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Abstract
Achilles tendon injury is a common musculoskeletal disorder, particularly prevalent 
among athletes and middle-aged/elderly populations. Heterotopic ossification 
(HO) following Achilles tendon injury is a frequent complication that significantly 
compromises patients’ quality of life and athletic performance. Conventional 
conservative treatments and surgical interventions for HO often yield suboptimal 
outcomes, failing to restore native tendon functionality. Tissue engineering strategies 
integrating biomaterials and cells offer promising solutions for tendon regeneration 
and functional recovery. Three-dimensional bioprinting presents unique advantages 
in fabricating tissue-engineered scaffolds through precise control of architectural 
geometry and internal microstructure. In this study, we developed a novel silk fibroin 
(SF)–hydroxypropyl cellulose (HPC)–tendon stem/progenitor cell (TSPC) bioink with 
exceptional cytocompatibility and rheological properties. This bioink demonstrated 
superior printability for fabricating porous Achilles tendon scaffolds with high 
mechanical strength (elastic modulus: 85 MPa), controlled biodegradability, and 
optimal porosity (91%). In vitro experiments revealed that SF– HPC–TSPCs scaffolds 
promoted TSPC survival, migration, proliferation, and tenogenic differentiation 
within the scaffold microenvironment. In vivo assessments demonstrated that the 
scaffolds exhibited excellent biocompatibility, elicited no systemic inflammatory or 
immune responses, and effectively prevented HO in rat models of Achilles tendon 
injury. This study establishes a groundbreaking approach for addressing post-
traumatic HO in tendon regeneration.
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1. Introduction
Achilles tendon injury commonly manifests as 
tendinopathy, particularly in athletes and middle-aged/
elderly populations. The high incidence of this injury 
is primarily associated with intensive physical activity, 
overuse, and age-related degenerative changes.1 Post-injury 
clinical manifestations typically include pain, swelling, and 
restricted mobility, significantly impairing patients’ quality 
of life and athletic performance.2

Heterotopic ossification (HO) following Achilles 
tendon injury refers to the pathological formation of 
ectopic bone within tendon tissues or adjacent soft tissues 
and is a frequent complication. Research indicates that HO 
in tendons often occurs after severe trauma or surgical 
intervention. For instance, HO incidence rates reach 
54% following distal biceps tendon repair,3 and 52.1% of 
patients develop HO after severe radial head fractures.4 
Furthermore, the prevalence of HO in the Achilles tendon 
increases with age—potentially due to upregulated bone 
morphogenetic protein (BMP) expression in tendon stem/
progenitor cells (TSPCs).5 The pathological progression 
of HO involves endochondral ossification, encompassing 
three distinct phases: the inflammatory stage, 
chondrogenesis, and terminal osteogenesis.6 Although the 
precise mechanisms remain incompletely elucidated, HO 
development is closely linked to inflammatory responses, 
aberrant activation of osteogenic signaling pathways, and 
alterations in mechanical stress.7–10 Emerging evidence 
suggests that the inflammatory cascade and hypoxic 
microenvironment during the acute phase of tendon 
injury may potentiate HO initiation.11 Crucially, the 
BMP signaling pathway has been identified as a pivotal 
regulator of ectopic bone formation.12 Age-dependent 
upregulation of BMP expression in injured tendons 
enhances the osteogenic differentiation capacity of TSPCs, 
thereby accelerating HO pathogenesis.5 Furthermore, 
alterations in mechanical loading—whether excessive 
or insufficient—have been implicated as HO triggers, as 
demonstrated by load-dependent osteogenic induction in 
a preclinical model.10

Currently, there is no unified standard for treating 
HO following Achilles tendon injury. Common 
clinical approaches include conservative and surgical 
therapies. Conservative treatments primarily involve 
pharmacological interventions, such as non-steroidal anti-
inflammatory drugs to reduce inflammation and inhibit 
HO progression, as well as physical therapy to promote 
healing by improving local blood circulation and enhancing 
tendon flexibility. However, these approaches show limited 
efficacy, especially in advanced ossification stages.13 
Surgical treatments focus on removing HO bone tissue 

and reconstructing tendon architecture. While effective 
in restoring tendon function, surgical procedures carry 
risks of post-operative complications such as infection 
and reinjury.14,15 Traditional therapeutic strategies often 
prove inadequate for restoring the original biomechanical 
function of the Achilles tendon.16 

Recent advancements in tissue engineering have 
opened new avenues for tendon repair. By combining 
scaffolds, cells, and growth factors, tissue engineering 
facilitates tendon regeneration and functional recovery. 
The selection of biomaterials is pivotal in designing 
tissue-engineered scaffolds. An ideal scaffold must exhibit 
excellent biocompatibility and mechanical properties to 
support cell adhesion and proliferation while maintaining 
sufficient mechanical strength to endure physiological 
loads.17 Additionally, the scaffold’s microstructure should 
closely resemble native tissue architecture to direct cell 
alignment and tissue regeneration.18

Three-dimensional (3D) bioprinting demonstrates 
significant advantages in the fabrication of tissue-
engineered scaffolds.19,20 First, this technology allows 
precise control over scaffold geometry and internal 
microstructure, enabling the design of personalized and 
complex architectures.20 Second, 3D bioprinting enables the 
simultaneous deposition of cells and biomaterials, creating 
cell-laden scaffolds with biological activity, which is critical 
for promoting tissue regeneration.21 Additionally, the 
mechanical properties and biological functions of scaffolds 
can be optimized by modulating printing parameters such as 
nozzle pressure and layer thickness.22,23 Bioink formulation 
is central to 3D bioprinting, primarily composed of 
biomaterials and seed cells. The selection of biomaterials 
remains an active research area, with current options 
broadly classified into synthetic polymers and natural 
biomaterials. Natural biomaterials have attracted extensive 
scientific interest due to their superior biocompatibility 
and low cytotoxicity.24,25 Xu et al.26 constructed a 
poly(lactide-co-glycolide) (PLGA)/type I collage biphasic 
scaffold using 3D bioprinting technology, which effectively 
promoted tendon repair and inhibited HO, achieving an 
86% reduction in heterotopic bone volume. However, 
fragments released during collagen degradation can act as 
potent initiators, activating inflammatory mechanisms that 
may interfere with the tissue repair process.27 Moreover, 
the acidic degradation products of PLGA may alter the 
local pH, thereby inducing inflammatory responses and 
compromising biocompatibility.28

