulsion fractures.[2] When com-
plete detachment occurs as a continuous
“sleeve” from the calcaneal insertion with-
out substantial bone fragments – termed
Achilles tendon sleeve avulsion – mini-
mal residual tendon tissue remains for
surgical repair.[3,4] Crucially, the collagen-
rich microstructure of bone and tendon
confers inherent piezoelectricity, gen-
erating endogenous bioelectric fields
under mechanical deformation.[5,6] Injury
disrupts this electromechanical microen-
vironment, impairing healing cascades.
Although rare, this pathology severely
compromises the triceps surae-calcaneal
complex, posing complex reconstructive
challenges.[7]
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Surgical repair requires reattaching the tendon to the bone,
typically achieved through anchors or sutures.[8] However, in-
herent instability at the junction with the bone often causes re-
pair failure:[9,10] i) Tradational biologically inert materials im-
pede osseointegration, ii) non-degradable anchors induce os-
teolysis through chronic inflammation, iii) the traditional su-
tures provoke bone tunnel widening via windshield wiper ef-
fect and bungee effect, iv) traditional grafts or materials can-
not restore the electromyogenic microenvironment of tendons
and bones. Current interventions—including end-to-end repair
and grafts—fail to fully restore Achilles function, with re-rupture
rates of 1.7–5.6%.[11] In addition, dysregulated inflammatory
responses further compromise outcomes.[12] Therefore, mul-
tifunctional sutures delivering integrated electroactivity, anti-
inflammatory modulation, and stable mechanical traction are es-
sential to achieve functional tendon-to-bone regenerationwith re-
construction stability.
Advanced electroactive biomaterials enhance microenvi-

ronmental conductivity, enabling localized electrical stim-
ulation (ES) delivery for tissue regeneration.[13] Poly (3,4-
ethylenedioxythiophene) (PEDOT) fulfills this requirement
through its conjugated backbone, where 𝜋-electron delocal-
ization establishes charge transport pathways.[14] Chemi-
cal/electrochemical doping oxidizes PEDOT chains, generating
charge carriers that boost conductivity.[15] Conventional PEDOT:
poly(styrene sulfonate) (PEDOT: PSS) dispersions achieve high
conductivity yet are predominantly processable in aqueous
media,[16,17] necessitating dip-coating deposition that limits
applications.[18,19] The strong acidity and inherent cytotoxicity
of PSS not only limit its short-term biocompatibility but also
impede its long-term integration with host tissues, functional
reconstruction, and safe clearance.[20,21] Furthermore, the pres-
ence of residual oxidants/catalysts from PEDOT: PSS synthesis
poses a significant risk for biological applications.[22] To over-
come these, this study exploits hydroxyethyl cellulose (HEC),
which has exceptional dispersing capability.[23] Thus, HEC can
be used to assist the dispersion of PEDOT in non-aqueous
solvents. HEC’s hydroxyl groups not only facilitate modification
through interactions with other materials but also adsorb ions
to create supplementary conductive channels.[24,25] Glycerol is
a polyhydroxy compound with good biocompatibility and can
be used as a dopant to improve PEDOT conductivity.[26] Both
HEC and glycerol can improve the flexibility of the material,[27]

so the composite of PEDOT/HEC/glycerol may have greater
application potential in electroactive tissue scaffolds.
While traditional sutures satisfy mechanical demands, they re-

main incapable of integrating electroactivity, anti-inflammatory
regulation, and pro-regenerative properties. Electrospinning
overcomes this limitation by fabricating core-shell structured su-
tures. The core-layer yarn provides robust mechanical support
for the suture, such as polylactic acid (PLA) micron yarn.[28,29]

The shell-layer nanofibers endow sutures with multifunction-
ality, including superior biocompatibility, large specific surface
area, and the ability to facilitate tenocytes and BMSCs adhesion
while guiding tissue regeneration.[30] Notably, chondroitin sul-
fate (CS), a common component of tendon and bone, is incor-
porated into nanofibers to accelerate tissue formation. The gly-
cosaminoglycan component of the tendon contains CS, which
is related to collagen and improves biomechanical properties.[31]

Concurrently, CS promotes osteoblast migration and osteogenic
differentiation.[32] In addition, CS has anti-inflammatory effects
and can balance excessive inflammatory reactions, providing a
strong foundation for early tissue repair.[33]

To address the critical unmet needs for sutures that integrate
electroactivity, anti-inflammatory modulation, and robust me-
chanical support for functional tendon-to-bone regeneration, this
study developed an electrospun nanofiber-based conductive core-
shell suture specifically for reattaching ruptured Achilles tendons
in sleeve avulsion injuries to the calcaneus. The shell nanofibers
contained HEC, PEDOT, glycerin, PLA, and CS. Within the hex-
afluoroisopropanol solvent system, hydrogen bond interactions
between HEC and EDOT. Therefore, HEC could serve as a tem-
plate to guide EDOT to polymerize in a certain direction and
sequence, which was beneficial for forming a regular PEDOT
structure. Glycerin enhanced PEDOT conductivity, while PLA
improved the spinnability of the solution and conferred mechan-
ical robustness to the shell fibers. CS provided a further boost to
the regeneration of tendon and bone tissue, as well as effectively
balancing inflammation. The bundled PLA micron yarn in the
core layer provided the essential mechanical of the suture and
strong support for postoperative activities. We hypothesized that
this multifunctional design would promote healing. Therefore,
in vitro experiments were conducted to assess the suture’s anti-
inflammatory, osteogenic, and tenogenic properties. In vivo stud-
ies evaluated its efficacy in surgically re-approximating and se-
curing the ruptured tendon sleeve to the calcaneal bone. Finally,
long-term postoperative repair assessments were performed to
evaluate the combined contribution of the suture’s electroactivity
and anti-inflammatory modulation to functional recovery within
the challenging Achilles tendon sleeve avulsion model.

