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Tendon injuries in the aging population are often complicated by heterotopic ossification (HO), hindering
functional recovery. Exosomes from tendon stem/progenitor cells (TSPCs) promote regeneration but may also
induce osteogenesis, contributing to HO. Preconditioning with the BMP inhibitor LDN193189 and modification
with collagen-binding peptides (CBD) can enhance the tenogenic potential of exosomes while mitigating oste-
ogenic effects. We evaluated the efficacy of a 3D-printed scaffold loaded with LDN-preconditioned, CBD-modi-
fied exosomes (3D-CBD@LDN/Exos) derived from CD26" TSPCs in promoting Achilles tendon repair and
preventing HO in aged Sprague-Dawley rats. CD26" TSPCs were isolated from rat tendons, and exosomes were
collected after LDN treatment and subsequently modified with CBD. A scaffold composed of PLGA and collagen I
was fabricated via 3D printing and loaded with the exosomes. Rats (20 months old) with 6-mm Achilles tendon
defects were randomly assigned to Control, 3D-Exos, 3D-LDN/Exos, or 3D-CBD@LDN/Exos groups, and tendon
regeneration was evaluated at 4 and 12 weeks using histology, ECM quantification, micro-CT, and biomechanical
testing. At 12 weeks, the 3D-CBD@LDN/Exos group exhibited near-normal histology, enhanced collagen and
sGAG deposition, biomechanical properties comparable to native tendons, and significantly reduced HO, indi-
cating that this dual-targeted strategy holds promise for tendon repair.

heterotopic ossification, where abnormal bone formation within the
tendon further hinders recovery [2,8,9]. While conventional surgical

1. Introduction

Tendon injuries account for approximately 30 % of musculoskeletal
consultations, presenting a significant challenge in both clinical and
rehabilitative settings [1-4]. These injuries are particularly prevalent
among physically active individuals and the aging population [5-7]. The
inherently hypocellular and avascular nature of tendon tissue compli-
cates healing, often leading to inferior biomechanical outcomes and scar
tissue formation [3-5]. In some cases, this process advances to

interventions, such as tendon repair or reconstruction, can restore gross
anatomical continuity, they frequently fall short in achieving full
microstructural regeneration and functional restoration of the tendon,
resulting in persistent pain and disability [10,11]. Therefore, there is an
urgent need for more targeted therapeutic strategies that promote
effective healing and reduce complications.

Recent studies have highlighted the regenerative promise of resident
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tendon stem/progenitor cells (TSPCs), which can differentiate into
tenocytes and contribute to extracellular matrix (ECM) deposition dur-
ing healing [12-14]. However, the inflammatory microenvironment of
injured tendon often misdirects TSPC fate toward chondrogenic or
osteogenic lineages, exacerbating HO and fibrosis [15,16]. A distinct
subset of CD26" TSPCs located in the peritendon exhibits enhanced
tenogenic potential but also drives ectopic ossification under dysregu-
lated BMP signaling [17,18]. Thus, strategies are needed to harness
CD26" TSPCs’ regenerative capacity while mitigating their osteogenic
tendencies.

Heterotopic ossification, a pathological process marked by bone
formation within soft tissues, is largely regulated by the bone morpho-
genetic protein (BMP) signaling pathway [8,19,20]. Growth
factor-loaded scaffolds (e.g., TGF-p1, BMP-12, PDGF) have shown
promise for enhancing tenogenic differentiation and ECM synthesis, but
they do not address the risk of aberrant osteogenesis within the injured
tendon [5,21]. LDN193189 (LDN), a BMP receptor inhibitor, specifically
targets activin receptor-like kinases 2 (ALK2) and ALK3 [22]. The high
specificity of LDN for BMP receptors helps prevent osteogenesis and
adipogenesis, reducing heterotopic ossification formation [23]. Here,
early intervention with LDN or similar BMP inhibitors in CD26" TSPCs
might preserve their tenogenic potential while preventing osteogenic
differentiation, thus enhancing functional recovery in tendon injuries.

Exosome-based therapies derived from stem cells offer an alternative
to traditional stem cell treatments, with benefits such as low immuno-
genicity, stability, and the absence of tumorigenic risk [24-26]. More
recent efforts have employed exosome-loaded scaffolds to harness the
pro-regenerative paracrine functions of stem cell-derived vesicles;
however, these platforms generally lack mechanisms to suppress exo-
somal osteogenic cargo, leading to uncontrolled bone formation in some
contexts [27,28]. Additionally, the passive diffusion of unmodified
exosomes from conventional scaffolds leads to rapid clearance and
limited retention at the injury site, thereby diminishing the duration and
efficacy of tenogenic signaling. To address these challenges, we utilized
exosomes derived from CD26" TSPCs, preconditioned with the BMP
inhibitor LDN and integrated into a bioengineered scaffold.