Silk fibroin (SF), a natural biomaterial, has attracted 
considerable interest due to its exceptional biocompatibility 
and tunable biodegradability.29–31 In its native state, SF 
predominantly adopts a random coil conformation.32 
However, chemical modifications in hydroxyl-rich 
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environments can induce structural reorganization into 
ordered β-sheet configurations.33 This conformational 
transition not only enhances SF’s mechanical properties but 
also expands its biomedical applicability.34 Hydroxypropyl 
cellulose (HPC), another biomaterial characterized by an 
abundance of hydroxyl groups, has been widely employed 
to optimize SF performance. The incorporation of HPC 
facilitates SF’s structural transition from random coils to 
β-sheets, thereby improving mechanical robustness and 
structural stability.35 Notably, HPC-mediated molecular 
interactions induce the formation of dual-network 
hydrogels through this conformational shift, resulting 
in superior mechanical strength and elasticity.36 These 
SF–HPC composite hydrogels demonstrate significant 
potential for biomedical applications, particularly in 
leveraging their synergistic biocompatibility and controlled 
degradation profiles.

TSPCs, first identified in 2007,37 are multi-potent cells 
capable of differentiating into tenocytes, chondrocytes, 
and osteoblasts, playing a pivotal role in tendon repair.38 
TSPCs address this challenge by undergoing tenogenic 
differentiation to promote collagen synthesis and 
extracellular matrix deposition, thereby facilitating 
functional tissue regeneration.39 Furthermore, TSPCs 
enhance tendon healing through immunomodulatory 
effects, stimulation of tenocyte proliferation, and 
acceleration of collagen remodeling.40 In tissue engineering, 
TSPCs are frequently integrated with biomaterial scaffolds 
to orchestrate neo-tendon formation. The combination of 
TSPCs with biocompatible scaffolds provides a biomimetic 
microenvironment that supports cell adhesion, migration, 
proliferation, and lineage-specific differentiation. For 
instance, decellularized tendon scaffolds functionalized 
with collagen have demonstrated efficacy in promoting 
TSPC proliferation and tenogenic commitment, 
ultimately enhancing the functional regeneration of 
damaged tendons.40 This synergistic approach exhibits 
substantial potential for advancing tendon tissue 
engineering applications.

In summary, this study pioneers the development of 
a novel SF–HPC–TSPC bioink, formulated with SF as 
the matrix, HPC as a reinforcing agent, and TSPCs as the 
cellular component. We first characterized the rheological 
properties of this bioink and subsequently employed it 
for 3D bioprinting of tissue-engineered Achilles tendon 
scaffolds. The printed scaffolds were rigorously evaluated for 
mechanical properties, degradation behavior, and porous 
microstructure. In vitro investigations systematically 
assessed the scaffold’s ability to regulate TSPC survival, 
migration, proliferation, and tenogenic differentiation. 
Furthermore, in vivo studies validated the scaffold’s 
efficacy in preventing HO following Achilles tendon injury 

while concurrently evaluating systemic inflammatory and 
immune responses.

2. Materials and methods
2.1. Formulation of bioink
A total of 1.0 g SF, 1.0 g HPC, and TSPCs at a density of 
5×106 cells/mL were added to 10 mL phosphate-buffered 
saline (PBS). The mixture was gently homogenized using 
a magnetic stir bar at 100 rpm for 10 min to avoid cellular 
damage. To identify the optimal bioink composition, cross-
combinations of SF (0.5 g, 1.0 g, 1.5 g) and HPC (1.5 g, 1.0 
g, 0.5 g) were systematically tested. The 1:1 SF–HPC ratio 
(1.0 g SF + 1.0 g HPC) demonstrated superior rheological 
properties and was selected for subsequent experiments. 
For the SF control bioink, 2.0 g SF and TSPCs (5×106 
cells/mL) were dissolved in 10 mL PBS under identical 
mixing conditions. During the experimental process, we 
observed that the viscosity of the SF–HPC bioink was 
proportional to the concentration of HPC. However, when 
bioink with an SF–HPC ratio of 1.5:0.5 was used for 3D 
printing, the viscosity was too low to prevent scaffold 
collapse. Conversely, bioink with an SF–HPC ratio of 
0.5:1.5 tended to cause nozzle clogging during 3D printing. 
Therefore, a 1:1 SF–HPC ratio was determined to be the 
optimal formulation. TSPCs (No. CP-R165) used in the 
experiments were purchased from Procell Life Science & 
Technology Co., Ltd (China). Experiments were conducted 
using cells at passages 2–3, as this stage is considered 
optimal for maintaining cellular functionality.

2.2. Rheological characterization of bioink
The rheological properties of the bioinks were analyzed 
using a modular advanced rheometer system (Thermo, 
USA). Dynamic viscosity was measured under shear 
rate sweeps from 0.1 to 100 s−1 at 37°C. Frequency-
dependent storage modulus (G’) and loss modulus (G’’) 
were determined through dynamic frequency sweep tests 
conducted over 30 min at 37°C.

2.3. Three-dimensional bioprinting of tissue-
engineered Achilles tendon scaffolds
The SF–HPC–TSPCs bioink formulated in Section 2.1 was 
employed to fabricate tissue-engineered Achilles tendon 
scaffolds using a multi-nozzle 3D bioprinter (Discovery, 
Switzerland). A computer-aided design model of the 
scaffold structure was first created, followed by loading 
the bioink into the pressure-assisted nozzle cartridge of 
the bioprinter. Printing parameters were set to a nozzle 
pressure of 0.25 mPa and a deposition speed of 1.0 mm/s. 
Scaffolds with final dimensions of 2 × 3 × 15 mm (width × 
height × length) were bioprinted onto sterile petri dishes 
under controlled environmental conditions (25°C; 60% 
relative humidity).
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2.4. Mechanical testing of tissue-engineered 
Achilles tendon scaffolds
Scaffolds were centrally positioned on a testing fixture and 
subjected to uniaxial tensile loading at a constant rate of 
1.0 mm/min using a universal mechanical testing machine 
(Instron, USA). Pressure was applied until scaffold rupture 
occurred, with mechanical parameters (stress, strain) 
automatically recorded. Elastic modulus was calculated 
from the linear elastic region of the stress-strain curves. 
Additionally, cyclic tensile testing was performed on both 
SF and SF–HPC scaffolds. Data visualization and analysis 
were performed using GraphPad Prism 9.0 (GraphPad, 
USA) and Origin Pro 2023 software (Origin Lab, USA).