2. Results

2.1. Spinning Solution and Suture Fabrication

The sutures were successfully fabricated according to Figure 1 for
tendon-to-bone reattachment. Four formulations were prepared
based on their composition:

(i) PGH: PLA (0.25 g), glycerol (0.5 g), HEC (0.5 g)
(ii) PGHE: PGH components + EDOT (0.5 g)
(iii) PGHE-CS2: PGHE components + CS (200 mg)
(iv) PGHE-CS4: PGHE components + CS (400 mg)

Each formulation was dissolved in 16 mL of hexafluoroiso-
propanol (HFIP) under constant agitation at 46 °C until homoge-
neous solutions formed. During processing, PGHE, PGHE-CS2,
and PGHE-CS4 solutions darkened progressively from white to
black, indicating EDOT polymerization to PEDOT. Upon color
stabilization, 500 μL ethyl alcohol was added to each solution, fol-
lowed by 1 min vigorous stirring before electrospinning.
The spinning solution was equally distributed into two sy-

ringes and positioned at the positive and negative electrodes
of the electrospinning apparatus. Under the applied voltage
(±12 kV) and controlled by the winding roller (400 rpm),
nanofibers were ejected from the syringe and deposited onto the
suspended PLAmicron yarn core within thewinding roller, form-
ing the core-shell yarn structure. To enhance mechanical proper-
ties, multiple core-shell yarns were combined, suspended within
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Figure 1. Synthesis mechanism and fabrication process of electroactive and anti-inflammatory sutures for tendon-to-bone reattachment. a) HEC and
EDOTwere interconnected through hydrogen bonds, andHEC provided a template for the polymerization of EDOT, forming stable PEDOT and achieving
dry polymer conductivity. The schematic workflow b): First, solution preparation: the PLA, glycerol, HEC, EDOT, and CS were dissolved in HFIP, forming
an initial white solution. Thermal stirring induced EDOT polymerization, progressively changing the solution color to a stable black. Second, suture
fabrication: Primary electrospinning deposited nanofibers onto the PLA micron yarn, forming core-shell yarns. Bundled core-shell yarns underwent
secondary electrospinning for reinforcement, followed by thermal crosslinking to finalize the suture. Then, in vitro functionality: Under ES, the suture
could promote the proliferation and differentiation of tenocytes and BMSCs. CS reduced the macrophages’ viability and produced anti-inflammatory
effects. Finally, in vivo performance: PGHE-CS2 suture could weave tendon, pass through the bone tunnel, and fix the bone in a rabbit Achilles tendon
sleeve avulsion model. After 12 weeks, the new bone gradually grew into the bone tunnel, so the ruptured tendon was stably fixed on the bone.
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Figure 2. Structural and functional characterization of PEDOT:HEC/glycerol composites. a) Schematic of PEDOT:HEC/glycerol polymerization network.
b) Visual transition during EDOT polymerization (monomer versus polymer states). c) The solid-state of PEDOT: HEC/glycerol polymer. d) Conductivity
demonstration via dry-state circuit illumination. e) FTIR spectra of EDOT, PEDOT:HEC, and PEDOT: HEC/glycerol. f) 1H-NMR spectrum of EDOT
monomer. g) 1H-NMR spectrum of PEDOT:HEC/glycerol polymer.

the winding roller, and subjected to a second electrospinning cy-
cle. During this process, additional nanofibers are deposited onto
the bundled yarns, resulting in a thicker suture with superiorme-
chanical integrity. During the spinning process, ethyl alcohol in-
creased the spinnability of the solution. The volatilization of ethyl
alcohol accelerated the volatilizationHFIP, resulting in faster for-
mation of more stable nanofibers. Subsequently, the four sutures
were placed in a fume hood to allow the residual ethyl alcohol
and HFIP to completely evaporate. Finally, the four sutures were
wetted with deionized water and then thermal crosslinking at
60 °C for 20 min. This crosslinking process was repeated several
times until the nanofibers in the sutures did not detach under the
force.

2.2. Polymerization of EDOT

Within HFIP, HEC functioned as a polymeric template, combin-
ing with EDOT through hydrogen bonding. This template effect
enabled EDOT to polymerize in a certain direction and sequence,
yielding a stable conductive PEDOT architecture. HEC simul-
taneously facilitated homogeneous PEDOT dispersion in HFIP,
permitting successful electrospinning. Glycerol doping induced
crystalline domain formation and PEDOT nanofiber intercon-
nection (Figure 2a). Specifically, uponmixing optimized ratios of
EDOT, HEC, and glycerol in HFIP, the system formed a milky
suspension (Figure 2b, left). Subsequent polymerization con-
verted EDOT to PEDOT, inducing a distinct chromatic transition
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to a jet-black conductive dispersion (Figure 2b, right), confirm-
ing successful 𝜋-conjugated network formation. Free-standing
black polymer obtained upon solvent evaporation enabled dry-
state conductive, as evidenced by bulb illumination (Figure 2c,d).
This phenomenon confirmed both the successful polymeriza-
tion of EDOT to PEDOT and charge carrier mobility, establish-
ing the composite’s efficacy as an electroactive biomaterial. From
Figure 2e in the Fourier transform infrared spectroscopy (FTIR),
the 1587 cm−1 peak corresponds to C─O─C skeletal vibrations
in HEC. The peak at 3288 cm−1 was the O─H, which belonged
to HEC and glycerol. Interestingly, the broadened O─H stretch
indicated glycerol-enhanced H-bond networks. Furthermore, the
peak of EDOT monomer at 3111cm−1 was attributed to the
≡C─H stretching vibration on the thiophene ring, which disap-
peared after polymerization. The peaks at 889 and 753 cm−1 were
those usually associated with specific structures of EDOT, such
as vibrations, and these peaks also diminished or disappeared af-
ter polymerization. From the proton nuclear magnetic resonance
(1H-NMR), H in EDOT changed from the original 4:2 to 4:1, in-
dicating chain-growth polymerization efficacy (Figure 2f,g).