Collagen, a major ECM component, is known for its biocompatibility,
low immunogenicity, and cell adhesion properties, making it an ideal
material for promoting tenogenic differentiation [5,24,29]. The
collagen-binding domain (CBD), a polypeptide consisting of TKK- TLRT
amino acids, derived from collagenase, binds specifically to collagen
I-based biomaterials and has shown promise in targeting injured tissues
for drug delivery, including in spinal cord injury treatment [30,31]. Poly
(d, llactic-co-glycolic acid) (PLGA), an FDA-approved biomaterial, is
commonly used in tissue regeneration due to its favorable mechanical
properties and biocompatibility [32,33]. Recent advances in 3D bio-
printing allow the creation of scaffolds that integrate bioactive factors
while maintaining their efficacy, and can be designed to facilitate cell
infiltration and tissue regeneration [24,34]. The combination of these
materials yields a biomimetic scaffold that closely replicates the native
tendon environment and enables controlled, sustained release of
exosomes.

In this study, we aim to develop a novel scaffold composed of LDN-
preconditioned, CBD-decorated exosomes derived from CD26% TSPCs,
loaded onto a collagen I/PLGA matrix using 3D bioprinting (3D-
CBD@LDN/Exos). This scaffold will be designed to target tendon
regeneration while preventing heterotopic ossification formation. We
will assess the impact of scaffold on cellular activity in vitro and evaluate
its efficacy in a rat model of Achilles tendon injury. This approach has
the potential to significantly improve tendon healing outcomes and
mitigate the long-term consequences of heterotopic ossification.
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2. Materials and methods
2.1. Ethics statement

The experimental protocol (SYSU-IACUC-2024-001252) was
approved by the local animal ethics committee for the use of Sprague-
Dawley (SD) rats. To ensure both scientific validity and ethical
compliance, the required rat sample size for evaluating tendon healing
was determined through rigorous statistical power analyses. These an-
alyses, guided by established standards, were performed with an effect
size of 70 %, o = 00.05, and power of 0.80, maintaining a balance be-
tween research rigor and animal welfare considerations.

2.2. CD26" TSPCs isolation and culture

Primary tendon-derived cells were isolated from the Achilles tendons
of 6-week-old SD rats. Tendon sheaths were removed, and tendons were
minced and digested with collagenase I (1.5 mg/mL, MilliporeSigma)
and dispase (2 mg/mL, Roche) at 37 °C for 30 min. The digestion so-
lution was centrifuged (500g, 5 min), supernatant discarded, and the
precipitate washed with FACS buffer. Flow cytometry was used to
analyze surface markers: FITC-CD45 (Biolegend, 202205), FITC-Ter119
(Invitrogen, MA5-17580), FITC-CD31 (Invitrogen, MA5-16952), APC/
Cyanine7-CD90 (Biolegend, 202519), APC-CD73 (Bioss, bs-4834R-
APC), and PE-CD26. CD26™ TSPCs (Invitrogen, MA5-17551) were sor-
ted using a Beckman Coulter XL System and analyzed with FlowJo 10.
Fluorescence-activated cell sorting was performed on a BD FACSAria II
system configured with a 100 pm nozzle and 20 psi sheath pressure in
high-purity mode. Cells were gated sequentially for live singlets (FSC-A/
SSC-A, DAPI-), lineage exclusion (CD31/Ter119/CD45 triple-negative,
thresholds at 99th percentile via isotype controls), and positive selection
(CD90/CD73/CD26 triple-positive, thresholds defined by fluorescence-
minus-one controls). Daily compensation calibration using UltraComp
eBeads ensured spectral accuracy. Post-sort reanalysis (FlowJo v10.8.1)
confirmed >95 % purity of CD26" TSPCs, which were cultured in
DMEM/low glucose supplemented with 10 % FBS under standard con-
ditions (37 °C, 5 % COs), with strict passage limitation to maintain
progenitor potency. All reagents, antibody clones, and instrument pa-
rameters were fully documented to ensure experimental reproducibility.

2.3. Stable cell line construction

The gcGFP-CBD-tag-Lamp2b expression vector was designed and
purchased from Genechem Co., Ltd. (Shanghai, China). Lentiviral
transduction of CD26" TSPCs was performed per manufacturer in-
structions, and puromycin selection was used to obtain purified RGD-
TSPCs.