2.5. Degradation assessment of scaffolds
For in vitro degradation, scaffolds were incubated in PBS 
containing 0.1 U/mL proteinase XIV or enzyme-free 
PBS at 37°C. Specimens were retrieved on days 0, 2, 4, 
8, and 16, followed by gravimetric analysis to calculate 
degradation rates. For in vivo degradation, scaffolds were 
subcutaneously implanted into nude mice (BALB/c-nu; 
male’ 6 weeks old; obtained from Weitong Lihua Limited 
Company (China); n = 24) under sodium pentobarbital 
anesthesia (50 mg/kg, intramuscular). Animals were 
sacrificed at predetermined intervals (0, 2, 4, 8, and 16 
days) for scaffold retrieval and degradation rate calculation 
using the same gravimetric protocol.

2.6. Scanning electron microscopy analysis of 
scaffold microarchitecture
Scaffolds were imaged using a scanning electron 
microscope (SEM; Hitachi, Japan). Prior to imaging, 
scaffolds were pre-cooled at −20°C for 4 h, transferred to 
−80°C for 15 min, and lyophilized in a pre-chilled freeze 
dryer for 12 h. Specimens were sectioned, mounted on 
SEM stubs, and sputter-coated with 10 nm gold/palladium 
(Quorum, UK) to enhance conductivity. Microstructural 
images were acquired at an accelerating voltage of 5 kV. 
Porosity and pore size distribution were quantified from 
SEM images using ImageJ (NIH, USA).

2.7. Live/dead cell staining
TSPC-seeded scaffolds were cultured for 72 h in Dulbecco’s 
modified eagle medium/nutrient mixture F12 medium 
supplemented with 10% fetal bovine serum. Cells were 
stained using a viability/cytotoxicity kit (Thermo, USA) 
containing 4 μM calcein-acetoxymethyl (live cells; green) 
and 2 μM ethidium homodimer-1 (EthD-1; dead cells; red) 
for 30 min at 37°C. Fluorescent images were captured with 
a confocal microscope (Leica, Germany) at 488 nm/530 
nm (calcein) and 552 nm/617 nm (EthD-1) excitation/
emission. Cell viability was calculated as (live cells/total 
cells) × 100 using ImageJ with the Cell Counter plugin.

2.8. Transwell migration assay
To evaluate the migratory capacity of TSPCs in SF and SF–
HPC scaffolds, a Transwell migration assay was conducted. 
SF and SF–HPC scaffolds containing 1×105 cells were placed 
in the upper chamber of Transwell inserts (Corning, USA) 
with serum-free medium. The lower chamber was filled 
with 500 μL complete medium containing 10% fetal bovine 
serum. After 36 h incubation, scaffolds were removed, and 
non-migrated cells on the upper membrane surface were 
carefully wiped off. Migrated cells on the lower membrane 
were fixed with 4% paraformaldehyde and stained with 
0.5% crystal violet. Three random fields per insert were 
imaged under an inverted microscope (Nikon, Japan), and 
migrated cells were quantified using ImageJ with the Cell 
Counter plugin.

2.9. Scratch wound healing assay
TSPCs were harvested from SF and SF–HPC scaffolds and 
seeded into six-well plates until 80–90% confluency. A 
uniform scratch wound was created using a sterile 200 μL 
pipette tip. Wound closure was monitored at 0, 12, 24, and 
36 h under phase-contrast microscopy (Leica, Germany). 
Wound width was measured at three predefined positions 
per well using ImageJ.

2.10. Cell Counting Kit-8 proliferation assay
TSPCs (1×103 cells/well), harvested from scaffolds, were 
seeded into 96-well plates (Corning, US) in triplicate. 
Cell proliferation was assessed at 12, 24, and 72 h using 
a Cell Counting Kit-8 (CCK-8; Dojindo, Japan). After 4 
h of incubation with CCK-8 reagent at 37°C, absorbance 
at 450 nm was measured using a microplate reader 
(Thermo, USA).

2.11. Quantitative reverse transcription polymerase 
chain reaction
TSPC-laden scaffolds were cultured for 2 and 4 weeks. Total 
RNA was extracted using TRIzol reagent (Thermo, USA) 
following scaffold homogenization. After centrifugation 
(10,000 rpm; 10 min; 4°C), RNA was reverse-transcribed 
into cDNA using the SuperScript IV First-Strand Synthesis 
System (Thermo, USA). Quantitative reverse transcription 
polymerase chain reaction  (PCR) was performed on a 
QuantStudio 5 System (Thermo, USA) using PowerUp 
SYBR Green Master Mix. Gene expression of tenogenic 
(scleraxis [Scx]), chondrogenic (SRY-box transcription 
factor 9 [Sox9]), and osteogenic (bone morphogenetic 
protein 2 [Bmp2]) markers was normalized to 
glyceraldehyde 3-phosphate dehydrogenase.

