Journal of Orthopaedic Translation 52 (2025) 138-149

JOURNAL OF

Contents lists available at ScienceDirect Orthopaedic
Translation

OT Journal of Orthopaedic Translation

journal homepage: www.journals.elsevier.com/journal-of-orthopaedic-translation

Original Article , '.) :

Check for

Application of biphasic mineralized collagen/polycaprolactone scaffolds in |
the repair of large load-bearing bone defects: A study in a sheep model

Meng-Xuan Yao *”“'®, Jing-Chuan Zheng “-', Hai-Cheng Wang ©', Hong-Zhi Lv *"¢,
Yi-Fan Zhang a’b"c, Yu-Qin Zhang"“"b’c, Tai-Long Shi*”, Yan-Ze Zhu', Ying-Ze Zhang *",
Xiu-Mei Wang ®-', Wei Chen *"“""

2 Department of Orthopaedic Surgery, Third Hospital of Hebei Medical University, Shijiazhuang, Hebei, 050051, People’s Republic of China

Y Key Laboratory of Biomechanics of Hebei Province, Shijiazhuang, Hebei, 050051, People’s Republic of China

¢ NHC Key Laboratory of Intelligent Orthopaedic Equipment, Shijiazhuang, Hebei, 050051, People’s Republic of China

d State Key Laboratory of New Ceramics and Fine Processing, Key Laboratory of Advanced Materials of Ministry of Education, School of Materials Science and
Engineering, Tsinghua University, Beijing, 100084, People’s Republic of China

€ Hebei Key Laboratory of Integrated Traditional and Western Medicine in Osteoarthrosis Research (Preparing), Cangzhou Hospital of Integrated Traditional Chinese and
Western Medicine in Hebei Province, People’s Republic of China

f Beijing Allgens Medical Science and Technology Co., Ltd., Beijing, 102629, People’s Republic of China

ARTICLE INFO ABSTRACT

Keywords: Objective: This study aims to evaluate the efficacy of biphasic mineralized collagen/polycaprolactone (bMC/PCL)
Biphasic mineralized collagen/ scaffolds in repairing large load-bearing bone defects, particularly femoral defects, using a sheep model.
polycaprolactone

Methods: The bMC/PCL scaffolds were prepared by combining porous mineralized collagen/polycaprolactone
(pMC/PCL) with compact mineralized collagen/polycaprolactone (cMC/PCL). The scaffolds were characterized
Femoral defect repair using scanning electron microscopy to observe the microstructure and compression testing to assess mechanical
Sheep model properties. Twenty female sheep were selected to create a 20 mm femoral defect model, divided into a blank
Tissue engineering group (no material implanted) and an experimental group (bMC/PCL scaffolds implanted), with 10 sheep in each
group. Bone healing and lower limb functional recovery were assessed at 1 month, 3 months, and 6 months
postoperatively using Lane-Sandhu scores and visual analog scale scores for lameness. Additionally, bone repair
progress was analyzed through X-ray, Micro-CT, and histological analyses.

Results: Compared with the blank group, the bMC/PCL scaffold group showed significant improvement in bone
defect repair. At 3 and 6 months postoperatively, X-ray, Micro-CT scans, and histological staining indicated
stable scaffold integration and gradual new bone formation. The Lane-Sandhu scores in the experimental group
were 3.60 + 0.548 and 4.00 + 0.707 at 3 and 6 months, respectively, whereas the blank group experienced
plate/screw breakage leading to fixation failure, with scores of 1, indicating better bone healing in the experi-
mental group. The lameness scores in the experimental group were 2.71 + 0.97 and 1.48 + 0.86 at 3 and 6
months, respectively, significantly lower than those in the blank group (p < 0.0001 and p = 0.0002). Micro-CT
analysis showed that bone volume to tissue volume ratio increased from 28.07 + 9.22 % to 62.02 + 11.82 %,
bone mineral density increased from 0.392 + 0.032 g/cm® to 0.583 + 0.125 g/cm®, trabecular thickness
increased from 0.690 + 0.224 mm to 1.049 + 0.089 mm, and trabecular separation decreased from 2.766 +
1.183 mm to 0.501 + 0.268 mm at 3 and 6 months postoperatively.