2.3. Characteristics of Sutures

The four sutures before thermal crosslinking are shown in
Figure 3a, exhibiting a black surface color for PEDOT-containing
sutures. Surface fibers on all sutures were within the nanome-
ter range (Figure 3b,c). Cross-sectional scanning electron mi-
croscopy (SEM) analysis revealed a shell-core structure, com-
prising a nanofiber shell layer and a PLA micron yarn core
(Figure 3d). Bulb illumination tests demonstrated that while the
non-PEDOT’s PGH suture failed to illuminate the bulb, the
PEDOT-containing PGHE, PGHE-CS2, and PGHE-CS4 sutures
all produced illumination (Figure 3e). The incorporation of non-
conductive PLA within the fibers resulted in reduced bulb illu-
mination intensity compared to the PEDOT: HEC/glycerol poly-
mer shown in Figure 2d. Notably, conductivity was retained in
the dry state despite PLA’s attenuating effect on conductivity
strength. However, the shell and core layers were unstable and
easily separated from each other in the wet state, indicating that
the nanofibers were not firmly bonded (Figure 3f).
After the sutures were thermal crosslinked, the color of the

sutures was darker than that of the non-crosslinking sutures,
and the suture diameter was 0.59 ± 0.13 mm, accompanied by
slight fiber deformation while retaining their nanofiber structure
(Figure 3g,i). In contrast to their pre-crosslinked state (Figure 3f),
the thermally crosslinked sutures maintained structural integrity
in the wet state, resisting shell-core layer separation under man-
ual handling and forming a cohesive unit (Figure 3h). This
demonstrates that thermal crosslinking significantly enhanced
suture stability. Finally, the crosslinked suture was fitted with a
compatible needle, rendering it suitable for general suturing ap-
plications (Figure 3j).
From Figure 4a–c, electrical characterization revealed that

PGHE, PGHE-CS2, and PGHE-CS4 sutures exhibited conduc-
tivity in the dry state after thermal crosslinking (PGH was non-
conductive, with resistivity exceeding instrument range, and thus
omitted). Moreover, the conductivity of all three sutures im-
proved in the wet state, demonstrating their excellent charge

transport capability (Figure S1, Supporting Information). The
mass loss of sutures after 8 weeks ranged from approximately
20% to 40%. This indicated that the degradation process had
commenced and was proceeding steadily, withmolecular decom-
position occurring while the bulk structure remained intact to
provide sustained mechanical support (Figure 4d). After 8 weeks
of degradation, the conductivity of the sutures in the wet state
decreased (Figure S2, Supporting Information), but remained
within the effective range for ES mediated by biomaterials.[34–36]

When the stress-strain curve of the four sutures showed a down-
ward trend, surface nanofibers developed microcracks while the
sutures maintained structural integrity without complete frac-
ture. Notably, PEDOT-containing sutures displayed significantly
enhancedmechanical strength (Figure 4e–i). This reinforcement
mechanism primarily stems from EDOT polymerization, which
strengthens intermolecular interactions between components.
Furthermore, water contact angle measurements confirmed that
HEC imparted hydrophilicity to the sutures, and the incorpora-
tion of PEDOT promoted greater exposure of hydroxyl groups
from the HEC template on the suture surface, significantly in-
creasing hydrogen bonding sites and substantially enhancing
hydrophilicity. Consequently, PGHE, PGHE-CS2, and PGHE-
CS4 demonstrated markedly superior hydrophilicity compared
to PGH (Figure 4j,k). Collectively, these results demonstrate that
the thermally crosslinked PEDOT-incorporated sutures exhibit
stable electrical conductivity, controlled degradation, enhanced
mechanical properties, and excellent hydrophilicity, meeting es-
sential requirements for Achilles tendon sleeve avulsion repair
applications.

2.4. Anti-Inflammatory Effect of CS

After culturing mouse mononuclear macrophages (RAW264.7)
in the extraction solution for 4 days, the majority of cells in the
PGH and PGHE groups were still round, while the cells in the
CS groups showed vacuolation. After 7 days, some RAW264.7
in the PGH showed pseudopodia, potentially indicative of cellu-
lar polarization during culture. Although vacuolation in the CS
groups was reduced, the number of cells in the CS groups was
also lower than in the other groups (Figure 5a). RAW264.7 seeded
on sutures was subjected to ES at 10 mV, 1 mA. Cell viability
in the PGHE-CS2 and PGHE-CS4 was significantly lower than
PGH and PGHE after 4 and 7 days, while no significant differ-
ence existed between the PGH and PGHE groups (Figure 5b).
Live/dead staining at day 7 revealed pseudopodia formation in
some cells within the PGH and PGHE groups, whereas PGHE-
CS2 and PGHE-CS4 groups showed no pseudopodia formation
and exhibited significantly fewer viable cells (Figure 5c). Corre-
sponding SEM showed significantly fewer RAW264.7 adhering to
nanofibers in PGHE-CS2 and PGHE-CS4 compared to the other
two groups (Figure 5d). The above results showed that CS played
a major role in affecting RAW264.7 in the presence of both ES
and CS. CS reduced RAW264.7 viability while suppressing cellu-
lar polarization.
To assess the effect of CS on RAW264.7, the lipopolysaccharide

(LPS)-induced macrophage polarization model was established
by adding LPS to all groups except the control (Figure 5e). Flow
cytometry analysis (Figure 5f,h) revealed a rightward shift in all
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Figure 3. Characterization of sutures before and after thermal crosslinking. a) Macroscopic image in dry state (before crosslinking). b) SEM image of the
surface (before crosslinking); scale bar= 20 μm. c) Corresponding nanofiber diameter statistics. d) SEM image of the cross-section (before crosslinking).
e) Bulb illumination test in dry state (before crosslinking). f) Macroscopic image in wet state (before crosslinking). Macroscopic images after thermal
crosslinking: g) dry state, h) wet state. i) SEM image of the surface (after crosslinking); scale bar = 20 μm. j) Overall macroscopic view of a suture with
a needle (after crosslinking).

LPS-treated groups compared to the control, indicating that LPS
successfully induced RAW264.7 polarization. Compared to the
control+LPS group, the PGH, PGHE, PGHE-CS2, and PGHE-
CS4 groups all exhibited varying degrees of leftward shift in
CD80 and CD86 expression, indicating their regulatory effects
on these markers. For CD80, there was no difference between
PGH and PGHE, but these were significantly higher than PGHE-
CS2 and PGHE-CS4, indicating that the presence of CS could

more down-regulate the expression level of CD80 (Figure 5g). For
CD86, the expression level of PGHE-CS4 was lowest (Figure 5i).
Furthermore, qPCR analysis demonstrated that CS upregu-
lated the expression of arginase-1 (ARG1) and interleukin-10
(IL-10) while downregulating interleukin-1𝛽 (IL-1𝛽) and tumor
necrosis factor-𝛼 (TNF-𝛼) (Figure 5j-m). Collectively, these re-
sults indicated that the addition of CS had anti-inflammatory
effects.
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Figure 4. a) Resistivity, b) conductivity, and (c) cyclic voltammetry curves of the PGHE, PGHE-CS2, and PGHE-CS4 sutures in the dry state. d) The mass
loss rate of sutures after 1, 2, 4, and 8 weeks of degradation. e) The stress-strain curve, f) ultimate tensile strength (UTS), g) strain at failure, h) Young’s
modulus, and i) maximum force of the sutures. j) Water contact angle test and k) corresponding angle statistics of the sutures. One-way analysis of
variance followed by Tukey’s post hoc test was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, n ≥ 3.