2.12. Achilles tendon transection repair and scaffold 
implantation in rats
Male Sprague–Dawley rats (aged 4–6 weeks; obtained 
from Weitong Lihua Limited Company (China); n = 36)  
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were anesthetized with 3% sodium pentobarbital (0.8 
mL/kg; intravenous). The skin and subcutaneous tissue 
of the hind paw heel were incised layer by layer to 
expose the Achilles tendon, which was then transected 
at its midportion using a scalpel. In the control group, 
the severed tendons were repaired directly with 4-0 
absorbable sutures using a modified Kessler technique. 
The subcutaneous tissue and skin were subsequently 
closed in layers with 3-0 absorbable sutures. In the scaffold 
group, appropriately sized scaffolds were sutured to the 
tendon stumps with 4-0 absorbable sutures prior to the 
layered closure of subcutaneous tissue and skin with 3-0 
absorbable sutures. This animal experiment was approved 
by the Ethics Committee of Drum Tower Hospital, School 
of Medicine, Nanjing University (No. 2021AE01031).

2.13. Micro-computed tomography imaging for 
heterotopic ossification quantification
Micro-computed tomography (CT) scanning (Skyscan, 
Belgium) was performed on control, SF, and SF–HPC 
groups at 2, 4, and 8 weeks post-Achilles tendon transection 
to quantify HO volume. Scan parameters included a 65 kV 
source voltage, 300 μA current, and 18 μm isotropic voxel size. 
Raw data were reconstructed using Mimics Research 20.0 
(Materialise, Belgium), and HO volumes were segmented 
and calculated in Magics 25.0 (Materialise, Belgium) using a 
fixed Hounsfield unit threshold (800–3000). 

2.14. Histological analysis
Tendon specimens harvested at 8 weeks were fixed in 4% 
paraformaldehyde for 72 h, decalcified in 15% EDTA with 
daily solution renewal, and paraffin-embedded. Sections 
(5 μm thick) were stained as follows: hematoxylin and 

eosin (H&E) for general tissue morphology; Safranin 
O for proteoglycan/cartilage matrix visualization; and 
BMP-2 immunohistochemistry (IHC) using an anti-
BMP-2 primary antibody (ab214821; Abcam, UK) and 
3,3’-diaminobenzidine chromogen.

2.15. Hematological profiling
Systemic inflammatory and immune responses were 
assessed via complete blood count analysis (Sysmex, Japan) 
at days 3, 7, and 14 post-implantation. Key parameters 
included: leukocyte count (white blood cell [WBC]; 
×109/L), erythrocyte count (red blood cell; ×1012/L), 
neutrophil count (×109/L), neutrophil percentage, 
lymphocyte count (×109/L), lymphocyte percentage, 
monocyte count (×109/L), monocyte percentage, 
interleukin-6 concentration (IL-6), and tumor necrosis 
factor-α concentration (TNF-α).

2.16. Statistical analysis
All data are expressed as mean ± standard deviation. 
Intergroup comparisons were analyzed using a one-way 
analysis of variance with Tukey’s post-hoc test (for ≥3 
groups) or unpaired Student’s t-test (for two groups) using 
GraphPad Prism 9.0. Significance thresholds were defined 
as: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

3. Results and discussion
3.1. Rheological properties of bioinks
To evaluate the rheological properties of SF and SF–HPC 
bioinks, steady-state shear tests and dynamic oscillatory 
tests were performed. The shear rate–viscosity curve 
(Figure 1A) demonstrated that the viscosities of both SF 

Figure 1. Rheological characterization of SF and SF–HPC bioinks. (A) Shear rate-dependent viscosity curves. (B) Frequency-dependent storage modulus 
(G’) and loss modulus (G’’). Abbreviations: HPC, hydroxypropyl cellulose; SF, silk fibroin.
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and SF–HPC bioinks gradually decreased with increasing 
shear rate, indicating favorable shear-thinning behavior. 
Shear-thinning capability is one of the core requirements 
for extrusion-based 3D bioprinting.41 At the high shear rate 
near the printer nozzle, viscosity decreased significantly, 
enabling the bioinks to pass through the micro-nozzle 
with low resistance, thereby preventing nozzle clogging 
due to high viscosity. Upon exiting the nozzle, the shear 
rate abruptly dropped, and viscosity rapidly recovered, 
enhancing scaffold shape stability and preventing structural 
collapse or deformation. Equally important, when 
using cell-laden bioinks for 3D printing, shear-thinning 
properties enable smooth extrusion under lower printing 
pressure, reducing cell membranes or extracellular matrix 
damage caused by high shear stress and improving cell 
viability.42 Following extrusion, rapid viscosity recovery 
immobilizes cells, preventing gravity or flow-induced 
migration during the molding stage and ensuring uniform 
cell distribution within the printed structure.

The frequency–modulus curve (Figure 1B) showed that 
the G’ and G’’ of both SF and SF–HPC bioinks remained 
relatively stable with increasing frequency. Notably, the G’ 
of both bioinks exceeded their respective G’’, indicating 
that both formulations exhibited stable gel-like behavior. 
Furthermore, the G’ of SF–HPC bioinks was higher than 
that of SF bioinks, suggesting that the incorporation of 

HPC into SF enhanced cross-linking and promoted a more 
stable network within the bioink. In conclusion, excellent 
rheological properties are crucial for successful extrusion-
based 3D bioprinting, as they directly affect the bioinks’ 
extrusion controllability, structural fidelity, cell viability, 
and ultimately the functionality of engineered tissues.43

3.2. Three-dimensional bioprinting of tissue-
engineered Achilles tendon scaffolds and 
bending tests
Extrusion-based 3D bioprinting was employed to 
fabricate tissue-engineered Achilles tendon scaffolds with 
dimensions of 2 mm × 3 mm × 15 mm (Figure 2A–C). 
During the printing process, the bioink extruded smoothly 
from the nozzle without clogging. The printed scaffolds 
maintained structural integrity with no observable 
deformation or collapse, demonstrating excellent printing 
fidelity. Bending tests revealed that the scaffolds could be 
bent to 180° without fracture and fully recovered to their 
original shape after unloading (Figure 2D1–D3). SF–HPC 
scaffolds showed no fracture during bending, indicating 
superior toughness and ductility. Complete shape recovery 
after bending further confirmed their appropriate elastic 
modulus. Previous studies have demonstrated that scaffold 
toughness, ductility, and elastic modulus are critical factors 
for tendon injury repair.44 Specifically, the Achilles tendon 
undergoes significant tension during physical activities 

Figure 2. Fabrication and bending test of 3D bioprinted tissue-engineered Achilles tendon scaffolds. (A) Digital design model prior to bioprinting. (B) 3D 
bioprinting process. (C) Macroscopic view of the printed scaffold. (D1–D3) Sequential bending test demonstrating elastic recovery (180° bending angle) 
and preserved structural integrity (no fractures observed). Abbreviation: 3D, three-dimensional.
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and must deform to accommodate mechanical loads. Our 
findings suggest that the SF–HPC scaffolds possess optimal 
toughness, ductility, and elastic modulus to withstand the 
tensile forces required for functional Achilles tendon repair.

