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Abstract

Background: The limited self-repair capacity of ligaments imposes substantial obstacles to effective tissues healing, thereby highlight-
ing decellularization as a viable approach for ligament reconstruction. While whole tissue decellularization retains gross morphological
features, its impact on microstructural organization and multiscale mechanical behavior remains insufficiently elucidated. Methods:
Rabbit medial collateral ligaments were decellularized using a combined protocol of physical, chemical, and biological methods, com-
prising five freeze-thaw cycles (physical), 0.38 g/mL guanidine and 0.5 % sodium dodecyl sulfate (SDS) (chemical), and 0.5 % trypsin
(biological). Decellularization efficacy was validated through hematoxylin-eosin (HE) and 4′,6-diamidino-2-phenylindole (DAPI) stain-
ing and biochemical quantification of deoxyribonucleic acid (DNA), glycosaminoglycan (GAG), and collagen content. Structural and
mechanical alterations across scales were assessed via scanning electron microscopy (SEM), fluorescence collagen hybridizing peptide
(F-CHP) staining, atomic force microscopy (AFM), uniaxial tensile testing, and nanoindentation. Statistical analyses were performed
using unpaired t-tests. Results: The decellularization process significantly reduced DNA content (from 1110.77± 46.16 ng/mg to 38.60
± 1.67 ng/mg) and disrupted collagen organization, as reflected by a decreased tensile modulus (3.16 ± 0.19 MPa vs. 3.84 ± 0.23
MPa). Microscopic evaluations revealed structural alterations in collagen fibrils, including increased porosity and expanded D-banding
periodicity. Nanoindentation and AFM results indicated a decrease in mechanical properties at micrometer and nanometer scales, with
compromised energy dissipation capacity. Under extreme tensile conditions, decellularized ligaments demonstrated pronounced fiber
tearing and misalignment. Conclusions: Decellularization induces hierarchical disorganization of ligaments matrix at both microme-
ter and nanometer scales, typified by collagen fiber loosening, augmented interfibrillar spacing, and expanded D-banding periodicity.
These alterations collectively lead to impaired micromechanical integrity and reduced energy dissipation. The findings highlight critical
structural determinants of mechanical function and provide insights for optimizing decellularization strategies to preserve microscopic
architecture and meet the demands of load-bearing applications.

Keywords: Decellularization, microstructural morphology, mechanical behavior, microscopic analysis, ligaments.

*Address for correspondence: H.Z. Chen, State Key Laboratory of Oral Diseases & National Center for Stomatology & National
Clinical Research Center for Oral Diseases, West China Hospital of Stomatology, Sichuan University, 610041 Chengdu, Sichuan, China.
Email: drchenhz2018@163.com; N. Jiang, State Key Laboratory of Oral Diseases&National Center for Stomatology&National Clinical
Research Center for Oral Diseases, West China Hospital of Stomatology, Sichuan University, 610041 Chengdu, Sichuan, China. Email:
dent_jn@163.com.

Copyright policy: © 2025 The Author(s). Published by Forum Multimedia Publishing, LLC. This article is distributed in accordance
with Creative Commons Attribution Licence (http://creativecommons.org/licenses/by/4.0/).

Introduction

Ligaments, composed predominantly of collagen-rich
connective tissue, serve as essential stabilizing components
within joints [1,2]. Their primary mechanical functions in-
clude force transmission, shock absorption, energy storage
and release, stress dispersion, and the maintenance of joint
stability and coordinated kinematics [3,4]. These biome-
chanical roles are critical for protecting the structural in-
tegrity and functional synergy of muscles, bones, and joint
elements [5]. The integrity of ligaments with other joint

structures, is vital for sustaining physiological mobility and
minimizing the risk of sports-related injuries [6,7].

Ligament damage can arise from acute trauma, ag-
ing and degeneration, overuse, or biomechanical misalign-
ment, often resulting in pain, swelling, altered load dis-
tribution, and musculoskeletal imbalance [8,9]. In severe
cases, such injuries may progress to functional deficits,
post-traumatic osteoarthritis, and long-term quality-of-life
impairment [10–12]. The intrinsic challenges of liga-
ment healing—attributable to limited vascularization, in-
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tricate hierarchical architecture, and sluggish regenerative
capacity—frequently necessitate surgical intervention for
tissue repair or replacement in cases of substantial damage
[13–15].

The advent of biomaterial scaffolds has introduced
promising avenues for ligament repair, with decellularized
scaffolds emerging as particularly compelling candidates
[16,17]. Decellularization techniques involve removing
cellular components from tissues through physical, chem-
ical, and biological methods to prevent immune rejection
while preserving the extracellular matrix to form scaffolds
that facilitate cell adhesion, proliferation, differentiation,
and ultimately tissue repair and regeneration [18,19].

Whole tissue decellularization, which maintains the
native three-dimensional morphology of the tissue, offers
advantages for structural integration in repair and recon-
struction contexts [20,21]. Nevertheless, preliminary ev-
idence suggests that this approach may compromise tis-
sue mechanical integrity [22,23], posing limitations for in
vivo applications where mechanical resilience is paramount
[24]. Although gross morphology remains intact, we hy-
pothesize that changes in the microstructure lead to alter-
ations in micro-mechanical properties, ultimately affecting
the macroscopic mechanical properties of the tissue after
decellularization.