2.5. In Vitro Tendon Regeneration Capability

Tenocytes were seeded onto sutures, and an ES model was es-
tablished by applying 10 mV, 1 mA (Figure 6a). Under ES, cell
viability in the PGHE, PGHE-CS2, and PGHE-CS4 groups was
significantly higher than in both the PGH group and non-ES
conditions, indicating that ES promoted tenocytes proliferation
(Figure 6b). Furthermore, the PGHE-CS2 group exhibited the
highest viability under ES after 4 and 7 days (Figure 6c). Live/dead
staining revealed that most tenocytes on PGH sutures appeared
punctate or aggregated. This morphology is likely attributable to
the fibrous softness induced by HEC, which restricted cellular
extension. Notably, the incorporation of PEDOT improved fiber
texture, enabling tenocytes to extend a normal, spread morphol-
ogy. Under ES, these cells also exhibited directional alignment
(Figure 6d). SEM analysis confirmed superior cell spreading on
PGHE, PGHE-CS2, and PGHE-CS4 fibers compared to PGH,

with PGHE-CS2 supporting the most extensive spreading area
(Figure 6e).
DAPI/collagen I (COL I) immunofluorescence (IF) staining

revealed that the tenocytes number and COL I expression of
PGHE were higher than PGH, indicating that ES was able to
promote COL I expression. Notably, PGHE-CS2 exhibited su-
perior COL I expression relative to both PGHE and PGHE-
CS4, indicating that moderate CS concentrations optimize COL
I production (Figure 6f–h). Similarly, DAPI/F-actin/ tenomod-
ulin (TNMD) IF staining showed PGHE-CS2 achieved maximal
cell number, spreading area, and TNMD expression among all
groups (Figure 6i–l). Given the inhibitory effect of high CS con-
centration (PGHE-CS4) on tenocyte function, subsequent qPCR
analysis excluded this group. Results confirmed that combined
ES and moderate CS (PGHE-CS2) significantly upregulated
tendon-associated genes fibromodulin (FMOD), COL I, and scle-
raxis (SCX) (Figure 6m–o). Collectively, these findings identify
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Figure 5. a) Morphology of RAW264.7 cultured in sutures extraction solution after 4 and 7 days, scale bar= 50 μm. b) Proliferation of RAW264.7 cultured
on sutures for 1, 4, and 7 days under ES (10 mV, 1 mA). c) Live/dead staining and d) SEM of RAW264.7 cultured on sutures for 7 days with ES, scale bar=
200 μm, and scale bar= 30 μm, respectively. Blue circles: polarized cells, and red circles: vacuolated cells. e) Schematic diagramof LPS-induced RAW264.7
polarization to M1 phenotype, green: LPS, blue: RAW264.7, pink: culture medium. Flow cytometry analysis of f,g) CD80 and h,i) CD86 expression in
LPS-induced RAW264.7. qPCR analysis of j) ARG1, k) IL-10, l) IL-1𝛽, and m) TNF-𝛼 expression in LPS-induced RAW264.7. One-way analysis of variance
followed by Tukey’s post hoc test was used for statistical analysis. n.s.: no significance, *p < 0.05, **p < 0.01, ***p < 0.001, n = 3.

PGHE-CS2 as the optimal suture formulation for promoting
tenocyte proliferation and tendon-marker expression.

2.6. In Vitro Osteogenic Ability

BMSCs were seeded onto sutures and subjected to ES. After
7 days of culture, the PGHE-CS2 group demonstrated optimal

performance, significantly enhancing BMSCs proliferation and
morphological extension across the fiber surface (Figure 7a–c).
Specifically, BMSCs on PGH sutures exhibited rounded mor-
phology with limited distribution, attributable to excessive fiber
softness. In contrast, PEDOT-modified sutures (PGHE, PGHE-
CS2, PGHE-CS4) displayed improved fiber texture, enabling ex-
tensive cell spreadingwith characteristic spindlemorphology and
intercellular connections (Figure 7a,c). The cell viability of PGHE
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Figure 6. a) Schematic illustration of the ES experimental setup, yellow: ES (10 mV, 1 mA), green: tenocytes, black: sutures. b) Proliferation of tenocytes
cultured on sutures without/with ES. c) Proliferation of tenocytes cultured on sutures for 1, 4, and 7 days under ES. d) Live/dead staining, and e) SEM
morphology of tenocytes cultured on sutures after 7 days with ES, scale bar= 100 μm, scale bar= 500 μm, and scale bar= 30 μm, respectively. In vitro COL
I expression of tenocytes cultured in sutures with ES after 14 days: f) Nuclei count quantification, g) COL I positive area analysis, and h) Representative
DAPI/COL I IF staining, scale bar = 500 μm. In vitro TNMD expression of tenocytes cultured in sutures with ES after 14 days: i) Representative DAPI/F-
actin/TNMD staining, scale bar = 200 μm, and j) nuclei count quantification, k) F-actin spreading area analysis, l) TNMD positive area analysis. qPCR
analysis of tenocytes gene expression after 14 days with ES: m) FMOD, n) COL I, o) SCX. One-way analysis of variance followed by Tukey’s post hoc test
was used for statistical analysis. n.s.: no significance, *p < 0.05, **p < 0.01, ***p < 0.001, n = 3.
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Figure 7. a) Live/dead staining of BMSCs cultured on sutures with ES (10 mV, 1 mA) after 7 days, scale bar = 200 μm. b) Proliferation of BMSCs cultured
on sutures with ES after 1, 4, and 7 days. c) SEM morphology of BMSCs on sutures with ES after 7 days, scale bar = 30 μm. In vitro COL I expression
of BMSCs cultured in bone-induced suture extraction solution with ES after 14 days: the statistics of d) nuclei quantification, e) COL I positive area,
and f) DAPI/ COL I IF staining, scale bar = 500 μm. Osteogenic marker analysis of BMSCs cultured in bone-induced suture extraction solution with ES:
g) ALP activity after 7 and 14 days, h) ARS activity after 14 days, i) Representative ALP staining and j) ARS staining after 14 days, scale bar = 500 μm.
qPCR analysis of osteogenic gene expression of BMSCs cultured in bone-induced suture extraction solution with ES after 14 days: k) OCN, l) OPN, m)
RUNX2. One-way analysis of variance followed by Tukey’s post hoc test was used for statistical analysis. n.s.: no significance, *p < 0.05, **p < 0.01, ***p
< 0.001, n = 3.