Conclusion: This study evaluated the efficacy of bMC/PCL scaffolds in repairing large load-bearing bone defects.
The bMC/PCL scaffolds demonstrated good bioactivity and mechanical properties, indicating promising clinical

bMC/PCL scaffolds
Bone healing
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application prospects. Future studies should further verify the safety and efficacy of these scaffolds in a wider
range of animal models to support their clinical application.

Significance statement: The bMC/PCL scaffolds offer a promising solution for large femoral bone defects, with
potential for clinical use in orthopedic and trauma surgeries.

The translational potential of this article: The application of bMC/PCL scaffolds in clinical practice is expected to
significantly advance the treatment of large bone defects, particularly weight-bearing bone defects. The study
shows that bMC/PCL scaffolds have a significant impact on the repair of large weight-bearing bone defects and
functional recovery, indicating their potential for application in orthopedics and trauma care. Specifically, the
material’s supportive role in weight-bearing bones offers new possibilities for its use in the repair of weight-
bearing bone defects. Furthermore, the performance of bMC/PCL scaffolds in bone healing makes them an
ideal candidate material for treating various bone defects, with broad clinical application prospects. Further
clinical trials are necessary to confirm their safety and efficacy in human patients.

1. Introduction

Globally, more than 20 million patients suffer from bone defects each
year [1]. The primary causes of bone defects include trauma, tumors,
infections, and congenital diseases, all of which profoundly impact pa-
tients’ health and quality of life [2,3]. Therefore, bone defect repair
holds significant importance in the medical field. Traditional treatment
methods mainly involve the use of autografts and allografts, but the
outcomes are not always ideal [4,5]. Although autografts can provide an
excellent microenvironment for new bone formation and reconstruction,
they come with complications at the donor site, limited donor supply,
and potential pain issues [5-8]. Allografts, on the other hand, may pose
risks of immune reactions and disease transmission [4]. To overcome
these challenges, the development of novel biomaterials based on bio-
mimetic strategies for bone regeneration has gradually become a
research focus in the field of bone defect repair [1,9,10].

These novel biomaterials aim to mimic the extracellular matrix of
bone, such as mineralized collagen, to enhance their bioactivity and
biocompatibility [11-14]. Due to its excellent biocompatibility,
osteoinductivity, and mechanical properties, mineralized collagen has
gained extensive attention in bone defect repair [15,16]. The mineral-
ized collagen (MC)/polycaprolactone (PCL) composite scaffold is one
such material. MC is a naturally occurring material with good affinity for
bone tissue, while PCL is a biodegradable material that has been widely
used in clinical settings [17,18]. The combination of these two materials
aims to achieve rapid and effective repair of large bone defects by
leveraging the bioactivity of collagen and the mechanical strength of
polycaprolactone.

In previous research, biphasic MC/PCL (bMC/PCL) scaffolds,
composed of porous MC/PCL (pMC/PCL) scaffolds and compact MC/
PCL (cMC/PCL) scaffolds, have demonstrated promising results in the
repair of large cranial defects [19]. The cMC/PCL scaffold, due to its
compact microstructure, possesses relatively high compressive strength
and elastic modulus (6 = 29.56 + 1.23 MPa, E = 3.17 & 0.39 GPa),
whereas the pMC/PCL scaffold exhibits weaker mechanical properties
(c = 0.86 + 0.01 MPa, E = 0.05 + 0.01 GPa). As a composite of these
two materials, the bMC/PCL scaffold has mechanical properties that fall
between those of pMC/PCL and cMC/PCL (6 = 18.35 + 0.64 MPa, E =
1.13 £+ 0.03 GPa). This allows the bMC/PCL scaffold to retain the
bioactivity of the pMC/PCL scaffold while also providing the strength of
the cMC/PCL scaffold, presenting a highly potential new material for
cranial defect repair.