2.4. Exosome isolation and characterization

CD26" TSPCs were treated with LDN (1 pM) for 24 h (Fig. 1A), fol-
lowed by culture in exosome-free medium for 48 h. Conditioned media
were collected, centrifuged (10,000g, 30 min; 100,000g, 70 min, 4 °C),
and the pellets resuspended in PBS. Three exosome groups were pre-
pared: untreated (Exos), LDN-treated (LDN/Exos), and RGD-TSPC-
derived LDN-treated (CBD@LDN/Exos). Exosome morphology was
examined via transmission electron microscopy (TEM), size was deter-
mined by nanoparticle tracking analysis (NTA), and protein content was
quantified using a BCA assay. Western blotting was performed to assess
exosomal markers CD9, CD63, Lamp2b, and TSG101.

2.5. Effects of LDN-Exos on cultured BMSCs
Rat bone marrow mesenchymal stem cells (BMSCs, RASMX-01001;

Cyagen, China) at passage 3 were seeded in 48-well plates at 1.5 x
10* cells/cm? in «-MEM for 24 h, then treated with Exos or LDN/Exos
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Fig. 1. Characterization of exosomes derived from CD26" TSPCs and those preconditioned with LDN. (A) The schematic workflow for the extraction of Exos and
LDN/Exos. (B) Representative flow cytometry plots used to isolate CD26" TSPCs, highlighting positive markers CD26, CD90, and CD73, and negative markers
Ter119, CD31, and CD45. (C) Transmission electron microscopy images and nanoparticle tracking analysis of Exos and LDN/Exos. Scale bar = 100 nm. (D) Western
blot analysis of exosomal markers, including CD9, CD63, and TSG101. (E) Immunofluorescence images of Scx and Runx2 expression in BMSCs treated for 7 days with
Exos or LDN/Exos. Scale bar = 200 pm. Data are expressed as mean =+ standard deviation (“ns” P > 0.05, “***” P < 0.001).

(50 ng/mL) in a-MEM supplemented with 1 % FBS. After 7 days,
immunofluorescence staining for scleraxis (Scx, ab58655; Abcam) and
Runt-related transcription factor 2 (Runx2, 20700-1-AP; Proteintech)
was performed to evaluate tenogenic and osteogenic induction.

2.6. 3D-printed scaffold fabrication and characterization

Preparation of Low-Temperature Rapid 3D-Printed Exos/PLGA/Col I
Scaffolds: At room temperature, PLGA was dissolved in 1,4-dioxane

under magnetic stirring for 30 min to yield a homogeneous polymer
solution suitable for low-temperature phase separation. Lyophilized
exosomes (1 x 10'! particles/mL) and type I collagen were gently
incorporated and stirred for 10 min, ensuring even dispersion of vesicles
without compromising their integrity. The resulting bio-ink was printed
on an ultra-low-temperature platform via a 300 pm nozzle at 5-10 mm/
s, producing scaffolds with designed filament diameters (~300 pm) and
interconnected pores (~500 pm) using LDM technology. These included
exosomes derived from CD26" TSPCs (3D-Exos), LDN-treated exosomes
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(3D-LDN/Exos), and CBD-modified LDN-treated exosomes (3D-
CBD@LDN/Exos). The fabricated 3D-printed scaffolds were lyophilized
using a vacuum freeze-dryer (FD8-5T, SIM, Newark, NJ, USA). Subse-
quently, scaffold characterization was performed via scanning electron
microscopy (SEM; S-3400 N, Hitachi, Japan) for microstructure analysis,
ethanol replacement for porosity determination, and an Instron testing
system for mechanical property evaluation.

2.7. Scaffold cytotoxicity and biocompatibility

BMSCs were seeded onto 3D-LDN/Exos and 3D-CBD@LDN/Exos
scaffolds at 2 x 10* cells/cm?. After 3 days, cell viability was assessed
using calcein-AM/propidium iodide staining, and the percentage of live
cells was calculated.

2.8. Tenogenic and osteogenic potential of scaffolds

BMSCs were seeded onto scaffolds and TCPS (control) at 1.5 x 10*
cells/cm?, cultured for 7 days, and then analyzed via immunofluores-
cence for Scx and Runx2 expression.

2.9. Exosome release kinetics

Scaffolds were incubated in PBS at 37 °C, with supernatants collected
atdays 0, 1, 3, 7, 14, and 21; after each collection, fresh PBS was added.
Exosomal protein concentrations in the supernatants were measured
using a BCA assay. Additionally, a 3D scaffold without exosomes was
used as a substrate control to account for protein degradation effects.