was significantly higher than PGH,while PGHE-CS2 further out-
performed both PGHE and PGHE-CS4 (Figure 7b). The above
demonstrated that ES and optimal CS loading synergistically pro-
moted the proliferation and spreading of BMSCs, which had a
similar effect as tenocytes.
IF staining analysis of DAPI/COL I in BMSCs revealed

COL I elevated expression in both PGHE-CS2 and PGHE-CS4
(Figure 7d–f). In addition, the Alkaline phosphatase (ALP) and
Alizarin Red S (ARS) expression ability of PGHE-CS2 and PGHE-
CS4 were comparable and superior to the other two groups, indi-
cating that the addition of CS could accelerate the osteogenic abil-
ity of BMSCs (Figure 7g–j). Notably, PGHE-CS4 could slow down
the proliferation of BMSCs, and its osteogenic performance did
not exceed PGHE-CS2 despite higher CS loading, indicating
dosage limitations. Therefore, PGH, PGHE, and PGHE-CS2 con-

tinued for further qPCR to verify the osteogenic ability of BM-
SCs. The results showed that optimal CS concentration (PGHE-
CS2) significantly upregulated osteogenic markers osteocalcin
(OCN), osteopontin (OPN), and runt-related transcription factor
2 (RUNX2) of BMSCs in vitro. Importantly, the RUNX2 expres-
sion of PGHE was higher than PGH, indicating that ES was con-
ducive to the accelerated expression of RUNX2 (Figure 7k–m).
In other words, PGHE-CS2 emerges as the optimal formulation,
synergistically promoting BMSCs proliferation and osteogenesis.

2.7. Reconstruction of the Achilles Tendon Sleeve Avulsion

Following the tendon was reattached to the bone, PGH showed
significant inflammation that persisted throughout 12 weeks

Adv. Funct. Mater. 2025, e16062 © 2025 Wiley-VCH GmbHe16062 (10 of 17)
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Figure 8. a) Macroscopic view of reconstructed Achilles tendon sleeve avulsion. b) HE staining and c) MT staining after 4 and 12 weeks post-operation,
scale bar = 0.3 mm. Green box: bone tunnel. Red box: tendon insertion. B: bone. T: tendon.

with tissue remodeling. Meanwhile, new soft and hard tissues
emerged around PGHE and PGHE-CS2 sutures, and the inflam-
matory response was relatively mild (Figure 8a).
From hematoxylin-eosin (HE) staining (Figure 8b), the newly

formed tendon tissue had tightly adhered to the suture after
12 weeks. However, the PGH group exhibited progressively in-
tensified inflammation, while PGHE-CS2 showed significantly
reduced inflammatory infiltration compared to the other two
groups. This could also lead to similar conclusions in tendon in-
sertion and bone. In addition, there was a gap between the re-
generated tissue of the PGH and the surrounding bone in the

bone tunnel after 12 weeks, indicating that the bonding between
the PGH suture and the surrounding bone was not firm. PGHE
exhibited partial tissue-bone contact with residual gaps, while
PGHE-CS2 achieved seamless integration, demonstrating that
electroactive-CS dual functionalization enhances suture stability
in the bone tunnel.
Masson’s trichrome (MT) staining further showed unsta-

ble tendon insertion with minimal collagen in PGH, whereas
PGHE and PGHE-CS2 displayed reduced gaps with observ-
able collagen deposition at insertion sites (Figure 8c). Crit-
ically, PGHE-CS2 demonstrated superior collagen expression

Adv. Funct. Mater. 2025, e16062 © 2025 Wiley-VCH GmbHe16062 (11 of 17)
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Figure 9. a–d) IF staining of CD206/CD86/DAPI and CD206/CD86 positive ratio of the newly formed tissue after 4 weeks post-implantation.
e–h) Corresponding IF staining and positive ratio after 12 weeks. Scale bar = 150 μm. NB: native bone. Yellow arrow: the newly formed tissue in
the bone tunnel. One-way analysis of variance followed by Tukey’s post hoc test was used for statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001,
n = 3.

across both tendon and bone tissues (Figure S3, Supporting
Information).
To further assess the inflammation in the regenerated tendon

and bone tissue, IF staining of CD206 and CD86 was performed
at 4 and 12 weeks post-implantation. In tendon tissue at 4 weeks,
PGH exhibited intense inflammation with minimal CD206 ex-
pression, while PGHE and PGHE-CS2 showed elevated CD206

levels (Figure 9a,b). By 12 weeks, with tissue remodeling and su-
ture degradation, PGHmaintained persistent inflammation with
a low CD206/CD86 ratio. PGHE-CS2 demonstrated significantly
higher CD206 expression and optimal anti-inflammatory capac-
ity (Figure 9e,f).
For bone tissue, there were slight differences from tendon

tissue. In the bone tunnel after 4 weeks, the number of DAPI
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in PGH was small, indicating that there was very little new tis-
sue. Conversely, there were more new tissues and higher positive
expression of CD206 in PGHE-CS2 (Figure 9c,d). After 12 weeks,
the levels of CD86 in PGH and PGHE were upregulated, accom-
panied by an increase in the expression of CD206. However, the
positive ratio of CD206/CD86 was generally lower than that of
PGHE-CS2 (Figure 9g,h). The above indicates that PGHE-CS2
had a higher anti-inflammatory ability than the other two groups.
Immunohistochemistry (IHC) staining revealed that all

groups showed positive expression of COL I and FMOD in
tendon tissue, but the expression levels varied among groups.
Among them, PGHE and PGHE-CS2 demonstrated markedly
higher expression than PGH (Figure 10a–c). In our previous
research,[37] we found that conductive materials could promote
FMOD expression and enhance glycosaminoglycan binding pro-
tein pathways. In this study, we further introduced new conduc-
tive materials and the glycosaminoglycan of CS, which were sim-
ilarly validated to promote tendon tissue regeneration. In bone
tunnels, PGHE significantly outperformed PGH in COL I and
OCN expression, while PGHE-CS2 surpassed both groups, con-
firming PGHE-CS2’s superior capacity to enhance osteogenesis
(Figure 10d–f).