Table 1 (Ref. [25–29]) summarizes the current
applications of whole tissue decellularization in liga-
ments, alongside its reported effects on mechanical prop-
erties. Prior investigations have predominantly emphasized
macroscopic outcomes, such as tissue morphology and bulk
mechanical strength while neglecting microscale evalua-
tions. The present study addresses this gap by examining
microstructural and micromechanical alterations induced
by decellularization. Through comprehensive analysis of
ligamentmorphology andmechanical characteristics before
and after decellularization, the study elucidates the struc-
tural and functional repercussions at the microscopic level.
Additionally, the effects of tensile deformation under both
physiological and extreme loading conditions on collagen
fiber architecture were assessed. This insight could also of-
fer new perspectives and ideas for restoring the microstruc-
tural morphology andmechanical properties of tissues post-
treatment.

Materials and Methods
Decellularization Protocol for the Medial Collateral
Ligament of Rabbit Knee Joint

The decellularization protocol was adapted and opti-
mized based on established methodologies [24,30,31]. Un-
der sterile conditions, the medial collateral ligaments of the
knee joints were harvested from healthy male New Zealand
white rabbits (4 months old, weighing 1.9–2.1 kg). The lig-
ament tissues were pretreated by repeated freeze-thaw cy-
cles under –20 °C and 4 °C conditions for a total of 5 cycles,
with each freeze and thaw phase lasting 12 h. The pretreated

ligaments were incubated at 4 °C in a guanidine solution
(biofroxx, Batch No. EZ6387417F; Einhausen, Germany)
with a concentration of 0.38 g/mL for 48 h. Subsequently,
theywere treated at 37 °C in a 0.5% trypsin solution (Gibco,
Batch No. 15400054; Grand Island, NY, USA) for 24 h. Fi-
nally, the ligaments were processed at room temperature in
a 0.5 % sodium dodecyl sulfate (SDS) solution (biofroxx,
Batch No. EZ6408AB7C; Einhausen, Germany) for 24 h,
resulting in decellularized rabbit ligament tissues.

Histological Analysis

Fresh and decellularized rabbit ligament tissues (for
each group, n = 3) were fixed in 4 % paraformaldehyde so-
lution and rinsed thoroughly under running water. Samples
were then dehydrated using an automated tissue dehydra-
tor (Leica, Version No. ASP300S; Wetzlar, Germany) and
embedded in paraffin. Sections with a thickness of 5 µm
were cut along the longitudinal axis of the ligament and
stained with hematoxylin-eosin (HE) and 4′,6-diamidino-
2-phenylindole (DAPI) to evaluate the effectiveness of the
decellularization process. Fast Green staining was used to
observe the collagen distribution.

For HE staining, tissue sections were processed using
a commercial HE staining kit (Solarbio, Batch No. G1120;
Beijing, China). Sections were stained with hematoxylin
solution for 5 minutes, rinsed with water, and subsequently
counterstained with eosin solution for 1 minute. For DAPI
staining, sections were incubated with DAPI solution from
a staining kit (Solarbio, Batch No. C0065; Beijing, China)
for 5 minutes in the dark, followed by gentle washing with
phosphate buffered saline (PBS). For Fast Green staining,
sections were stained using a Fast Green staining kit (Solar-
bio, Batch No. G1371; Beijing, China) for 5 minutes, then
rinsed to remove excess dye before imaging.

Fluorescein collagen hybridizing peptide (F-CHP)
staining: The prepared CHP staining solution (1:7, 3Helix,
Batch No. FLU300; Salt Lake City, UT, USA) was heated
in an 80 °Cwater bath for 5 minutes and then rapidly cooled
on ice to room temperature. The CHP staining solution was
then applied to tissue sections and incubated overnight at
4 °C. Following incubation, the sections were thoroughly
washed with PBS. The degree of collagen denaturation in
the tissue was observed using a fluorescence microscope.

Immunofluorescence staining: Tissue sec-
tions were subjected to antigen retrieval using Tris-
ethylenediaminetetraacetic acid (EDTA) buffer. Then
the sections were blocked with 5 % goat serum at room
temperature for 30 minutes. Primary antibodies were
applied individually, including collagen I (COL-1, 1:300,
Servicebio, Batch No. GB11022; Wuhan, China), collagen
III (COL-3, 1:300, Servicebio, Batch No. GB111629;
Wuhan, China), and fibronectin (1:200, Abcam, Batch
No. ab268020; Waltham, MA, USA). Sections were
incubated overnight at 4 °C, followed by thorough wash-
ing. Subsequently, species-specific secondary antibodies
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Fig. 1. Validation of the decellularization effect in rabbit ligament tissue. (A,B) HE staining of native ligament and ligament de-
cellularized extracellular matrix (dECM). Scale bar: 100 µm. (C) Quantification results of HE staining. (D,E) DAPI staining of native
ligament and ligament dECM. Scale bar: 100 µm. (F) Quantification results of DAPI staining. (G) DNA content quantification. (H)
Collagen content quantification. (I) GAG content quantification. (J) Raman spectroscopy results of native ligament and ligament dECM.
HE, hematoxylin-eosin; DAPI, 4′,6-diamidino-2-phenylindole; DNA, deoxyribonucleic acid; GAG, glycosaminoglycan; ∗p < 0.05; ns,
p > 0.05. This image was produced using GraphPad Prism and Origin software.

corresponding to the primary antibodies were added and
incubated at room temperature for 50 minutes. After
washing, fluorescence signals were observed using a
fluorescence microscope (Olympus FV3000; Tokyo,
Japan).