3.3. Elastic modulus and degradation properties of 
tissue-engineered Achilles tendon scaffolds
In the design of tissue-engineered Achilles tendon 
scaffolds, elastic modulus is a critical determinant of 
scaffold functionality and biocompatibility.45 The scaffold’s 
elastic modulus must closely match that of the native 
Achilles tendon to avoid stress-shielding effects.46,47 An 
excessively high elastic modulus may cause the scaffold to 
bear the majority of mechanical loads, thereby reducing 
mechanical stimulation to surrounding native tissue and 
impairing regeneration. Conversely, an insufficient elastic 
modulus could compromise structural support, leading 
to deformation or fracture and a failure to transmit 
mechanical signals effectively. In this study, the elastic 
modulus of SF–HPC scaffolds was measured at 85 MPa, 
significantly higher than that of pure SF scaffolds (55 MPa) 
(Figure 3A and B). Notably, the elastic modulus of SF–HPC 
scaffolds approached values comparable to native Achilles 
tendon tissue. Additionally, cyclic tensile testing was 
performed on both SF and SF–HPC scaffolds. The results 

demonstrated that, compared to SF scaffolds, SF–HPC 
scaffolds maintained a well-preserved elastic modulus 
after multiple cycles of tensile loading, indicating favorable 
resistance to stress fatigue (Figure 3C and D).

Tissue-engineered scaffolds are typically biodegradable 
and gradually absorbed during neo-tissue formation.48 
The degradation rate must be synchronized with the 
development of mechanical properties in the regenerating 
tissue to ensure a stable mechanical environment 
throughout the healing process.49 Degradation tests 
demonstrated that both SF and SF–HPC scaffolds 
underwent degradation in PBS solution, protease XIV 
solution, and in vivo conditions (Figure 3E–G). Notably, 
SF–HPC scaffolds exhibited more stable degradation 
rates that closely matched the remodeling kinetics of 
tendon tissue.

This study identified the elastic modulus of the 
3D-bioprinted tissue-engineered tendon scaffold as 
the primary contributor to enhanced tendon repair. 
The scaffolds’ modulus was engineered to match the 
biomechanical properties of the injured tendon, thereby 
providing sufficient mechanical support during healing 
while preventing secondary damage from excessive 

Figure 3. Mechanical and degradation properties of SF and SF–HPC tissue-engineered Achilles tendon scaffolds. (A) Stress–strain curves. (B) Elastic 
modulus. (C) Cyclic tensile testing of SF–HPC scaffolds. (D) Cyclic tensile testing of SF scaffolds. (E) In vitro degradation in PBS. (F) Enzymatic degradation 
in protease XIV solution. (G) In vivo degradation profile. n = 3; **p < 0.01. Abbreviations: HPC, hydroxypropyl cellulose; SF, silk fibroin; PBs, phosphate-
buffered saline.
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stress concentration. Furthermore, as supported by 
prior research, an optimal elastic modulus maintains 
physiological tendon function and significantly enhances 
the proliferation of tendon-derived cells on the scaffolds, 
ultimately facilitating superior tendon regeneration.50

3.4. Pore structure analysis of tissue-engineered 
Achilles tendon scaffolds
To analyze the pore structure of tissue-engineered Achilles 
tendon scaffolds, SEM was performed on both SF and 
SF–HPC scaffolds. The SEM results revealed that SF–
HPC scaffolds exhibited a more uniform pore distribution 
compared to SF scaffolds (Figure 4A1, A2, B1, and 
B2). The pore size of SF–HPC scaffolds predominantly 
ranged between 50–150 μm, whereas SF scaffolds 
showed pore sizes primarily distributed within 0–50 μm  
(Figure 4D). Furthermore, SF–HPC scaffolds demonstrated 
a porosity of 91%, significantly higher than the 78% 
porosity observed in SF scaffolds (Figure 4C). The porous 
architecture, porosity, and pore size of tissue-engineered 
scaffolds are critical determinants of their biofunctionality, 
as these parameters directly regulate cell migration, 
proliferation, differentiation, and nutrient transport.51 The 
interconnected porous structure provides a 3D growth 
space for cells, facilitating adhesion, proliferation, and 

migration.52 High porosity enhances cell infiltration and 
nutrient diffusion, thereby promoting cellular activities 
within the scaffold.53

3.5. Cell viability, migration, proliferation, and 
differentiation in tissue-engineered Achilles 
tendon scaffolds
To evaluate cell viability within the scaffolds, a live/dead 
cell staining assay was performed on SF and SF–HPC 
scaffolds. The results demonstrated that SF–HPC scaffolds 
exhibited 92% cell viability, significantly higher than the 
85% viability observed in SF scaffolds (Figure 5A–C). The 
superior viability in SF–HPC scaffolds indicates the non-
cytotoxic nature of the scaffold material and the absence of 
cellular damage from degradation products. Furthermore, 
the interconnected porous architecture facilitated nutrient 
exchange, which contributed to enhanced cellular survival.54

To assess cell migration capacity within the scaffolds, 
Transwell assays and scratch wound assays were conducted. 
The Transwell assay showed that the SF–HPC group 
exhibited an average of 115 migrated cells per microscopic 
field, significantly higher than the 85 cells observed in the 
SF group (Figure 5D–F). Scratch assay results revealed a 
gradual narrowing of the scratch gap over time in both 

Figure 4. SEM characterization, porosity, and pore size distribution of SF and SF–HPC tissue-engineered Achilles tendon scaffolds. (A1, A2) Representative 
SEM images of SF scaffolds. (B1, B2) Representative SEM images of SF–HPC scaffolds. Scale bars: (A1, B1) 200 μm, (A2, B2) 100 μm; magnification:  
(A1, B1) 250×, (A2, B2) 500×. (C) Porosity comparison between SF and SF–HPC scaffolds. (D) Pore size distribution of SF and SF–HPC scaffolds. n = 3; 
***p < 0.001. Abbreviations: HPC, hydroxypropyl cellulose; SF, silk fibroin; SEM, scanning electron microscopy.
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groups (Figure 5G). The SF–HPC group demonstrated 
a narrower scratch gap and stronger cell migration 
capability compared to the SF group. Cell migration within 
scaffolds is critical for scaffold–host tissue integration.55 
Migratory cells infiltrate the defect site and fill the interface 
between the scaffold and host tissue, thereby promoting 
seamless integration.