3. Discussion

Achilles tendon sleeve avulsion represents a clinically intractable
condition due to the absence of viable tissue for direct reattach-
ment at the insertion site.[38] The native bioelectrical signal that
is critical to tendon function is disrupted.[39] Furthermore, con-
ventional non-absorbable sutures risk permanent retention with
associated complications, including chronic inflammation, infec-
tion, and foreign body reactions.[40] To address these limitations,
we engineered a multifunctional surgical suture featuring elec-
troactivity, biodegradability, anti-inflammatory properties, and re-
generative capacity for tendon-to-bone integration (Figure 1).
Our material innovation leverages HEC to disperse EDOT

monomers, enabling polymerization into PEDOT within HFIP
solvent systems. This approach circumvents the aqueous dis-
persion limitations inherent to PSS-dependent methodolo-
gies, significantly expanding PEDOT’s biomedical applicability
(Figure 2b). Continuous agitation under controlled heating fa-
cilitated catalyst-free EDOT polymerization (Figure 2e–g). In ad-
dition, the glycerol incorporation enhanced the conductivity of
PEDOT (Figure 2d). Compared to the rough shell layer of yarns
obtained by electrospun in the past, the surface fibers obtained
by adding glycerol to this suture were softer, which was benefi-
cial for tissue suturing and traction, greatly improving comfort
in bone tunnels. Critically, the strategic addition of ethyl alco-
hol accelerated HFIP volatilization during spinning, stabilizing
fiber ejection kinetics without compromising PEDOT conductiv-
ity (Figures 3e and 4b). Subsequent thermal crosslinking yielded
structurally stable sutures suitable for repairing Achilles tendon
sleeve avulsion (Figure 3j).
Current commercial sutures exhibit mechanical strength pro-

files incompatible with osseous stress environments, leading
to suture micromotion within bone tunnels that progressively
widen the bone tunnel over time.[41] This instability is com-
pounded in patients with comorbidities, where tendon weaken-
ing, muscular atrophy, and restricted joint mobility following

primary repair often precipitate failure of conventional sutures
and tendon substitutes.[42] Furthermore, non-degradable materi-
als occupy space in the bone tunnel indefinitely without induc-
ing osteogenesis,[43] collectively exacerbating tendon-bone bond-
ing failure. Our suture strategically addresses these limitations
through: i) Core reinforcement via multiple PLA micron yarn
strands, ensuring the core strength of the suture (Figure 3d).
ii) Surface stabilization through hydrogen-bonded PEDOT net-
works that significantly enhance mechanical strength compared
to those without PEDOT (Figure 4e,i). iii) Robust fiber fixation
is achieved by thermal crosslinking, which maintains structural
integrity under a forceful and moist environment (Figures 3h
and 8a). It could be seen that there was a match between this su-
ture and the bone tunnel. (iv) IHC analysis confirmed that the
synergistic effects of electroactive polymers and CS in PGHE-
CS2 sutures accelerated the formation of tendon and bone tis-
sues, which was beneficial to the stability of tendon re-fixation
on the bone (Figure 10). This regenerative capability, absent in
commercial sutures, directly addresses the fundamental instabil-
ity underlying repair failures.
As a negatively charged glycosaminoglycan, CS functions as

a dopant or charge carrier when incorporated into the PE-
DOT/HEC/glycerol/PLA nanofibrous shell. Elevated CS con-
centration (PGHE-CS4) increased mobile ions or charge traps
within the material, thereby significantly enhancing suture con-
ductivity (Figure 4b). Concurrently, CS exerts dose-dependent
anti-inflammatory effects by suppressing pro-inflammatory cy-
tokines, promoting anti-inflammatory factors, and modulating
macrophage polarization. As demonstrated in Figure 5, high-
CS (PGHE-CS4) potently reduced RAW264.7 viability, inhibited
pseudopodia formation, downregulated CD80/CD86, and opti-
mized inflammatory factor expression. Although CS is widely
recognized to facilitate bone and tendon formation, elevated CS
concentrations coupled with high conductivity do not neces-
sarily enhance the proliferation or differentiation of tenocytes
and BMSCs. This was observed that PGHE-CS4 unexpectedly
impaired cellular proliferation and differentiation compared to
PGHE-CS2 under identical ES conditions (Figures 6 and 7). This
is mainly due to: 1) Tissue regeneration requires moderate in-
flammatory signals to initiate repair cascades, which may be
overly suppressed by high-CS anti-inflammatory potency. 2) Ex-
cessive CS release could saturate receptors or trigger negative
feedback, while an altered material microenvironment (surface
charge/topography) further compromises cellular responses. In
contrast, PGHE-CS2 optimally balanced conductivity (Figure 4b),
anti-inflammation (Figures 5 and 9), and pro-regenerative func-
tions. By harmonizing electroactivity and CS bioactivity, PGHE-
CS2 maximized expression of key markers (Figures 6 and 7),
ultimately achieving superior tendon-bone integration and anti-
inflammatory outcomes in vivo (Figures 8–10). This underscores
the critical importance of dose balancing in multifunctional bio-
material design.
Ane et al.[44] demonstrated that replacing PEDOT:PSSwith PE-