However, despite the promising performance of bMC/PCL scaffolds
in large cranial defect repairs, their applicability in different types and
scales of bone defects has not been considered. Load-bearing is crucial
for bone formation, as described in classic literature [20,21], but many
studies on tissue-engineered bone regeneration have been conducted in
non-load-bearing sites [22-24]. Moreover, the potential application of
bMC/PCL scaffolds in load-bearing bone defects, particularly in femoral
defects, has not been systematically evaluated. This research gap not
only limits the comprehensive understanding of this novel biomaterial
but also potentially delays its broader clinical application.
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Based on this research gap, we designed this study to comprehen-
sively evaluate the application of bMC/PCL scaffolds in the repair of
large femoral bone defects, aiming to fill this gap in the existing litera-
ture. We hypothesize that bMC/PCL scaffolds may also be suitable for
the repair of large load-bearing bone defects, such as those in the femur,
with mechanical properties sufficient to provide mechanical support to
the weight-bearing bone before new bone formation. We selected sheep
as the experimental animals and created large femoral bone defect
models to compare the effectiveness of bMC/PCL scaffolds with tradi-
tional bone plates in bone defect repair. The study results reveal the
potential of bMC/PCL scaffolds in the repair of large load-bearing bone
defects, such as the femur, laying the foundation for their further clinical
application.

2. Materials and methods
2.1. Preparation of different structured MC scaffolds

The preparation of MC powder followed the process described in our
previous work [25], and together with PCL (Jinan Daigang Biomaterial
Co., biomedical grade, 300 kDa), three types of scaffolds were con-
structed: pMC/PCL scaffolds, cMC/PCL scaffolds, and bMC/PCL scaf-
folds. The preparation methods for pMC/PCL and ¢cMC/PCL scaffolds
were referenced from previous literature [26-28]. The preparation of
bMC/PCL scaffolds is illustrated in Fig. 1.

First, PCL powder was dissolved in 1,4-dioxane at a concentration of
0.1 g/ml. Then, MC powder at 0.1 g/ml was added to form a homoge-
neous slurry. The slurry was then poured into a designed mold to create
the pMC/PCL scaffold. After freezing at —20 °C, the precursor scaffold
was freeze-dried to remove the solvent, resulting in the pMC/PCL scaf-
fold. PCL powder was melted and mixed with MC powder at a 1:1 ratio,
then pressed into shape under 30 MPa pressure for 10 min, followed by
air cooling to obtain scaffolds with a diameter of 15 mm and a height of
20 mm. The preparation of bMC/PCL scaffolds was based on the
aforementioned procedures. First, a cMC/PCL scaffold with a diameter
of 15 mm and a height of 20 mm was prepared, then embedded into the
PMC/PCL precursor slurry and freeze-dried. Finally, all scaffolds were
sterilized by 60Co irradiation and stored under sterile conditions for
further use.

2.2. Characterization of scaffold physical properties

The microstructure of the scaffolds was observed using a scanning
electron microscope (SEM) (GEMINI SEM, Zeiss, Germany). To maintain
the natural state of the internal pore structure, the samples were sub-
jected to ultra-low temperature treatment in liquid nitrogen and then
quickly fractured to obtain fresh cross-sections. Prior to observation, a
platinum layer with a thickness of 5-10 nm was sputtered onto the
sample surfaces.