To evaluate cell proliferation within the scaffolds, a 
CCK-8 assay was performed. The results showed gradual 
cell proliferation in both SF and SF–HPC scaffolds over 
time. At 12, 24, and 72 h, the SF–HPC group exhibited 
significantly higher proliferative activity compared to the 
SF group (Figure 6A). Cell proliferation is a pivotal factor 
in determining scaffold functionality and regenerative 
efficiency.56 Proliferatively active TSPCs rapidly colonize 
the scaffold surface, migrate to the defect site, and secrete 
extracellular matrix components such as collagen, thereby 
forming a structural framework for neo-tendon tissue and 
accelerating Achilles tendon repair.

To assess the tenogenic differentiation capacity of 
TSPCs within the scaffolds, SF and SF–HPC scaffolds 
seeded with TSPCs were cultured in vitro and analyzed 

by PCR at weeks 2 and 4. The results demonstrated that 
the expression of the tenogenic marker Scx in the SF–
HPC group was significantly higher than in the SF group 
at both time points. Conversely, the expression levels of 
chondrogenic (Sox9) and osteogenic (Bmp2) markers 
were significantly lower in the SF–HPC group compared 
to the SF group (Figure 6B–D). These findings indicate 
that SF–HPC scaffolds preferentially promote tenogenic 
differentiation of TSPCs.

The tenogenic differentiation capacity of TSPCs 
is a central driver of functional tissue regeneration. 
Tenogenically differentiated TSPCs mature into tenocytes, 
which directly synthesize and assemble type I collagen 
fibers—the critical structural component responsible for 
the mechanical strength of Achilles tendons.57 Tenocyte 
activity governs collagen fiber alignment, density, and 
crosslinking, thereby determining the structural integrity 
of regenerated tendon tissue.58

In the pathological progression of HO following 
Achilles tendon injury, SOX-9 and BMP2 are key 
molecular drivers of aberrant bone formation.59 SOX-
9, a master transcriptional regulator of chondrogenesis, 

Figure 5. Cell viability and migration capacity in SF and SF–HPC tissue-engineered Achilles tendon scaffolds. (A, B) representative live/dead staining 
images of cells in SF and SF–HPC scaffolds after 72 h of culture. (C) Quantitative analysis of cell viability at 72 h. (D, E) Representative images of Transwell 
migration assay after 36 h. (F) Quantification of migrated cells per field in Transwell assays after 36 h. (G) Scratch assay images showing cell migration at 
0, 12, 24, and 36 h. Scale bars: (A) 50 μm, (B) 50 μm, (D) 100 μm, (E) 100 μm, (G) 500 μm; magnifications: (A) 200×, (B) 200×, (D) 500×, (E) 500×, (G) 
100×. n = 3; *p < 0.05, **p < 0.01. Abbreviations: HPC, hydroxypropyl cellulose; SF, silk fibroin. 
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controls the expression of type II collagen and aggrecan. 
Downregulation of Sox9 suppresses chondrogenic 
differentiation of TSPCs, eliminating the cartilage template 
required for endochondral ossification and thereby 
preventing HO initiation at its source. BMP2 activates 
osteogenic gene programs via the Smad1/5/8 signaling 
pathway, driving stem cell differentiation into osteoblasts 
and subsequent bone matrix deposition.60 Reduced Bmp2 
expression directly disrupts this cascade, effectively 
minimizing HO and preventing tendon calcification or 
joint mobility impairment.

Within tissue-engineered Achilles tendon scaffolds, 
cellular viability, migration, proliferation, and differentiation 
collectively form a dynamic synergistic network that 
drives functional tissue regeneration.61 Cell viability is 
the prerequisite for all subsequent cellular activities—
high viability ensures the safety and biocompatibility of 

biomaterials while providing viable cellular resources for 
migration and proliferation. Cell migration orchestrates 
the directional distribution of cells toward the defect site, 
facilitating scaffold–host tissue interfacial integration 
and simultaneously creating pathways for vascularization 
and innervation. Cell proliferation replenishes cellular 
populations to fully cover the injury area, preventing 
delayed repair. The terminal differentiation of TSPCs into 
tenocytes marks the culmination of tendon regeneration, 
wherein tenocytes restore tendon mechanical properties 
through the secretion of aligned collagen fibers.

3.6. In vivo study on tissue-engineered Achilles 
tendon scaffolds for the prevention of post-
traumatic heterotopic ossification
To evaluate the efficacy of tissue-engineered Achilles 
tendon scaffolds in preventing HO following tendon injury, 
an in vivo rat study was conducted. Achilles tendon injury 

Figure 6. Proliferation and differentiation capacities of TSPCs in SF and SF–HPC tissue-engineered Achilles tendon scaffolds. (A) Proliferation analysis 
of TSPCs using the Cell Counting Kit-8 assay. (B–D) Quantitative polymerase chain reaction analysis of lineage-specific gene expression (Scx: tenogenic 
marker; Sox9: chondrogenic marker; Bmp2; osteogenic marker). n = 3; *p < 0.05. Abbreviations: Bmp2, bone morphogenetic protein 2; HPC, hydroxypropyl 
cellulose; Scx, scleraxis; SF, silk fibroin; Sox9, SRY-box transcription factor; TSPCs, tendon stem/progenitor cells.
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models were established via mid-tendon transection in 
rats (Figure 7E). Following transection, rats in the control 
group received no intervention beyond layered closure of 
fascia and skin. Rats implanted with SF scaffolds at the 
injury site were designated as the SF group, while those 
receiving SF–HPC scaffolds comprised the SF–HPC group. 
At 2, 4, and 8 weeks post-operatively, micro-CT scans were 
performed on all groups to quantify HO volume at the 
injury site. At 8 weeks, the skin and subcutaneous fascia 
overlying the Achilles tendon were surgically exposed for 
gross morphological evaluation. Tendon specimens were 
subsequently harvested for histological analyses, including 
H&E staining, Safranin O staining, and IHC staining.