DOT nanoparticles (NPs) eliminates the issue of PSS residue.
Cells proliferated well on silk fibroin conduits incorporated with
1-10% PEDOT NPs, confirming the non-cytotoxicity of this com-
posite conduit. Manuel et al.[45] utilized hematin to catalyze
the copolymerization of EDOT and pyrrole (Py), circumvent-
ing the toxicity associated with residues from conventional oxi-
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Figure 10. a) Representative IHC staining of COL I and FMOD in tendon tissue, scale bar = 0.17 mm. b,c) Quantitative analysis of COL I and FMOD
expression in the tendon. d,e) Quantitative analysis of COL I and OCN expression in bone tissue. f) Representative IHC staining of COL I and OCN
in bone, scale bar = 0.33 mm. One-way analysis of variance followed by Tukey’s post hoc test was used for statistical analysis. *p < 0.05, **p < 0.01,
***p < 0.001, n = 3.
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dants. No toxic effects were observed in either paramecium or
mammalian cell experiments at EDOT-Py particle concentrations
≤1 mgmL−1. Notably, paramecium cells exhibited 100% survival
and normal excretory function after internalizing EDOT-Py par-
ticles at 10 μg mL−1, with complete excretion occurring within
72 h. Collectively, these studies indicate that EDOT/PEDOT at
low doses exhibits negligible intrinsic toxicity, and its poten-
tial toxicity can be effectively mitigated through material design
(nanoparticle formulation, biocompatible carrier encapsulation)
and green synthesis strategies (biomimetic catalysis). This is cor-
roborated by our findings: PGHE-CS2 sutures, synthesized via
the green polymerization of EDOT using an HEC/glycerol sys-
tem, were non-toxic to tenocytes and BMSCs and promoted their
proliferation (Figures 6c,d, and 7a,b). Furthermore, Jia’s team[46]

developed a degradable PEDOT-COOH polymer for implantable
zinc batteries. Its degradation products promoted cell growth
at concentrations <60 μg mL−1. The material completely disap-
peared 8 weeks after subcutaneous implantation in SD rats, and
HE staining revealed no inflammation or lesions in major or-
gans, demonstrating complete biodegradation and excellent bio-
compatibility of the degradation products. Similarly, our PGHE-
CS2 sutures implanted in rabbits for 12 weeks showed no mor-
tality attributable to potential PEDOT toxicity. HE and IF staining
indicated low levels of inflammation in tendon and bone tissues
(Figures 8b and 9). Therefore, under the described experimental
conditions, the inherent toxicity of low-dose PEDOT materials
and their degradation byproducts toward tenocytes, BMSCs, and
in vivo animal models is negligible.
Critically, to assess the functional persistence of the conduc-

tive network during the key healing phase, wemonitored the con-
ductivity of PGHE, PGHE-CS2, and PGHE-CS4 sutures under in
vitro degradation conditions. In physiological wet environments,
water molecules penetrate the PEDOT/HEC conductive network,
acting as ion transport media that enhance charge mobility. This
hydration effect increased conductivity by approximately 30-fold
compared to the dry state (Figure 4b; Figure S1, Supporting Infor-
mation). Notably, while conductivity gradually decreased with su-
ture degradation, all remained within the effective range for con-
ductive biomaterials (Figure S2, Supporting Information). This
controlled electroactivity aligns with established timelines for ac-
tive tendon-bone healing and remodeling,[47] ensuring the su-
ture delivers essential bioelectrical signals during initial healing
stages to modulate cellular behaviors (proliferation, migration,
differentiation) and then gives way to regenerated tissue. There-
fore, these sutures are a promising platform for electrically re-
sponsive tissue regeneration. Nevertheless, ultra-long-term ap-
plications of PEDOT-based implants warrant deeper investiga-
tion into degradation kinetics, accumulation effects of degrada-
tion products, and potential chronic impacts.
The innovative aspects and limitations of this study are in-

herently complementary. Through systematic variation of com-
ponent ratios, we determined the optimal formulation: 0.25 g
PLA, 0.5 g glycerol, 0.5 g EDOT, and 0.5 g HEC dissolved in
16mLHFIP. Reducing PLA content impaired spinnability, while
increasing it yielded non-conductive fibers. This indicates that
polymers like PLA are substitutable, though replacement neces-
sitates re-optimization of polymer dosage. Similarly, decreasing
EDOT or HEC compromised fiber conductivity. The viscosity im-
parted by HEC mandated a minimum of 16 mL HFIP; further

dilution with HFIP impaired spinnability. To address this, we
strategically introduced ethyl alcohol as a spinning aid. Crucially,
our approach innovatively achieved in situ synthesis of conduc-
tive PEDOT solely through the synergistic environment provided
by HEC, glycerol, and HFIP, leveraging hydrogen bonding be-
tween components. This method represents an environmentally
benign route to PEDOT formation. The conductivity of the PE-
DOT synthesized through this method was relatively lower than
commercially available alternatives. Nevertheless, with our cur-
rent components, the fibers maintainedmeasurable conductivity
even after months of storage in a drying oven. This electroactivity
stability confirms their suitability for in vivo applications.

4. Conclusion

This study developed a novel biomaterial platform addressing the
critical limitations of conventional, biologically inert sutures used
in Achilles tendon sleeve avulsion repair. The key comparative ad-
vantage of this multifunctional suture lies in its dual functional-
ity: inherent electroactivity and potent anti-inflammatory modu-
lation, achieved through solvent-mediated synthesis and an elec-
trospinning strategy. Leveraging the HEC/glycerol/HFIP system
enabled eco-friendly in situ PEDOT polymerization, establishing
a conductive framework. Compared to current clinical options,
this suture actively promotes tissue regeneration by restoring the
disrupted bioelectrical microenvironment essential for healing.
In vitro, the incorporated CS significantly downregulated pro-
inflammatory cytokines, effectively countering the chronic in-
flammation often associated with traditional non-degradable im-
plants, while the synergy between electroactivity and CS robustly
enhanced tenocytes and BMSCs proliferation and differentiation
under ES. In vivo, the suture successfully reattached ruptured
tendons to the calcaneus. Critically, at 12 weeks post-operation,
attenuated inflammation coupled with robust new tissue forma-
tion enhanced tendon-bone integration and bone tunnel stabil-
ity, thereby achieving functional reconstruction through coordi-
nated material degradation and biological regeneration, offering
a promising advanced solution beyondmeremechanical fixation.