2.10. In vivo tracking of DiR-Labeled exosomes

Exosomes were labeled with DiR dye, washed, and collected. Labeled
3D-LDN/Exos and 3D-CBD@LDN/Exos scaffolds were implanted into
tendon defects, and fluorescence intensity was monitored using an IVIS
Spectrum imaging system.

2.11. Animal model and surgical procedure

A total of 112 male 20-month-old SD rats were randomly assigned to
four groups (n = 14 per group per time point): Control (untreated
Achilles tendon defect), 3D-Exos, 3D-LDN/Exos, and 3D-CBD@LDN/
Exos. Rats were sacrificed at postoperative weeks 4 or 12 for Achilles
tendon specimen collection. At each time point, six specimens per group
were used for micro-CT and histological evaluations, and the remaining
eight were used for biomechanical testing.

A 6-mm defect was created in the midsubstance of the Achilles
tendon as previously described [5]. Under anesthesia with 3 % pento-
barbital sodium (0.8 mL/kg, i.v.), a midline incision was made 3 mm
distal to the gastrocnemius muscle and 3 mm proximal to the calcaneus
to expose the tendon complex. A 6-mm defect involving both the medial
and lateral gastrocnemius was generated. Immediately following
tenotomy, the defect was bridged with the appropriately shaped scaffold
(3D-Exos, 3D-LDN/Exos, or 3D-CBD@LDN/Exos) using a modified
Kessler suture technique with 6-0 PDS absorbable sutures (Ethicon Inc.,
Johnson & Johnson, New Jersey, USA). The paratenon was closed with
6-0 PDS sutures, and the skin was approximated with nonabsorbable
Monosof 3-0 sutures (Medtronic, Milan, Italy).

To enhance heterotopic ossification, in addition to using elderly rats
(>18 months old), the calcaneal periosteum was thoroughly scraped
during surgery [19,35,36]. Postoperatively, tramadol (Grunenthal
GmbH) was administered on days 1-3, and rats were allowed unre-
stricted cage activity. All procedures were performed under sterile
conditions by experienced surgeons.
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2.12. Micro-CT analysis

Hindlimbs (n = 6 per group at each time point) were fixed in 4 %
paraformaldehyde and scanned using a pCT 80 system (Switzerland) at
80 kV and 20 pm resolution per pixel. Regions of heterotopic ossification
in the Achilles tendon were reconstructed to quantify bone volume and
density.

2.13. Histological evaluation

AT specimens (n = 6 per group at each time point), fixed in 4 %
paraformaldehyde for 12 h, were dehydrated, paraffin-embedded, and
sectioned coronally at 5 pm. Sections were stained with H&E, Masson’s
Trichrome (MT), and Picrosirius Red (PR) to assess neo-tendon forma-
tion. Collagen I and III expressions were evaluated via immunohisto-
chemistry (anti-collagen I, ab6308, Abcam; anti-collagen III, ab23445,
Abcam). Two blinded observers scored the tissue using the modified
Mankin’s system, grading fiber structure, arrangement, nuclear round-
ing, vascularity, inflammation, and cellularity on a 0-3 scale (Table S1).

2.14. Collagen and sulfated glycosaminoglycan (sGAG) content

Native and regenerated tendon samples (n = 6 per group at each time
point) were minced (~1 mm3) and digested with pepsin (1 mg/mL in
0.5 M acetic acid). Collagen content was determined using a Sircol
Collagen Assay (S1000; Biocolor) following the manufacturer’s in-
structions. For sGAG quantification, the same digested supernatants
were assayed using dimethylmethylene blue (DMMB); 16 mg DMMB
was dissolved in 1 L of water containing 3.04 g glycine, 2.37 g NaCl, and
95 mL 0.1 M HCL. Five microliters of each sample was mixed with 200 pL
DMMB solution, and absorbance was measured at 525 nm. A calibration
curve prepared with chondroitin sulfate enabled sGAG quantification.

2.15. Tensile testing

AT specimens (n = 8 per group at each time point) were mounted on
an Instron Tension System (Instron, USA) using a sandpaper-assisted
upper clamp for the tendon and a lower clamp for the calcaneus
(Fig. 7A). Thickness and width were measured three times under a 0.1-N
preload to calculate the cross-sectional area (CSA). Following a 0.1-N
preload for alignment, samples were loaded to failure at 10 mm/min.
The failure load was recorded from the load-displacement curve and
normalized to the CSA to compute ultimate stress (MPa). Specimens
were kept moist with 0.9 % saline during testing.