Micro-CT results revealed no significant HO tissue 
at the Achilles tendon site in any group at 2 weeks post-
operatively (Figure 7A1–C1). By 4 weeks, HO tissue 
volumes of approximately 2.1 mm3, 1.7 mm3, and 0.2 mm3 
were observed in the control, SF, and SF–HPC groups, 

respectively. The SF–HPC group exhibited a significantly 
smaller HO volume compared to both the control and SF 
groups (Figure 7A2–C2, D). At 8 weeks post-operatively, 
HO volumes increased to approximately 4.6 mm3 in the 
control group and 2.4 mm3 in the SF group, whereas the 
SF–HPC group maintained minimal HO (0.5 mm3). The 
SF–HPC group consistently demonstrated significantly 
reduced HO volume compared to the other two groups at 
this time point (Figure 7A3–C3, D).

Gross examination and histological staining of rat 
Achilles tendons at 8 weeks post-operatively revealed that, 
in the control group, evident HO tissue was present at 
both the proximal and distal insertion sites of the tendon, 
accompanied by inflammatory hyperplasia and scar tissue 
formation (Figure 7A4). The SF group exhibited minimal 
HO tissue at the insertion sites, with sporadic scar tissue 
and irregular tendon morphology (Figure 7B4). In contrast, 
the SF–HPC group displayed no grossly visible HO tissue, 

Figure 7. Evaluation of heterotopic ossification in rat models. (A1–A4) Micro-computed tomography reconstruction images of hindlimbs at 2, 4, and 8 
weeks post-tenotomy, and gross morphology of regenerated tendons at 8 weeks in the control group. (B1–B4) Corresponding images for the SF group. 
(C1–C4) Corresponding images for the SF–HPC group. (D) Quantification of calcified tissue volume in Achilles tendons at 4 and 8 weeks post-operation. 
(E) Representative intraoperative photographs of primary suture versus scaffold-augmented suture in rat Achilles tendon. n = 3; *p < 0.05, **p < 0.01, ***p 
< 0.001. Note: Yellow dashed circles indicate regions of heterotopic ossification. Abbreviations: HPC, hydroxypropyl cellulose; SF, silk fibroin.

https://doi.org/10.36922/IJB025210203


3D scaffold prevents tendon ossification

308Volume 11 Issue 4 (2025) doi: 10.36922/IJB025210203

International Journal of Bioprinting

no significant inflammatory hyperplasia or scar tissue, and 
preserved tendon morphology (Figure 7C4).

Histological evaluation via H&E staining demonstrated 
extensive ossified tissue within the Achilles tendons 
of the control group, moderate ossification in the SF 
group, and minimal ossification in the SF–HPC group  
(Figure 8A1, B1, and C1). Safranin O staining corroborated 
these findings, showing similar spatial patterns of 
pathological matrix distribution (Figure 8A2, B2, and C2). 
IHC staining revealed widespread BMP-2-positive regions 
in the control group, localized BMP2 expression in the SF 
group, and only sporadic BMP2 signals in the SF–HPC 
group (Figure 8A3, B3, and C3). Quantitative IHC analysis 
confirmed a significantly reduced BMP-2-positive area 
in the SF–HPC group compared to both control and SF 
groups (Figure 8D).

In assessing the in vivo efficacy of tissue-engineered 
scaffolds for preventing post-traumatic HO, micro-CT, 
H&E staining, Safranin O staining, and IHC staining 
served as complementary and indispensable analytical 
modalities. Together, these techniques provided multi-
dimensional insights into tissue quantification (micro-CT), 
histoarchitecture (HE), matrix composition (Safranin O),  

and molecular signaling (IHC), establishing a robust 
framework for evaluating therapeutic outcomes.62–65

3.7. Evaluation of systemic inflammatory and 
immune responses following implantation of tissue-
engineered Achilles tendon scaffolds
To assess systemic inflammatory and immune responses 
after scaffold implantation, venous blood was collected from 
rats at 3, 7, and 14 days post-operatively following Achilles 
tendon transection. The measured parameters included 
WBC count, red blood cell count, neutrophil count, 
neutrophil percentage, lymphocyte count, lymphocyte 
percentage, monocyte count, and monocyte percentage.

The WBC count results demonstrated a gradual 
decrease over time across all groups. Notably, the control 
group exhibited a significant acute inflammatory response 
at post-operative day 3, while the SF–HPC group showed 
lower WBC counts compared to both the Control and 
SF groups (Figure 9A). These findings indicate that 
scaffold implantation did not induce marked systemic 
inflammatory reactions.

Red blood cell counts increased progressively in all 
groups. However, the control group displayed a significant 

Figure 8. Histopathological and molecular characterization of regenerated Achilles tendons at eight weeks post-tenotomy. (A1, B1, C1) Representative 
hematoxylin and eosin (HE) staining of tendon tissues in control, SF, and SF–HPC groups. (A2, B2, C2) Safranin O staining for proteoglycan deposition. 
(A3, B3, C3) Immunohistochemical staining of BMP-2 expression. Scale bar: 500 μm; magnification: 100×. (D) Quantification of BMP-2 positively 
stained areas in immunohistochemical analysis. n = 3; ****p < 0.0001. Note: Black dashed boxes demarcate calcified regions. Abbreviations: BMP-2, bone 
morphogenetic protein 2; HPC, hydroxypropyl cellulose; SF, silk fibroin. 
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Figure 9. Systemic inflammatory profiles in rat models after Achilles tenotomy. (A) WBC count. (B) RBC count. (C) Neutrophil (N) count. (D) Neutrophil 
(N) percentage. (E) LYM count. (F) LYM percentage. (G) MON count. (H) MON percentage. (I) IL-6 concentration. (J) TNF-α concentration. n = 3;  
*p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: HPC, hydroxypropyl cellulose; SF, silk fibroin; LYM, lymphocyte; RBC, red blood cell; WBC, white blood 
cell; MON, monocyte; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α.
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reduction in red blood cell count at post-operative day 3, 
suggesting substantial hemorrhage and erythrocyte loss 
during the early post-operative phase (Figure 9B).