Biochemical Composition Analysis

Deoxyribonucleic acid (DNA) quantification: Fresh
and decellularized rabbit ligament tissues (for each group,
n = 4) were freeze-dried and weighed to determine the
dry weight. Each sample was enzymatically digested us-
ing a proteinase K solution (1 mg/mL, biofroxx, Batch
No. 1124MG100; Einhausen, Germany) proportionally
prepared according to tissue weight, followed by incuba-
tion at 56 °C in a water bath overnight to ensure com-
plete digestion. DNA content was then quantified using
the PicoGreen DNA assay kit (Thermo Fisher, Batch No.

2544406; Waltham, MA, USA) according to the manufac-
turer’s instructions.

Glycosaminoglycan (GAG) quantification: After
complete digestion with proteinase K, the solutions of the
two groups of tissue were separately mixed with prepared
dimethylmethylene blue (DMMB) solution. The GAG con-
tents of the two groups (for each group, n = 4) were calcu-
lated by measuring the wavelength of 535 nm using a mi-
croplate reader (Thermo Fisher, Varioskan LUX, Batch No.
3020-1134; Waltham, MA, USA).

Collagen quantification: Hydroxyproline (HYP) was
selected as a marker for the total collagen content in the tis-
sue. The absorbances of the two sample groups (for each
group, n = 4) were measured at a wavelength of 570 nm.
The collagen content was calculated based on that HYP
constitutes approximately 13.5 % of the total collagen.
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Table 1. Published studies of decellularized ligament/tendon with hierarchical mechanical characteristic and microstructural morphology.

Decellularized
tissue

Fabrication method Macro-mechanical properties Microstructural morphology
Micro-mechanical

properties

Changes in
physiological
or overloading

states

Reference

Human PIP joint
collateral ligaments

0.1 % EDTA and 0.1 % SDS for 24 h,
5 % PAA for 6 h

Decellularized ligaments revealed lower
displacement to failure compared with
untreated ligaments

NA NA NA [25]

Rabbit patella
ligament

Aponeurosis discission and
decellularization: 0.05 % trypsin for
5 h and 1 % Triton X-100 for
48 h

There were no significant differences in
the maximum load at rupture and elastic
modulus of the native tissue compared
with decellularized tissue

After decellularization, the interspaces
between the collagen fibers had
significantly increased

NA NA [26]

Porcine and
human anterior
cruciate ligaments

Freeze-thawed five times, 1 % Triton
X-100 for 24 h to solubilize membrane
proteins, and Benzonase for 24 h to
degrade DNA and RNA. Then 1 %
Triton X-100 for 72 h and Benzonase
for 48 h.

For porcine samples, the stiffness in the
linear region decreases after
decellularization

Collagen fibers in human native ACLs are
thinner and more tightly packed than those
in decellularized ACLs

NA NA [27]

Porcine anterior
cruciate ligaments

Six times freeze-thaw cycles,
0.5 % trypsin for 6 h, 2 % Triton
X-100 for 3 d, and 50 U mL−1

deoxyribonuclease for 2 d

There is no comparison of mechanical
properties between decellularized tissue,
bioink and native tissue. The mechanical
properties improved after subcutaneous
implantation in nude mice

The result of SEM shows that LidECM has
a contiguous collagenous network with
oriented fiber bundles which resemble
native ligament

NA NA [28]

Rabbit hamstring
tendon

0.05 % trypsin-EDTA for 1 h,
1.5 % PAA and 2.0 % Triton
X-100 for 4 h, and different
neutralizing reagents for 8 h

No comparison between native and
decellularized tissues

Decellularized allografts neutralized by
5 % calcium bicarbonate had typical
reticular and porous microstructures with
optical cytocompatibility

NA NA [29]

EDTA, ethylenediaminetetraacetic acid; SDS, sodium dodecyl sulfate; PAA, peracetic acid; DNA, deoxyribonucleic acid; RNA, ribonucleic acid; NA, not available; ACL, anterior cruciate ligament;
LidECM, ligament-derived decellularized extracellular matrix; SEM, scanning electron microscopy; PIP, proximal interphalangeal.
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Raman Spectroscopy Analysis
Fresh and decellularized rabbit ligament tissues (for

each group, n = 3) were embedded in optimal cutting tem-
perature (OCT) compound (SAKURA, Batch No. 5331-00;
Torrance, CA, USA) and cryosectioned longitudinally into
100 µm slices. Following PBS washing to remove residual
OCT, Raman spectra were obtained using a Raman micro-
scope (Renishaw InVia, Batch No. 54VQ49; Gloucester-
shire, UK) with a 785 nm excitation source. The spectra
were collected within the range of 50–4000 cm−1.