The compressive strength and elastic modulus of the pMC/PCL,
c¢MC/PCL, and bMC/PCL scaffolds were measured using a universal
mechanical testing machine (SHIMADZU AG-IC, Japan) with a 2000 N
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load sensor. Samples were prepared as standard cylinders with a
diameter of 10 mm and a length of 20 mm. Load was applied to the
scaffolds until they reached 30 % of their original length. The
compressive modulus was calculated from the slope of the initial linear
portion of the stress—strain curve. Compressive strength was determined
from the intersection of the stress—strain curve at the 20 % strain point
with a line having the same slope as the elastic modulus. Three inde-
pendent measurements were performed for each group to conduct sta-
tistical analysis.

Since the cMC/PCL scaffold primarily serves as a mechanical support
component, we only evaluated the porosity of the pMC/PCL scaffold.
The porosity was measured using the liquid displacement method. Cy-
lindrical pMC/PCL samples of known dimensions were prepared using a
custom mold, and the volume of each sample (V1) was calculated based
on its geometric dimensions. The dry mass of each sample was recorded
as m1. Subsequently, the samples were immersed in a vacuum filtration
bottle filled with ultrapure water to create a closed system. A vacuum
pump was used to extract air from the bottle, generating a pressure
gradient that forced water into the scaffold’s pores. When no more
bubbles were observed escaping, it indicated that the scaffold pores
were completely filled with water. The sample was then carefully
removed, and surface moisture was gently wiped off with filter paper.
The mass of the water-saturated sample was recorded as m2. The mass of
the water within the pores (m3) was calculated as follows:

m3=m2 —ml

The volume of this water (V2) corresponds to the total pore volume
of the scaffold, calculated as:

m3

V2=

Pwater

Where p,.. represents the density of water at room temperature.
Finally, the porosity of the scaffold was determined using the following
formula:

Porosity(%) = % x 100%

. %
PN
. .0°
g 2
&0 »>
PCL - I
((CeH1005)-2) P
cMC/PCL
(compact MC/PCL) A
=S
pMC/PCL
(porous MC/PCL)

MC
(Mineralized Collagen)
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2.3. In vivo evaluation of bMC/PCL scaffolds in sheep femoral defect
model

All animal experimental procedures were conducted in accordance
with the guidelines for the care and use of laboratory animals provided
by the Ministry of Public Health of China and the National Institutes of
Health (NIH) of the United States, following the directives of the Insti-
tutional Animal Care and Use Committee (IACUC).

We used a large femoral defect model to evaluate the performance of
bMC/PCL scaffolds in sheep. Twenty healthy, non-pregnant adult female
sheep, weighing between 50 and 70 kg, were selected and randomly
divided into two groups: the defect group without material implantation
(blank group) and the bMC/PCL scaffold implantation group (experi-
mental group).

After administering an injection of 3 % pentobarbital sodium (30
mg/kg body weight), the anesthetized animals were placed in a lateral
position on the operating table, and their forelimbs were secured. The
surgical site on the sheep was shaved, and an incision was made to
expose the femur. Under fluoroscopic guidance, a Kirschner wire was
inserted to determine the osteotomy site. A sagittal saw was used to
perform the osteotomy perpendicular to the femoral long axis, creating a
bone defect of 2 cm in length. Once the model was successfully created,
the treatments were applied according to the group assignments: the
experimental group received bMC/PCL scaffold implantation at the
defect site, while the blank group remained empty and the femur was
fixed using bone plates. Finally, the wound was irrigated with saline and
sutured (as shown in Fig. 2).

2.4. X-ray examination

At 1 month, 3 months, and 6 months post-surgery, both groups of
sheep underwent X-ray examinations to assess the progress of bone
defect repair. The Lane-Sandhu scoring system [29] was used to evaluate
the repair status of the bone defects, with the specific scoring criteria as
follows: Grade 1: No healing; Grade 2: Inconspicuous callus formation;
Grade 3: Partial bridging of the bone defect; Grade 4: Gradual absorption
of the bone callus at the defect site; Grade 5: Complete healing.