2.16. Statistical analysis

Sample sizes were determined by power analysis. Data were
analyzed using SPSS 25.0, with results expressed as mean + SD. One-
way ANOVA with post hoc tests assessed differences among groups,
while Mann-Whitney tests analyzed histological scores. Significance was
set at P < 0.05.

3. Results

3.1. Identification and characterization of CD26" TSPCs and their
exosomal secretions

We isolated CD26™" TSPCs from rat tendon tissues, identifying them
by positive expression of CD26, CD90, and CD73, and negative expres-
sion of hematopoietic markers CD45, Ter119, and CD31 (Fig. 1B).
Transmission electron microscopy (TEM) revealed that exosomes
derived from these cells (Exos) exhibited a typical double-layered, cup-
shaped morphology, predominantly ranging from 100 to 200 nm in size,
as confirmed by nanoparticle tracking analysis (NTA) (Fig. 1C). Western
blot analysis detected high levels of exosomal markers, including CD9,
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CD63, and TSG101 (Fig. 1D). To assess the functional impact of exo-
somes, BMSCs were treated with Exos or LDN-preconditioned exosomes
(LDN/Exos). Immunofluorescence assays (Fig. 1E) demonstrated that
LDN/Exos maintained the tenogenic differentiation potential of Exos
while reducing their osteogenic effects, suggesting that LDN/Exos are
promising candidates for promoting tendon regeneration without
inducing heterotopic ossification.

) = 4 =

CD26* TSPCs CBD-CD26" TSPCs
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3.2. 3D-printed scaffold exhibits excellent physical properties and
biocompatibility

The 3D-CBD@LDN/Exos scaffold was fabricated via 3D printing
using a collagen I/PLGA composite (Fig. 2A). Western blot analysis
confirmed that Lamp2b expression was higher in CBD@LDN/Exos than
in LDN/Exos, verifying effective decoration of exosomes with CBD
peptides (Fig. 2B). SEM revealed a porous structure in the 3D-
CBD@LDN/Exos scaffold, providing an optimal environment for cell
attachment and proliferation (Fig. 2C). Mechanical testing showed no
significant differences in tensile stress or porosity among scaffolds
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Fig. 2. Preparation and characterization of the 3D-CBD@LDN/Exos. (A) Schematic diagram of the fabrication process for 3D-CBD@LDN/Exos. (B) Western blot
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assay of BMSCs seeded for 3 days on TCPs, 3D-LDN/Exos, and 3D-CBD@LDN/Exos; representative images display live (green) and dead (red) cells, with quantitative
viability analysis. (G) Immunofluorescence images showing Scx and Runx2 expression in BMSCs after 7 days of co-culture on TCPs, 3D-LDN/Exos, and 3D-
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loaded with different exosomes, indicating that the incorporation of
PLGA and collagen I maintained consistent physical properties (Fig. 2D
and E). Live/Dead assays demonstrated high cell viability of BMSCs on
both 3D-CBD@LDN/Exos and 3D-LDN/Exos scaffolds, with cytotoxicity
levels comparable to those observed on TCPS (Fig. 2F).

3.3. Tenogenic and osteogenic inducibility and sustained Exosome release

Immunofluorescence analysis revealed that both 3D-CBD@LDN/
Exos and 3D-LDN/Exos scaffolds promoted tenogenic differentiation of
BMSCs, as indicated by enhanced Scx expression compared to the TCPS
control (Fig. 2G). In contrast, Runx2 expression, a marker of osteo-
genesis, showed no significant differences between the two scaffold
groups, suggesting that CBD modification does not alter the exosomes’
biological effects on osteogenesis. Release kinetics studies further
demonstrated distinct exosome release profiles: while 3D-LDN/Exos
exhibited a burst release pattern, 3D-CBD@LDN/Exos released exo-
somes in a sustained manner. After 21 days in PBS, only 9.59 + 3.14 %
of exosomes remained in 3D-LDN/Exos compared to 29.71 4+ 6.90 % in
3D-CBD@LDN/Exos (P < 0.001) (Fig. 2H). These findings suggest that
the 3D-CBD@LDN/Exos scaffold not only provides structural support for
tendon regeneration but also serves as an efficient delivery system for
sustained exosome release at the AT defect site.