Scanning Electron Microscopy (SEM) Observation
Ligament tissue samples from different treatment

groups (for each group, n = 3) were sectioned longitudi-
nally and fixed in 2.5 % glutaraldehyde solution at 4 °C.
After washing with PBS, the tissues were dehydrated in a
graded ethanol series with concentrations of 50 %, 75 %,
80 %, 90 %, 95 %, and 100 %. The samples were then
subjected to critical point drying, and the observation sur-
face was placed facing upward on the specimen holder, fol-
lowed by gold sputter coating. The cross-sectional struc-
tures of the tissues before and after decellularization were
observed by scanning electron microscopy (SEM, Helios,
Batch No. 4421-001308, originally by Field Electron and
Ion (FEI) Company, now Thermo Fisher, Waltham, MA,
USA) at different magnifications.

Uniaxial Tensile Mechanical Testing and Sample
Preparation under Different Strain Conditions

For mechanical characterization, ligament samples
(for each group, n = 3) were equilibrated in PBS to ensure
consistent hydration. The testing directionwas set along the
longitudinal axis of the ligament, with a stretching speed of
5 mm/min. The tests were conducted on a mechanical test-
ing machine (Lixian Instrument Technology Co., Batch No.
HZ-1004A; Dongguan, China). The dimensions of the test-
ing area (length, width, and thickness) were measured, and
load-displacement data generated during the tests were con-
verted to stress-strain curves using Origin software (Origin-
Lab, version2021; Northampton, MA, USA). The slope of
the curve within the 5 %–20 % strain range was calculated
as the elastic modulus. Additionally, in this study, 5 %
strain was set to simulate physiological conditions, while 30
% strain was used to simulate extreme conditions [32,33].
After stretching to different strain levels, the microstruc-
tural features of the samples were observed under SEM.

Nanoindentation Testing
Fresh and decellularized ligament tissues (for each

group, n = 3) were placed on the stage of a nano-
indenter (Piuma, Batch No. Optics11-20194162; Amster-
dam, Netherlands), with all testing conducted in an aque-
ous environment. A nano-indentation probe with a tip ra-
dius of 9 µm and an elastic constant of 5 N/m was used for
testing. The load-displacement curves during loading and

unloading were recorded, and the slope of the 20 %–90 %
segment of the unloading curve was calculated as the elas-
tic modulus using the power-law fitting of the Hertz model.
The energy dissipation capacity was determined by measur-
ing the area enclosed by the loading and unloading curves.
The area between the loading and unloading curves was de-
noted as E1, and the area beneath the unloading curve was
denoted as E2. The energy dissipation ratio was calculated
as E1/(E1 + E2) [34,35].

Atomic Force Microscopy (AFM) Testing
Rabbit ligament tissues from different groups (for

each group, n = 3) were embedded in OCT, ensuring that
the embedding direction aligned with the scanning elec-
tron microscopy observation direction. Cryosectioning was
performed using a cryostat (Leica, Version No. CM1950;
Wetzlar, Germany) to obtain longitudinal slices of 40 µm
thickness. The prepared samples were placed on the sample
stage of the scanning probe microscope (SPM) instrument
(Shimadzu, Version No. SPM-9600; Kyoto, Japan). In dy-
namic mode, the morphological structure of the target area
was observed at a frequency of 1 Hz and a resolution of 512
× 512 pixels. For mechanical property testing, a contact-
mode silicon probe with gold coating (CSG) 10 probe was
used in contact mode at a frequency of 6 Hz and a resolu-
tion of 64 × 64 pixels. Data were analyzed using Nano 3D
Mapping Fast software (Shimadzu, Version No. 6.0.4; Ky-
oto, Japan), and the JKR model was applied to calculate the
elastic modulus.

Residue SDS Quantification
According to the instructions of the Residual SDS

Assay Kit (Sangon Biotech, Batch No. C500055-0100;
Shanghai, China), reagents were added to the solutions
from both groups (for each group, n = 3) and mixed thor-
oughly. The mixtures were then centrifuged at 5000 rpm
for 5 minutes. The supernatants were collected, and ab-
sorbance was measured at 499 nm to calculate the residual
SDS content in each sample.

Biocompatibility Evaluation
Under sterile conditions, femurs were harvested from

healthy male New Zealand rabbits (4 months old, weighing
1.9–2.1 kg), and the epiphyses at both ends were removed.
The bone marrow cavity was repeatedly flushed with PBS
containing 5% penicillin-streptomycin to collect bone mar-
row cells. The resulting cell suspension was centrifuged
at 1500 rpm for 5 minutes, the supernatant was discarded,
and the pellet was resuspended in growth medium (Gibco,
Batch No. 6125188; Grand Island, NY, USA). Cells were
seeded into culture flasks and maintained in an incuba-
tor at 37 °C with 5 % CO₂. The cells were mycoplasma-
free (polymerase chain reaction (PCR) Mycoplasma Test
Kit, absin, Batch No. 322A036; Shanghai, China). Third-
passage cells were then seeded onto scaffolds from different
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Fig. 2. Analysis of macro and sub-macro characteristics. (A,B) Gross morphology of native ligament and ligament dECM. (C,D)
SEM images of native ligament and ligament dECM at 200× magnification. Scale bar: 500 µm. (E,F) SEM images of native ligament
and ligament dECM at 1000× magnification. Scale bar: 100 µm. (G) Stress-strain curves of uniaxial tensile mechanical testing. (H)
Quantitative results of Young’s modulus. SEM, scanning electron microscopy; ∗p < 0.05. This image was produced using Adobe
Illustrator, GraphPad Prism and Origin software.