E S

.\

bMC/PCL
(biphasic MC/PCL)

Fig. 1. Schematic diagram of the preparation and in vivo evaluation of bMC/PCL scaffolds. The bMC/PCL scaffold was constructed using melting-pressing and
freeze-drying techniques. The cMC/PCL was made by melt-pressing PCL and MC, while the pMC/PCL was created by freeze-drying an organic solution of PCL and
MC. The porous and compact parts were then organically combined to form the bMC/PCL. After implantation into a 20 mm femoral defect in sheep, the scaffold
promoted the repair of the bone defect and the formation of new bone, ensuring the structural stability of the long-term repair area.
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Fig. 2. Large femoral defect and the implantation process of the bMC/PCL scaffold. (A) The bMC/PCL scaffold. (B) The bone defect site in the control group left
empty. (C) During the preparation of the bone defect, a 2 cm segment of the femoral cortical bone is removed. (D) The bMC/PCL scaffold implanted into the femoral

defect in the experimental group. (E) The wound sutured after the surgery.
2.5. Lameness assessment

The lameness of the sheep was evaluated before surgery and at 1
month, 3 months, and 6 months post-surgery. The assessment used the
Visual Analog Scale (VAS), which consists of a 100 mm continuous line
with vertical markings. One end of the line is labeled "No lameness" (left
side) and the other end is labeled "Most severe lameness" (right side)
[30]. During the evaluation, the sheep were observed while trotting in a
straight line and turning to the left and right. The observer marked the
point on the line that best reflected the perceived degree of lameness
based on the observation.

2.6. Micro-CT image analysis

At 3 months and 6 months post-surgery, the sheep were euthanized,
and femoral samples were collected for Micro-CT examination (SKYScan
1176, Germany) to study bone formation. The scanning parameters were
set to a current of 313 pA, a voltage of 80 kV, and an image pixel size of
30 pm. The collected data were used to reconstruct three-dimensional
tomographic images and measure and calculate bone-related parame-
ters using the accompanying software: bone mineral density (BMD),
bone volume to tissue volume ratio (BV/TV), trabecular separation (Tb.
Sp), and trabecular thickness (Tb.Th).

2.7. Histomorphological examination

The collected samples were fixed in 4 % paraformaldehyde for 2
weeks, followed by running water rinsing for 24 h. Subsequently, the
samples were dehydrated in a gradient alcohol series (70 %-95 %). The
samples were then soaked in the following solutions: anhydrous ethanol
+ Technovit 7200 resin solution (3:7) for 2 days, anhydrous ethanol +
Technovit 7200 resin solution (1:1) for 2 days, Technovit 7200 resin
solution I for 7 days, and Technovit 7200 resin solution II for 3 days.
After embedding and polymerizing the samples in a light-curing ma-
chine, the samples were cut into 200 pm thick slices using a German
EXAKT 300CP hard tissue microtome and ground using a German
EXAKT 400S grinding machine. The slices were ground to 20 pm
thickness using 320, 800, and 1200 grit sandpapers and polished with
4000 grit sandpaper before staining. Hematoxylin and eosin (HE) and
Masson’s trichrome stains were used to observe the bone tissue repair.
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2.8. Nanoindentation experiment

The nanoindentation experiment was performed using a Nano
Indenter XP (MTS Nano Instruments Inc., Oak Ridge, Tennessee, USA) to
assess mechanical properties. A Berkovich indenter with a tip radius of
100 nm was used in the Continuous Stiffness Measurement (CSM) mode
to measure the variations in hardness and Young’s modulus as a function
of indentation depth. The experimental samples were taken from the
sheep femoral defect sites at 3 and 6 months after bMC/PCL implanta-
tion. The samples underwent low-speed cutting, embedding, grinding,
and polishing to obtain a testing area with low surface roughness (Ra
<50 nm). Six test points were selected in both the newly formed bone
region and the native bone region. The maximum load was set to 20 mN,
with a loading rate of 2 mN/s and a hold time of 10 s. The CSM frequency
was set to 45 Hz to improve measurement accuracy. A total of six
indentation tests were conducted, and the hardness and Young’s
modulus values were calculated based on the Oliver—Pharr method.