3.4. Sustained in vivo release of exosomes from the 3D-CBD@LDN/Exos
Scaffold

Fig. 3 illustrates the in vivo tracking of DiR-labeled exosomes
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delivered via scaffolds implanted at tendon defect sites. Both 3D-LDN/
Exos and 3D-CBD@LDN/Exos scaffolds were used, and the IVIS Imag-
ing System captured their spatiotemporal distribution. Notably, red
fluorescence persisted at the injury site for up to 21 days in the 3D-
CBD@LDN/Exos group, indicating a sustained release of exosomes
compared with the 3D-LDN/Exos scaffold.

3.5. 3D-CBD@LDN/Exos Scaffold effectively prevented tendon
heterotopic ossification

Fig. 4A shows that micro-CT analysis at 4 and 12 weeks post-surgery
revealed significant differences in heterotopic ossification among the
groups. Specifically, the 3D-CBD@LDN/Exos group exhibited lower
heterotopic ossification volume and density than both the control and
3D-Exos groups at 4 and 12 weeks. Although there was no significant
difference between the 3D-CBD@LDN/Exos and 3D-LDN/Exos groups at
4 weeks, by 12 weeks the 3D-CBD@LDN/Exos group demonstrated a
marked reduction in heterotopic ossification compared with the 3D-
LDN/Exos group (Fig. 4B). These results indicate that the 3D scaffold
loaded with exosomes preconditioned with LDN and modified with CBD
effectively suppresses tendon heterotopic ossification.

3.6. Histological observation
Due to the use of aged rats and extensive calcaneal periosteum
removal, the control group exhibited disorganized collagen, abundant

round nuclei, and pronounced heterotopic ossification. At 4 weeks post-
surgery (Fig. 5A), the 3D-Exos group showed only minor histological

Day 14

Day 21

Min
Color Scale

Radiant Efficiency

(DIS:‘cI\IIc:\"’\Ig

Fig. 3. In vivo exosome release from the 3D-CBD@LDN/Exos Scaffold. (A) In vivo imaging of DiR-labeled exosomes delivered via scaffolds implanted at tendon
defect sites, demonstrating sustained release. (B) Semi-quantitative analysis of average radiant efficiency over time. Data are expressed as mean =+ standard deviation

(“ns” P > 0.05, “*” P < 0.05, “***” P < 0.001).
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Fig. 4. Imaging evaluation of heterotopic ossification. (A) Representative micro-CT images of heterotopic ossification in rat Achilles tendons at 4 and 12 weeks
postoperatively. (B) Quantitative analysis of heterotopic ossification volume and density across the four groups. Data are expressed as mean + standard deviation

(“ns” P > 0.05, “*” P < 0.05, “**” P < 0.01, “**** P < 0.001).

improvements, whereas both the 3D-LDN/Exos and 3D-CBD@LDN/Exos
groups demonstrated significant amelioration of tendon architecture. By
12 weeks, all scaffold implants were completely internalized and
absorbed. Notably, the 3D-CBD@LDN/Exos group exhibited a nearly
normal histologic appearance—with spindle-shaped fibroblasts
embedded in a matrix of parallel fibers—confirmed by H&E, MT, and PR
staining.

Modified Mankin’s scoring (Fig. 5B) revealed that the neo-tendon in
the 3D-CBD@LDN/Exos group had significantly lower histological
scores than those in the control and 3D-Exos groups. Although there was
no significant difference between the 3D-LDN/Exos and 3D-CBD@LDN/
Exos groups at 4 weeks, the 3D-CBD@LDN/Exos group showed a
significantly lower score than the 3D-LDN/Exos group at 12 weeks (P <
0.05). These results indicate that scaffolds loaded with LDN-
preconditioned exosomes markedly promote tendon regeneration
compared to controls and 3D-Exos scaffolds, and that CBD modification
further enhances long-term regenerative outcomes. Additionally, the

porous, loose structure of the 3D-CBD@LDN/Exos scaffold appears more
conducive to tendon healing while concurrently suppressing heterotopic
ossification.

3.7. Immunohistochemical and Collagen/sGAG content examination

Immunohistochemical analysis (Fig. 6A) was used to evaluate the
expression of Collagen I and Collagen III in neo-tendons. At 4 weeks
postoperatively, the 3D-LDN/Exos and 3D-CBD@LDN/Exos groups
exhibited slightly higher Collagen I expression compared to the control
and 3D-Exos groups, while Collagen III expression did not differ signif-
icantly among the groups. At 12 weeks, both the 3D-LDN/Exos and 3D-
CBD@LDN/Exos groups maintained higher levels of Collagen I and
Collagen III relative to the control and 3D-Exos groups; notably, the 3D-
CBD@LDN/Exos group demonstrated especially well-organized fiber
alignment.