Fig. 3. Microscopic analysis at the micrometer scale. (A,B) Fast Green staining of native ligament and ligament dECM. Scale bar:
40 µm. (C,D) SEM images of native ligament and ligament dECM at 10,000× magnification. Scale bar: 10 µm. (E,F) Enlarged area
of F-CHP staining of native ligament and ligament dECM. Scale bar: 40 µm. (E’,F’) F-CHP staining of native ligament and ligament
dECM. Scale bar: 100 µm. (G) Load-intendation curves of nanoindentation testing. (H) Quantitative results of Young’s modulus and
energy dissipation ratio. F-CHP, fluorescence collagen hybridizing peptide; ∗p< 0.05. This image was produced using Adobe Illustrator,
GraphPad Prism and Origin software.

experimental groups (for each group, n = 3) for subsequent
experiments.

Cell proliferation on days 1, 3, 5, and 7 was evaluated
using the Cell Counting Kit-8 (CCK-8, APExBIO, Batch
No. 25004K1018; Houston, TX, USA) in accordance with
the manufacturer’s protocol. Absorbance was measured at
450 nm, and the average optical density (OD) was calcu-
lated from four replicate wells.

Cell viability on the sample surfaces was assessed us-
ing a Live/Dead assay kit (Yobibio, Batch No. U23-002A;
Shanghai, China). Briefly, 1 mL of calcein-acetoxymethyl
ester (AM)/propidium iodide (PI) staining solution was
added to each well of a 24-well plate, followed by incuba-
tion at 37 °C for 30 minutes. The samples were then rinsed
three times with PBS, and cells were observed and counted
under a confocal microscopy. On day 7, cell viability was

quantified as the percentage of live cells relative to the total
number of cells.

Statistical Analysis
All experiments were conducted with at least three

replicate samples per group. Data are presented as mean
± standard deviation (SD). Statistical differences were ana-
lyzed using an unpaired t-test in GraphPad Prism 9 (Graph-
Pad Software, San Diego, CA, USA), with significance de-
fined at p < 0.05.
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Fig. 4. Microscopic analysis at the nanometer scale. (A-D) AFM images of native ligament and ligament dECM. Scale bar in A and
B: 2.5 µm. Scale bar in C and D: 0.5 µm. (E,F) Three-dimensional reconstruction of the Fig. 4C,D. (G,H) The AFM images of Young’s
modulus mapping of native ligament and ligament dECM. (I) Distribution of Young’s modulus of native ligament and ligament dECM.
(J) Quantitative results of D-period length. AFM, atomic force microscopy; ∗p < 0.05. This image was produced using SPM-Nanoa,
GraphPad Prism and Origin software.

Fig. 5. The microscopic characteristics of ligament tissue before and after decellularization under different tensile conditions.
(A,B) SEM images of native ligament and ligament dECM after tension motion under physiological conditions at 200× magnification.
Scale bar: 500 µm. (C,D) SEM images of native ligament and ligament dECM after tension motion under physiological conditions at
10,000×magnification. Scale bar: 10 µm. (E,F) SEM images of native ligament and ligament dECM after tension motion under extreme
conditions at 200× magnification. Scale bar: 500 µm. (G,H) SEM images of native ligament and ligament dECM after tension motion
under extreme conditions at 10,000× magnification. Scale bar: 10 µm. This image was produced using Adobe Illustrator software.

Results
Validation of the Decellularization Effect in Rabbit
Ligament Tissue

HE staining and quantification results (Fig. 1A–C)
demonstrated that, in cross-sections of native rabbit me-
dial collateral ligament, cells were uniformly distributed
within the collagen fibers, with basophilic-stained nuclei
appearing distinctly purple-blue and sharply defined. The
extracellular matrix was densely organized and structurally
continuous. Following application of the combined decel-
lularization protocol—comprising five freeze-thaw cycles
(physical), 0.38 g/mL guanidine and 0.5 % SDS (chemi-
cal), and 0.5 % trypsin (biological)—cell nuclei were en-