2.9. Statistical analysis

The results are expressed as the mean =+ standard error. Data from
the blank control group and the bMC/PCL scaffold group were compared
using a one-way analysis of variance (ANOVA), followed by the least
significant difference (LSD) post hoc test. For comparisons between two
groups, a t-test was used. Statistical analyses were conducted using SPSS
software (version 23.0; SPSS, Chicago, IL, USA), with statistical signif-
icance set at p < 0.05.

3. Results
3.1. Scaffold preparation and characterization

All scaffolds were prepared as cylindrical structures with a diameter
of 15 mm and a height of 20 mm, as shown in Fig. 2A. Fig. 3 displays the
Micro-CT and SEM images of the scaffolds. Fig. 3A shows the Micro-CT
image of the cMC/PCL scaffold. Due to the porous structure of the low-
density pMC/PCL phase and the dense structure of the high-density
c¢cMC/PCL phase, the Micro-CT image of the bMC/PCL scaffold
(Fig. 3B) presents different contrasts, with the brighter areas repre-
senting the cMC/PCL phase and the darker areas representing the pMC/
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Fig. 3. Micro-CT and SEM images of the scaffolds. (A) Micro-CT image of the cMC/PCL scaffold. (B) Micro-CT image of the bMC/PCL scaffold, showing distinct
contrasts due to the porous structure of the low-density pMC/PCL phase and the dense structure of the high-density cMC/PCL phase. The brighter areas represent the
c¢MC/PCL phase, while the darker areas represent the pMC/PCL phase. (C-E) Cross-sectional images of the bMC/PCL scaffold in different directions, clearly dis-
playing the internal porous structure and dense regions of the scaffold. (F) SEM image of the pMC/PCL scaffold, showing the typical interconnected and hierarchical
pore structure. (G) SEM image of the cMC/PCL scaffold, displaying a compact morphology. (H) SEM image of the bMC/PCL scaffold, illustrating the interface bonding
area between the pMC/PCL phase and the cMC/PCL phase, where no distinct boundary is observed, and the pore size gradually decreases until it disappears in the

c¢MC/PCL phase.

PCL phase. Fig. 3C, D, and 3E display cross-sectional images in different
orientations, clearly revealing the internal porous structure and dense
regions of the scaffold.

Fig. 3F, G, and 3H show the microstructures of the pMC/PCL, cMC/
PCL, and bMC/PCL scaffolds observed by SEM. The pMC/PCL scaffold
exhibited a typical interconnected and hierarchical porous structure,
while the ¢cMC/PCL scaffold showed a compact morphology. In the
bMC/PCL scaffold, there was no distinct boundary separating the pMC/
PCL phase from the ¢cMC/PCL phase; instead, an interfacial bonding
zone appeared, where the pore size gradually decreased until dis-
appearing in the cMC/PCL phase. This interfacial bonding zone highly
mimics the natural interface structure between cancellous and cortical
bone, facilitating the tight connection between the pMC/PCL and ¢cMC/
PCL phases and contributing to the overall integrity of the bMC/PCL
scaffold.

Mechanical tests were conducted to measure the compressive
strength and elastic modulus of the pMC/PCL, cMC/PCL, and bMC/PCL
scaffolds. As shown in Table 1, the compressive strength and elastic
modulus of the cMC/PCL scaffold (31.26 & 1.31 MPa, 2.15 4 0.20 GPa)
were significantly higher than those of the pMC/PCL scaffold (0.86 +
0.01 MPa, 0.05 4+ 0.01 GPa). The bMC/PCL scaffold exhibited
compressive strength and elastic modulus values (20.73 + 0.43 MPa,
1.68 + 0.27 GPa) that fell between those of the pMC/PCL and cMC/PCL
scaffolds. These differences are mainly attributed to the varying mi-
crostructures of the scaffolds, particularly the dense microstructure of
the ¢cMC/PCL scaffold.