Collagen and sGAG content were quantified (Fig. 6B). At 4 weeks, no
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Fig. 6. Immunohistochemical analysis and ECM quantification in regenerated Achilles tendons at 4 and 12 weeks post-surgery. (A) Representative images showing
Collagen I and Collagen III immunostaining. Scale bar = 100 pm. (B) Quantitative assays of collagen and sulfated glycosaminoglycans (sGAG) deposition across
experimental groups. Data are presented as mean + standard deviation. (“ns” P > 0.05, “*” P < 0.05, “**” P < 0.01, “***” P < 0.001).

significant differences were observed among the groups; however, by 12
weeks, the 3D-CBD@LDN/Exos group exhibited significantly greater
collagen and sGAG deposition than the other groups. These results
indicate that scaffolds loaded with LDN-preconditioned exosomes
enhance extracellular matrix synthesis over time, and that CBD modi-
fication further improves fiber organization and extracellular matrix
(ECM) quality, thereby supporting superior tendon regeneration.

3.8. Tensile properties of repaired Achilles tendons

At 4 weeks post-surgery, the failure load and ultimate stress in the
control, 3D-Exos, 3D-LDN/Exos, and 3D-CBD@LDN/Exos groups were
significantly lower than those in native tendons (P < 0.05 for all), with
no significant differences among the experimental groups (Fig. 7B). By
12 weeks, the control, 3D-Exos, and 3D-LDN/Exos groups continued to
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dotted line represents the mean values for native Achilles tendons. Data are presented as mean + standard deviation. (“ns” P > 0.05, “*” P < 0.05, “**” P < 0.01,

xR P < 0.001).

show lower mechanical properties compared with native tendons (fail-
ure load: 38.57 & 3.32 N; ultimate stress: 22.47 4+ 1.85 MPa), whereas
the 3D-CBD@LDN/Exos group reached levels comparable to native tis-
sue. Additionally, both the 3D-Exos and 3D-LDN/Exos groups exhibited
significantly higher failure load and ultimate stress than the control
group, demonstrating that exosome-loaded scaffolds enhance mechan-
ical recovery of AT defects. Notably, the 3D-CBD@LDN/Exos group
showed significantly higher mechanical properties than the 3D-LDN/
Exos group, indicating that CBD modification further improves the ef-
ficacy of LDN-preconditioned exosomes in promoting tendon healing.
All specimens ruptured at the regenerated AT site during biomechanical
testing, and no specimens were excluded.

4. Discussions

Our study provides compelling evidence that a 3D scaffold loaded
with LDN-preconditioned, CBD-modified exosomes (3D-CBD@LDN/
Exos) derived from CD26" tendon stem/progenitor cells markedly en-
hances Achilles tendon regeneration while concurrently suppressing
heterotopic ossification. Compared with control and other exosome-
loaded scaffolds, the 3D-CBD@LDN/Exos scaffold achieved superior
extracellular matrix (ECM) deposition, improved fiber organization, and
better mechanical recovery, as demonstrated by histological analysis,
ECM quantification, and biomechanical testing.

A key innovation in our approach is the therapeutic use of exosomes.
These nanoscale vesicles are rich in proteins, microRNAs, and other
signaling molecules that can modulate cellular behavior [37,38]. In
tendon repair, exosomes derived from TSPCs have been shown to pro-
mote tenogenic differentiation and stimulate ECM synthesis, both of
which are critical for effective healing [39,40]. LDN193189 is a potent,
selective inhibitor of BMP type I receptors ALK2 and ALK3, which pre-
vents phosphorylation and nuclear translocation of Smad1/5/8, thereby
blocking osteogenic transcriptional programs (RUNX2, ALP, OCN) and
shifting cellular responses away from aberrant bone formation [41]. Our
findings further reveal that exosomes preconditioned with the BMP in-
hibitor LDN193189 retain their capacity to stimulate tenogenesis while
mitigating osteogenic differentiation. Heterotopic ossification is a sig-
nificant clinical challenge in tendon repair, often resulting from dysre-
gulated BMP signaling that leads to osteogenic differentiation of resident
cells [8,42,43]. By using LDN193189 to precondition the exosomes, we
effectively modulated the BMP pathway, shifting the balance toward
tenogenic differentiation. This modulation of the BMP signaling
pathway—a key driver of heterotopic ossification— helps to prevent
aberrant bone formation within the tendon [19,44,45]. This was
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evidenced by reduced Runx2 expression in treated groups and the cor-
responding decrease in HO volume and density observed through
micro-CT analysis. Our results align with earlier research indicating that
BMP inhibition can substantially reduce HO formation, further sup-
porting the potential of our dual-target strategy.