Neutrophil counts and percentages gradually returned 
to baseline levels in all groups. The control group showed 
abnormally elevated neutrophil counts and percentages 
at day 3, exceeding normal physiological ranges, whereas 
the SF and SF–HPC groups maintained neutrophil 
parameters within normal limits (Figure 9C and D). These 
results further confirm the absence of acute inflammatory 
responses following scaffold implantation.

Lymphocyte counts and percentages normalized 
progressively across all groups, with no significant 
intergroup differences observed (Figure 9E and F). This 
pattern indicates that tendon transection surgery alone did 
not elicit chronic inflammatory responses, regardless of 
the intervention.

Similarly, monocyte counts and percentages returned 
to baseline levels across all groups over the observation 
period (Figure 9G and H). Collectively, these hematological 
profiles demonstrate that neither scaffold implantation nor 
surgical injury provoked detectable immune dysregulation.

Additionally, serum levels of pro-inflammatory 
cytokines (IL-6 and TNF-α) were quantified at post-
operative days 3, 7, and 14. IL-6 levels in the control 
group significantly surged at post-operative day 3, 
exceeding those in both the SF and SF–HPC groups (p < 
0.05). By post-operative day 14, IL-6 levels in the control 
group returned to baseline. In contrast, no statistically 
significant difference was observed between the SF and 
SF–HPC groups, both of which exhibited a gradual 
decline in IL-6 concentrations, returning to near-baseline 
levels by post-operative day 7 and fully normalizing 
by post-operative day 14 (Figure 9I). A similar trend 
was observed for TNF-α (Figure 9J). Collectively, these 
findings indicate that neither SF nor SF–HPC scaffolds 
induced sustained elevation of inflammatory cytokines 
post-implantation, with cytokine levels largely restored 
within 1–2 weeks.

SF intrinsically possesses immunomodulatory 
properties. As demonstrated in previous research, SF-
based materials attenuate pro-inflammatory cytokine 
secretion (e.g., TNF-α, IL-6) through suppression of 
inflammatory pathways such as nuclear factor kappa-
light-chain-enhancer of activated B cell signaling.66 This 
reduction in pro-inflammatory cytokines directly impairs 
neutrophil and monocyte recruitment, thereby decreasing 
WBC infiltration into inflammatory sites—a phenomenon 
reflected by diminished peripheral blood WBC counts.67

In the prevention of post-traumatic HO by tissue-
engineered Achilles tendon scaffolds, attenuated 
inflammatory and immune responses play a critical 
role in regulating key pathological mechanisms.13 Pro-
inflammatory cytokines upregulate BMP-2 and Wnt 
signaling pathways, driving stem cell differentiation toward 
osteoblasts.68 Suppression of inflammatory responses 
directly inhibits these pathways, thereby reducing ectopic 
bone matrix deposition.

Neutrophil-derived reactive oxygen species and 
matrix metalloproteinases (MMPs) disrupt the local 
microenvironment, promoting calcium salt deposition. 
A hypoimmune response inhibits immune cell-mediated 
aberrant repair processes.69,70 A low-inflammatory 
microenvironment downregulates BMP-2/Smad1/5 
signaling while upregulating tenogenic markers such as 
Scx, directing stem cell differentiation toward tenocytes 
rather than osteoblasts. Concurrently, reduced MMP 
activity preserves type I collagen integrity by minimizing 
its degradation, maintaining ordered collagen fiber 
alignment, and enhancing mechanical stability.70–72

In summary, reduced inflammatory and immune 
responses play a crucial role in preventing HO of the 
Achilles tendon by suppressing osteogenic signaling, 
optimizing stem cell differentiation, and blocking aberrant 
repair processes.

Collectively, the SF–HPC scaffold demonstrates 
exceptional mechanical properties, tunable degradation 
kinetics, and favorable biocompatibility, enabling effective 
tendon repair while preventing HO. Compared to collagen 
scaffolds, SF-based scaffolds provide superior degradation 
resistance and mechanical strength. Although collagen 
offers excellent biocompatibility, its low mechanical 
integrity and rapid degradation may lead to premature 
loss of structural support post-implantation. In contrast, 
appropriately cross-linked SF scaffolds maintain 
biocompatibility while enhancing mechanical robustness 
and controlling degradation rates, thereby providing 
sustained tissue support.73 A distinct advantage over 
PLGA scaffolds lies in SF’s ability to better facilitate cell 
adhesion and proliferation,74 a finding corroborated by our 
experimental results.

4. Conclusion
This study successfully formulated an SF–HPC–
TSPC bioink, utilizing SF as the base material, HPC 
as a reinforcing agent, and TSPCs as seed cells. The 
developed bioink exhibited excellent cytocompatibility 
and favorable rheological properties. It enabled 3D 
bioprinting of porous tissue-engineered Achilles tendon 
scaffolds with high mechanical strength and controlled 
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biodegradability, achieving an elastic modulus of 85 MPa 
and a porosity of 91%. In vitro studies demonstrated that 
SF–HPC scaffolds significantly enhanced TSPCs viability, 
migration, proliferation, and tenogenic differentiation. 
In vivo evaluations confirmed the scaffolds’ superior 
biocompatibility, as they elicited no detectable systemic 
inflammatory or immune responses. Importantly, the SF–
HPC scaffolds effectively prevented HO in our rat Achilles 
tendon injury model.
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