Since the pMC/PCL and bMC/PCL scaffolds share the same compo-
sition, their significantly different mechanical properties are primarily
due to the presence of the cMC/PCL phase in the bMC/PCL scaffold. In
comparison, the compressive strength of cancellous bone ranges from 1

Table 1
Mechanical properties of materials.

to 10 MPa, and its elastic modulus ranges from 0.10 to 3 GPa. The
compressive strength of cortical bone ranges from 100 to 200 MPa, and
its elastic modulus ranges from 10 to 20 GPa. The mechanical properties
of the cMC/PCL scaffold most closely resemble those of cortical bone,
while the pMC/PCL and bMC/PCL scaffolds exhibit mechanical prop-
erties that lie between those of cancellous and cortical bone. Specif-
ically, the cMC/PCL scaffold demonstrates a significant advantage in
compressive strength and elastic modulus, indicating its potential for
bearing higher mechanical loads.

In this study, the pMC/PCL scaffolds exhibited a porosity of 73.20 +
1.70 %, providing favorable conditions for cell infiltration and nutrient
transport, thereby promoting bone tissue regeneration. In contrast, the
bMC/PCL composite scaffolds had a porosity of 41.86 + 1.77 %, indi-
cating a lower porosity. This is primarily due to the cMC/PCL compo-
nent, which serves as the main structural support of the scaffold. To
ensure high mechanical performance, the ¢cMC/PCL scaffolds were
designed with a low porosity of approximately 1-5 %. Overall, the bMC/
PCL scaffolds integrate the high-porosity pMC/PCL in the outer region
with the low-porosity ¢cMC/PCL in the inner region, meeting the re-
quirements for osteogenesis while enhancing mechanical properties,
making them suitable for applications demanding high mechanical
performance.

The biocompatibility of the materials involved in this paper has been
repeatedly verified in previous studies by our team, demonstrating their
good adaptability and promoting effect on bone marrow stem cells [26,
31,32]. The results from co-culture fluorescent staining, Alizarin Red
staining, and CCK-8 experiments indicate that pMC/PCL materials
exhibit advantages in promoting bone marrow stem cell attachment,
spreading, and proliferation. The corresponding data have been
included in the supplementary materials (Fig. S1).

pMC/PCL cMC/PCL bMC/PCL cancellous bone compact bone
compressive strength (MPa) 0.86 + 0.01 31.26 + 1.31 20.73 £ 0.43 1-10 100-200
elasticity modulus (GPa) 0.05 + 0.01 2.15 + 0.20 1.68 + 0.27 0.10-3 10-20
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3.2. X-ray evaluation of bone repair

The occurrence of bone plate fractures in the blank group was
particularly severe during the experimental period, with all bone plates
experiencing breakage. At the 3-month postoperative X-ray examina-
tion, all 10 sheep in the blank group showed fixation failure, with 4 out
of 10 experiencing bone plate fractures and 6 out of 10 experiencing
screw fractures. These data reveal significant deficiencies in the bone
plate’s performance during the repair process in the blank group. In
contrast, the experimental group demonstrated markedly better out-
comes. In the experimental group, only 1 out of 10 sheep experienced
screw fractures at the 3-month postoperative X-ray examination.

Fig. 4 illustrates the X-ray results of the blank and experimental
groups at different postoperative time points (3 months and 6 months),
showing the instances of bone plate and screw fractures as well as the
bone defect repair status. The X-ray images of the blank group at im-
mediate postoperative and 3 months (Fig. 4A) indicate that all bone
plates and screws had fractured by 3 months, leading to fixation failure.
Conversely, the X-ray images of the experimental group at immediate
postoperative and 3 months (Fig. 4B) show stable fixation at the bone
defect site, with significant callus formation observed at 3 months.
Further X-ray images (Fig. 4C) demonstrate that the bone defect site in
the experimental group remained stably fixed at immediate post-
operative, 3 months, and 6 months, with the bone defect being
completely repaired by 6 months.