tirely absent, and the matrix displayed a markedly looser
arrangement. DAPI staining and quantification results (Fig.
1D-F) corroborated these findings, indicating dense nuclear
distribution in native tissue and a complete absence of nu-
clear material post-decellularization. Biochemical content
analysis revealed that the DNA content in the ligaments de-
creased significantly from 1110.77± 46.16 ng/mg to 38.60
± 1.67 ng/mg (Fig. 1G). Collagen content remained stable,
with no statistically significant difference observed before
and after decellularization (p = 0.07) (Fig. 1H). GAG con-
tent in the rabbit medial collateral ligament constitutes a rel-
atively small proportion of the tissue’s dry weight, approx-
imately 24.55± 3.68 µg/mg. The decellularization process
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induced a substantial depletion of GAG content, resulting
in a reduced concentration of 12.83 ± 2.5 µg/mg (Fig. 1I).
The Raman results (Fig. 1J) indicated that although de-
cellularization led to a reduction in the intensity of the lig-
ament spectra to some extent, characteristic peaks, includ-
ing amide I andmethylene/methyl groups (CH2/CH3), were
preserved. Residual SDS quantification was performed to
assess the potential presence of remaining decellulariza-
tion agents. The results showed that the SDS content in
the decellularized extracellular matrix (dECM) group was
nearly undetectable and comparable to that of the native lig-
ament group, indicating effective removal of SDS through
the post-decellularization washing processes. Cell prolif-
eration was assessed using the CCK-8 assay on days 1, 3,
5, and 7 (Supplementary Fig. 1A). Compared with the
control group, cells cultured on the decellularized scaffold
exhibited a significant increase in absorbance from day 5
onwards (p < 0.0001), indicating enhanced cell prolifer-
ation on the scaffold surface. To further evaluate cell vi-
ability, Live/Dead staining was performed on day 7. As
shown in Supplementary Fig. 1B, the majority of cells
displayed intense green fluorescence (live), with only a
few red-stained (dead) cells observed. Quantitative anal-
ysis (Supplementary Fig. 1C) revealed a high percent-
age of live cells (99.75 %), demonstrating excellent bio-
compatibility of the decellularized ligament scaffold. Im-
munofluorescence staining for Collagen I, Collagen III, and
fibronectin was performed on native and decellularized lig-
ament tissue sections. As shown in Supplementary Fig.
2A–F, positive immunofluorescence signals for all three
extracellular matrix (ECM) proteins were observed in both
groups. Quantitative analysis of relative fluorescence in-
tensity (Supplementary Fig. 2G) showed no statistically
significant differences between the two groups (p > 0.05).

Analysis of Macro and Sub-Macro Characteristics

The decellularization protocol used in this study did
not include preprocessing steps such as grinding or homog-
enization, thereby preserving the gross morphology of the
tissue. The decellularized ligament retained a structural ap-
pearance closely resembling that of native tissue, exhibit-
ing no visible perforation, fragmentation, or other struc-
tural damage (Fig. 2A,B). SEM revealed no appreciable
differences in tissue architecture at low magnification (Fig.
2C,D). However, high-magnification imaging exposed dis-
tinct ultrastructural changes: collagen fibers in native lig-
aments appeared densely packed with minimal interstitial
space (Fig. 2E), whereas post-decellularization tissues ex-
hibited increased porosity, looser fiber organization, and
more prominent undulations (Fig. 2F). Macroscopic ten-
sile mechanical testing of the ligament tissue (Fig. 2G,H)
revealed that the Young’s modulus of the decellularized lig-
ament was 3.16± 0.19MPa, which was significantly lower
than that of the native ligament (3.84 ± 0.23 MPa) (p =
0.02). This mechanical decline is likely attributable to al-

terations in the internal architecture induced by the decellu-
larization agents, despite the preservation of external three-
dimensional morphology. Subsequent analysis focused on
micro- and nanoscale changes in the ligament before and
after decellularization, aiming to elucidate the underlying
mechanisms of mechanical compromise.

Microscopic Analysis at the Micrometer Scale

Fast Green staining (Fig. 3A,B) revealed that tightly
arranged collagen fibers in the native ligament tissue were
interspersed with nuclei, which were completely absent af-
ter decellularization. While the collagen fibers did not
exhibit any fractures post-decellularization, they became
noticeably looser compared with the pre-treatment state.
High-magnification SEM (Fig. 3C,D) further confirmed
that decellularization induced micron-scale porosity in the
previously dense and compact collagen fiber network of
the ligament tissue. Additionally, the fine collagen fiber
bundles became more distinguishable after the treatment.
The F-CHP staining results revealed that (Fig. 3E,F,E’,F’),
compared with the absence of fluorescence signals in native
tissue, distinct enhanced green fluorescence was observed
in the decellularized tissue. This indicates that the decel-
lularization process induced collagen helix unwinding in
the ligament tissue, leading to collagen fiber denaturation
and modification. Nanoindentation results (Fig. 3G,H) re-
vealed that the modulus of collagen fibers after decellular-
ization (3.18 ± 0.08 kPa) was significantly reduced com-
pared with that of collagen fibers in native ligaments (5.00
± 0.21 kPa) (p = 0.0001). This finding demonstrates that
the alterations in the micro-scale morphological structure
indeed led to a reduction in the mechanical properties of
collagen fibers at the micron scale.

Microscopic Analysis at the Nanometer Scale

High-resolution AFM offers a detailed and multidi-
mensional evaluation of the microstructural and microme-
chanical alterations resulting from decellularization. The
results (Fig. 4A–F) revealed that in native ligament tissue,
collagen fibrils were arranged in a well-organized “corn-
like” architecture, characterized by tightly packed align-
ment and a consistent D-banding periodicity, with no dis-
cernible inter-fibrillar gaps. After decellularization, notice-
able increases in the spacing between collagen fibrils within
the extracellular matrix were observed. The characteristic
distribution of the D-banding periodicity became less dis-
tinct compared with the native tissue. Mechanical map-
ping images (Fig. 4G,H) and quantitative results (Fig. 4I)
fromAFMdemonstrated a significant reduction in the mod-
ulus distribution range of collagen fibrils in decellularized
tissues relative to native counterparts, indicating compro-
mised mechanical integrity. The D-banding periodicity it-
self was found to increase (Fig. 4J). The changes in D-band
periodicity observed in this study may be a key factor con-
tributing to the altered mechanical properties of collagen
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fibrils following decellularization. Future research on lig-
ament tissue repair should focus on the reconstruction of
the D-band, aiming to restore the highly ordered periodic
arrangement of collagen molecules.