5. Experimental Section
Materials: Polylactic acid micron yarn (PLA micron yarn) was from

Shanghai Taixin New Material Technology Co., Ltd. Polylactic acid (PLA,
Mw = 110000) was from RHAWN Reagent. Glycerol (99%, MW = 92.09)
was from Shanghai Aladdin Biochemical Technology Co., Ltd. Hydrox-
yethyl cellulose (HEC, 5000 - 6400 mpa.s) was from Shanghai Meryer Bio-
chemical Technology Co., LTD. 3,4-ethylenedioxythiophene (EDOT, 99%+,
MW = 142.18) was from Adamas-beta. Chondroitin sulfate (CS, 95%)
was from Shanghai Bide Pharmatech Co., Ltd. Ethyl alcohol (≥99.9%)
was from Sinopharm Chemical Reagent Co., Ltd. Hexafluoroisopropanol
(HFIP, ≥99.5%, MW = 168.04) was from Shanghai Darui Fine Chemicals
Co., LTD.

Characterization of EDOT Polymerized to PEDOT: EDOT, HEC, and
glycerol were dissolved in HFIP following the prescribed protocol under
constant stirring. Solution color evolution was quantitatively monitored
until stabilization. Upon reaching chromatic equilibrium, the solution was
solvent-cast in a fume hood and dried to obtain solid-state polymer com-
posites. Dry-state electrical conductivity was qualitatively assessed using
an LED circuit: illumination confirmed current generation. Fourier trans-
form infrared spectroscopy (FTIR) and proton nuclearmagnetic resonance

Adv. Funct. Mater. 2025, e16062 © 2025 Wiley-VCH GmbHe16062 (15 of 17)

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202516062 by Shanghai Jiaotong U
niversity, W

iley O
nline L

ibrary on [28/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

(1H-NMR) analyses were employed to verify EDOT polymerization into
PEDOT and characterize molecular structure.

Characterization of Suture: The characterization of the PGH, PGHE,
PGHE-CS2, and PGHE-CS4 sutures includes scanning electron mi-
croscopy (SEM), LED circuit, multimeter measurement of resistance,
cyclic voltammetry tests, mass degradation, mechanical tensile, and water
contact angle. A description of the experimental details is in the Support-
ing Information.

In Vitro Anti-inflammatory Ability: RAW264.7 was obtained from
Wuhan Saiweier Biotechnology Co., Ltd. To evaluate the combinatorial
effects of CS and ES (based on previous studies,[37] all ES parameters
were set to 10 mV, 1 mA) on RAW264.7 behavior, the cellular morphol-
ogy, proliferation, live/dead staining, and adhesion were tested. Addition-
ally, macrophage polarization was induced by lipopolysaccharide (LPS,
100 ng mL−1). The CD80 and CD86 expression of RAW264.7 was analyzed
by a Flow cytometer. The anti-inflammatory effect of CS was further vali-
dated through qPCR analysis of inflammatory gene expression (primer se-
quences: Table S1, Supporting Information). Comprehensive experimental
protocols are detailed in the Supporting Information.

In Vitro Tenocytes Biocompatibility and Expression: Tenocytes were iso-
lated from 2-week-old Sprague Dawley (SD) rats (Shanghai Jiesijie Labo-
ratory Animal Co., Ltd.) using established protocols.[48] To evaluate the ef-
fects of ES on tenocyte-suture interactions, an in vitro ESmodel was imple-
mented. Cellular responses were assessed through proliferation, live/dead
staining, and adhesion. Additionally, immunofluorescence (IF) staining of
tendon-specific markers (collagen I, COL I; tenomodulin, TNMD) quan-
tified the ability of sutures to induce tendon regeneration in vitro. Gene
expression was further analyzed via qPCR (primer sequences: Table S2,
Supporting Information). The comprehensive methodology is detailed in
Supporting Information.

In Vitro BMSCs Biocompatibility andOsteogenic Potential: BMSCs were
isolated from 2-week-old SD rats according to the previous method.[49]

The biocompatibility of the suture to the BMSCs was verified by prolifera-
tion, live/dead staining, and adhesion. In addition, the COL I IF staining,
Alkaline phosphatase (ALP) activity, and Alizarin Red S (ARS) staining of
BMSCs verified the osteogenic ability of sutures in vitro. Finally, the qPCR
was also used to investigate BMSCs osteogenic expression (primer se-
quences: Table S3, Supporting Information). A description of the experi-
mental details is in the Supporting Information.

In Vivo Repair of Achilles Tendon Sleeve Avulsion in Rabbit: This study
passed the ethical approval of Chedun Experimental Animal Breeding
Farm Co., LTD., Songjiang, Shanghai (2024102215). An Achilles tendon
sleeve avulsion model was established in adult New Zealand White rab-
bits to evaluate the efficacy of PGH, PGHE, and PGHE-CS2 sutures in
tendon weaving, traction, and fixation. After anesthesia induction with
Zoletil 50 (tiletamine-zolazepam, 7 mg kg−1) via auricular vein injec-
tion, the posterolateral hindlimb was shaved and aseptically prepared
with povidone-iodine and 75% ethyl alcohol. A longitudinal incision ex-
posed the calcaneus and Achilles tendon insertion. Complete tendon
detachment from the calcaneal insertion was achieved via sharp dis-
section to create the sleeve avulsion defect. A transverse bone tunnel
(1.5 mm diameter) was drilled through the calcaneus using a Kirschner
needle. Sterile sutures (PGH, PGHE, and PGHE-CS2) armed with taper-
point needles were woven through the ruptured tendon ends. The su-
ture was then passed through the bone tunnel, fixing the tendon to
its anatomical insertion under tension. Following knot fixation over the
calcaneal bridge, the suture ends were redirected into the tendon sub-
stance for secondary fixation. The wound was closed in layers and dressed
with povidone-iodine. The postoperative antibiotic was administered for
72 h. The mental and activity conditions of the rabbits were observed
regularly.

Histological Analysis: At 4- and 12-week endpoints, animals were
euthanized. The tendon-bone complexes were harvested, fixed in 4%
paraformaldehyde, and decalcified in 14% EDTA. Serial sections under-
went: hematoxylin-eosin (HE) staining, Masson’s trichrome (MT) stain-
ing, IF staining, and immunohistochemistry (IHC) staining.

Statistical Analysis: All experiments were performed with a minimum
of three independent replicates per sample group. All data were expressed

as mean ± standard deviation. One-way analysis of variance followed by
Tukey’s post hoc test was used for statistical analysis. The significant differ-
ence was considered at *p<0.05 and **p< 0.01, *** p< 0.001 (GraphPad
Prism 8.0 software, USA).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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