Enhancing the therapeutic efficacy of exosomes, we modified them
with CBD peptides. This modification improved the localization and
retention of exosomes within the 3D scaffold, leading to a more
controlled and sustained release profile. Recent studies in soft and hard
tissue engineering have underscored the importance of sustained exo-
some delivery in maintaining a localized regenerative microenviron-
ment [46-48]. For instance, CBD-modified liposomes have been
successfully used to treat spinal cord injuries in rats and reduce tendon
heterotopic ossification in rodents [2,30], while CBD-modified growth
factors (e.g., BMP-12, SDF-1a, FGF-18) have been applied to regenerate
the enthesis and tendon-bone interfaces [5,46,49,50]. Compared to
these growth factors, exosomes represent a more complex and versatile
bioactive formulation. We used LDN-preconditioned exosomes to better
tailor the therapeutic intervention for tendon injuries. In our study, in
vitro release kinetics confirmed that CBD modification significantly
prolonged exosome release, thereby ensuring a continuous supply of
bioactive molecules at the injury site. This sustained release is likely a
critical factor contributing to the improved ECM organization and me-
chanical integrity observed in the 3D-CBD@LDN/Exos group.

The structural design of the 3D scaffold also plays an essential role in
tendon regeneration [51]. Constructed from PLGA and collagen I, the
scaffold closely mimics the natural ECM of tendons. Its porous, loose
architecture facilitates cell infiltration, nutrient exchange, and effective
exosome retention. Recent advances in 3D printing technology have
enabled the precise fabrication of scaffolds using materials such as
collagen I and PLGA [52-54]. Collagen I, a major component of the
native tendon extracellular matrix (ECM), supports cell adhesion, pro-
liferation, and directional growth, while PLGA, an FDA-approved
polymer, offers excellent mechanical strength and a controllable
degradation rate. The combination of these materials allows for the
creation of a biomimetic scaffold that closely replicates the native
tendon microenvironment. Such scaffolds not only provide the neces-
sary structural support but also enable a controlled and sustained release
of bioactive exosomes. Our findings are consistent with recent studies
exploring 3D scaffold-loaded exosome therapies in regenerative medi-
cine. For example, sustained exosome delivery via 3D-printed scaffolds
has been shown to enhance tissue repair in both bone and cartilage,
primarily by preserving a microenvironment enriched with regenerative
signals [24,55,56]. Similarly, in tendon repair, exosome-mediated
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regulation of inflammation and ECM remodeling has been identified as a
crucial factor for successful regeneration. By integrating these concepts,
our study not only confirms the regenerative capabilities of
tendon-derived exosomes but also introduces a novel approach that
concurrently promotes tendon healing and inhibits heterotopic
ossification.

While our findings demonstrate the therapeutic potential of the 3D-
CBD@LDN/Exos scaffold in aged tendon repair, several translational
challenges warrant consideration. Although the aged rat model provides
clinically relevant insights into age-related tendinopathy, its ability to
fully replicate human tendon pathophysiology remains limited, neces-
sitating validation in larger preclinical models and eventual clinical
trials. While CBD peptides exhibited low immunogenicity in rodents,
their long-term safety and potential immune responses in human
patients—particularly under chronic inflammatory conditions—require
systematic evaluation. Furthermore, the scaffold’s current degradation
profile may not align with delayed healing timelines in comorbidities
like diabetes, necessitating adjustable biodegradation rates. Scaling
production while maintaining exosome bioactivity and scaffold consis-
tency demands advanced quality control systems for 3D printing pro-
cesses, coupled with GMP-compliant manufacturing protocols to address
regulatory hurdles. Although BMP pathway modulation appears central
to the observed anti-ossification effects, comprehensive multi-omics
analyses are needed to fully elucidate exosome-mediated intracellular
mechanisms and off-target signaling interactions. Addressing these
challenges through interdisciplinary collaboration will be critical for
advancing this technology toward clinical application.

5. Conclusion

In summary, our study demonstrates that a 3D scaffold loaded with
LDN-preconditioned, CBD-modified exosomes can effectively promote
Achilles tendon regeneration while preventing heterotopic ossification.
By leveraging the synergistic effects of BMP pathway modulation and
sustained exosome delivery, this dual-target strategy represents a
promising new avenue for tendon repair. The integration of advanced
scaffold engineering with targeted biological therapies not only im-
proves ECM deposition and fiber organization but also restores me-
chanical functionality, offering significant potential for future clinical
applications in the treatment of tendon injuries.
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