The Microscopic Characteristics of Ligament Tissue
before and after Decellularization under Different Tensile
Conditions

SEM analysis under simulated physiological ten-
sile conditions demonstrated that both pre- and post-
decellularized ligament tissues maintained collagen fiber
integrity during normal activity ranges, with no evident
structural abnormalities found in collagen fibers (Fig. 5A–
D). Microstructural images of ligament tissues before and
after decellularization under extreme tensile conditions re-
vealed that collagen fibers in the native ligament elongated
and became taut, while collagen fibers in the decellular-
ized ligament exhibited significant tearing, with the normal
alignment of collagen fibers largely disrupted (Fig. 5E–
H). These observations imply that decellularized scaffolds
may lack the structural robustness required to endure ex-
cessive mechanical stress in vivo. This phenomenon aligns
with our findings showing a reduction in the energy dissi-
pation capacity of the decellularized ligament scaffold (Fig.
3H). The flow of interstitial fluid within the collagen net-
work provides ligaments with their energy dissipation func-
tion. At the tissue level, water molecules within fibrils
can rearrange during fibril deformation, generating reac-
tive forces. However, the decellularization process alters
the tissue structure, affecting the interstitial fluid and caus-
ing excessive fluid loss, which ultimately leads to a reduc-
tion in the ligament tissue’s energy dissipation capacity. As
one type of fibrous tissues that functions under load-bearing
conditions, ligament repair and reconstruction should focus
on whether it can meet the mechanical demands of in vivo
activities, such as stretching.

Discussion
This study evaluates the impact of decellularization on

the structural and mechanical properties of rabbit medial
collateral ligament tissues across multiple scales. Utilizing
an integrated physical, chemical, and biological decellular-
ization protocol, the process markedly reduced the DNA
content, validating its effectiveness in cellular component
removal in accordance with internationally accepted decel-
lularization benchmarks [36]. Subsequent analyses focused
on the protocol’s impact on the tissue’s microstructure, me-
chanical behavior, and ability to withstand tensile load-
ing under physiological and extreme conditions. While the
overall morphology of the extracellular matrix remained in-
tact, significant microstructural alterations—including in-
creased collagen fiber porosity and disrupted D-banding
periodicity—were identified. These modifications collec-
tively contributed to a pronounced reduction in mechanical
performance, notably in tensile modulus and energy dis-

sipation capacity, underscoring the inherent challenges in
preserving functional integrity within decellularized liga-
ment scaffolds for in vivo use [37].

The observed loosening of collagen fibers and ele-
vated porosity are likely attributable to the synergistic ef-
fects of the chemical (guanidine and SDS) and biological
(trypsin) components of the decellularization protocol [38].
Specifically, SDS, as an ionic detergent, disrupts the struc-
tural stability of lipid membranes and induces protein de-
naturation by interfering with hydrophobic interactions, po-
tentially compromising extracellular matrix integrity [39].
Additionally, SDSmay impair collagen crosslinking by dis-
rupting non-covalent interactions between collagen fibers,
such as hydrophobic forces and hydrogen bonding, thereby
facilitating a more disordered fiber architecture. Concur-
rently, trypsin, a serine protease, disrupts non-collagenous
ECM proteins, such as fibronectin, which mediates adhe-
sion between collagen fibers. This enzymatic degradation
exacerbates fiber separation and compromises matrix cohe-
sion [40].

F-CHP staining is a visualization technique used to
detect collagen molecule damage [41]. It leverages engi-
neered collagen hydrolyzing peptides that can specifically
bind to unwound polypeptide chains of denatured colla-
gen [42]. Damage to collagen partially unwinds its charac-
teristic triple-helix structure, exposing the internal peptide
chains [43]. F-CHP binds to these exposed peptide chains,
thereby labeling the damaged collagen molecules. The flu-
orescence intensity corresponds to the degree and extent of
damage [44]. This detection method offers higher sensi-
tivity and accuracy, enabling the identification of even mi-
nor damage. Nanoindentation, characterized by its micron-
to nanometer-scale spatial resolution, enables precise quan-
tification of tissue micromechanical properties [45,46]. In
this study, a nanoindentation instrument equipped with ap-
propriately sized probes was utilized to assess the impact
of decellularization on the mechanical properties of colla-
gen fibers. Microscopic and nanoscopic analyses revealed
that collagen fibers exhibited unwinding and denaturation,
as evidenced by F-CHP staining and nanoindentation.

Under physiological tensile conditions, both native
and decellularized ligaments preserved structural integrity.
However, under excessive tensile strain, decellularized lig-
aments exhibited pronounced collagen fiber disruption and
loss of alignment, indicative of diminished resistance to
mechanical overload. These findings corroborate previ-
ous reports indicating that decellularization protocols can
preserve tissue morphology while impacting mechanical
properties [17,47]. Consistent with study on decellular-
ized rabbit temporomandibular joint discs [24], the colla-
gen content remained largely unchanged after decellular-
ization, demonstrating the protocol’s minimal impact on
the proportion of collagen and its ability to maintain the
structural framework of the extracellular matrix. Notably,
this investigation provides additional insights at the micro-
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and nanoscales, specifically the alterations in collagen fib-
ril arrangement and D-band periodicity, which are seldom
detailed in ligament studies. The D-band is a unique ul-
trastructure in collagen fibrils formed by the periodic ar-
rangement of collagen molecules, playing a critical role
in the mechanical properties of fibrils [48]. However, the
D-band periodicity lies below the resolution threshold of
conventional [49]. To resolve these nanoscale features,
AFM was employed, enabling detailed characterization of
decellularization-induced modifications in collagen fibrils
within ligament tissue. The integrity of the D-period is crit-
ically important for the health of collagen fibrils and may
influence cell-matrix interactions and tissue biological ac-
tivity [50]. Its alteration is associated with various patho-
logical conditions and structural changes in tissues [51,52].
The increased D-banding periodicity observed in this study
may be associated with partial unwinding of the collagen
triple-helix structure or alterations in the molecular pack-
ing of collagen fibrils. Guanidine, as a strong chaotropic
agent, can induce denaturation of the collagen triple-helix
by disrupting hydrogen bonds and hydrophobic interac-
tions, thereby affecting the spatial organization of collagen
molecules [53,54]. In addition, the significant removal of
GAGs during the decellularization process may disturb the
hydration balance between collagen fibrils, leading to lo-
cal changes in water content and fibrillar swelling, which
in turn affects the regularity of D-banding [55]. These find-
ings suggest that collagen structural alterations may result
from both direct molecular-level disruption and indirect ef-
fects related to matrix organization and hydration state. The
documented changes of collagen fibril arrangement and D-
band periodicity may critically underlie the compromised
mechanical performance of decellularized ligaments, con-
sistent with mechanistic hypotheses previously proposed in
tendon and ligament research [27].

The strengths of this study include its comprehensive
multiscale analysis of the effects of decellularization. High-
resolution AFM was utilized to observe ligament tissue at
the nanoscale, enabling the detection of not only structural
changes in collagen fibrils but also their nanoscale mechan-
ical properties [56,57]. The use of this advanced imag-
ing technique provided a detailed understanding of col-
lagen fibril behavior. While the study primarily focused
on microstructural alterations and their mechanical conse-
quences, modifications in biochemical constituents such as
collagen, GAGs, and elastin may also contribute to the ob-
served mechanical changes. Future investigations should
aim to delineate these biochemical dynamics to further clar-
ify their roles in post-decellularization tissue behavior.

The results of this study underscore the imperative to
refine decellularization protocols to preserve or recover the
mechanical integrity of ligament scaffolds while ensuring
their biocompatibility. Strategies such as integrating bio-
physical or biochemical reinforcement methods could en-
hance the energy dissipation capacity and tensile strength

of decellularized scaffolds. Future research should also in-
vestigate the functional restoration of the D-band periodic-
ity, which is closely associated with fibrillar organization
and mechanical properties. Furthermore, as ligament tis-
sues are subjected to repetitive mechanical loading in vivo,
fatigue performance represents a critical parameter for eval-
uating the long-term functionality of scaffolds. While the
current study primarily focused on multiscale structural and
mechanical alterations induced by decellularization, the ab-
sence of cyclic loading assessments remains a limitation.
Given the absence of bioreactor platforms capable of pre-
cisely replicating physiological mechanical environments,
in vivo implantation and long-term follow-up may provide
a more representative and informative model for assessing
scaffold durability and mechanical adaptation. In addition,
while this study utilized cells isolated from the bone mar-
row cavity to evaluate scaffold biocompatibility, no sur-
face marker identification was performed, as the aim was
not to assess the stemness or differentiation potential of
these cells. This represents a methodological limitation that
could be addressed in future studies, particularly if the scaf-
folds are intended for regenerative applications. Incorpo-
rating surface marker analysis, such as flow cytometric or
short tandem repeat (STR) profiling for cell authentication,
would strengthen the biological relevance and translational
potential of the scaffold evaluations.

Conclusions
This investigation comprehensively evaluated the im-

pact of decellularization on the microstructural and me-
chanical properties of ligament tissues across different
scales (micrometer and nanometer). By comparing na-
tive and decellularized ligament tissues, we identified mi-
crostructural and mechanical changes induced by the de-
cellularization process. The observed reductions in me-
chanical strength and energy dissipation capacity suggest
limited suitability of these scaffolds for immediate applica-
tion in load-bearing scenarios. Therefore, strategies aimed
at restoring mechanical competence are essential to meet
the demands of clinical translation. These findings provide
valuable insights for the development of advanced scaf-
fold designs that balance structural fidelity with mechanical
functionality, thereby advancing their potential for success-
ful in vivo deployment.
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