The Lane-Sandhu scoring system was used to evaluate the bone
repair status with the bMC/PCL scaffolds (Fig. 5C). The results showed
that the Lane-Sandhu scores in the blank group remained at 1, mainly
due to the complete fracture of the bone plates and screws, resulting in
no healing at the bone defect site. In the experimental group, the Lane-
Sandhu score was 3.60 + 0.548 at 3 months and 4.00 £+ 0.707 at 6
months, with a significant difference (t = 3.500, p = 0.008). Compared
to the blank group, the experimental group demonstrated higher healing
scores at both 3 and 6 months, indicating that the bMC/PCL scaffold
material effectively promoted callus formation and bone bridging in the
early stages, with the repair effect further enhanced over time (see
Fig. 6).

3.3. Lameness evaluation

In this study, the VAS was used to evaluate the lameness of sheep (as
shown in Fig. 5B). Statistical analysis of lameness scores at different time
points was performed to assess the differences between the blank group
and the bMC/PCL scaffold group. At 1 month post-surgery, the average
lameness score for the blank group was 8.11 + 1.52, and for the bMC/
PCL scaffold group, it was 6.76 + 1.22, with no significant difference (q
= 2.496, p = 0.497). At 3 months post-surgery, the blank group’s score
decreased to 6.59 + 2.42, while the bMC/PCL scaffold group’s score
decreased to 2.71 + 0.97, showing a significant difference (q = 7.173, p
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< 0.0001). At 6 months post-surgery, the blank group’s score was 6.00
+ 2.23, whereas the bMC/PCL scaffold group’s score further decreased
to 1.48 £+ 0.86, with a significant difference (q = 6.823, p = 0.0002). The
results indicate that the bMC/PCL scaffold significantly reduced the
lameness scores at 3 and 6 months post-surgery, demonstrating its
effectiveness in promoting bone defect repair and improving functional
recovery. Although the difference between the groups was not signifi-
cant at 1 month post-surgery, this might be due to the early stage of
repair when the advantages of the bMC/PCL scaffold had not yet fully
manifested. However, as time progressed, the advantages of the bMC/
PCL scaffold in promoting callus formation and bone bridging became
apparent, ultimately showing significant repair effects at 3 and 6 months
post-surgery.

3.4. Micro-CT image analysis

Micro-CT technology was employed to evaluate bone repair at 3 and
6 months post-surgery. Fig. S5A presents the Micro-CT images of large
segmental bone defect repair at 3 months and 6 months post-surgery.
The top row shows three-dimensional reconstruction images, with the
red box area indicating the bone defect site. The bottom row shows the
corresponding two-dimensional cross-sectional images. At 3 months
post-surgery, the defect area exhibited partial bone regeneration, but
bone bridging was not yet complete. At 6 months post-surgery, the
defect area showed significantly increased bone regeneration, more
complete bone bridging, and complete repair of the bone defect,
demonstrating significant bone repair effects. At 6 months post-surgery,
the tight integration of new bone with the scaffold material was clearly
visible. Additionally, the scaffold material had undergone significant
degradation. The bMC/PCL scaffold not only promoted new bone for-
mation but also gradually degraded over time, leaving space for the
further growth of new bone tissue.

Quantitative analysis of the Micro-CT images revealed significant
increases in BV/TV and BMD, along with a significant increase in Tb.Th
and a significant decrease in Tb.Sp at 6 months post-surgery. Specif-
ically, the BV/TV increased from 28.07 £+ 9.22 % at 3 months post-
surgery to 62.02 + 11.82 % at 6 months post-surgery, with a signifi-
cant difference (t = 5.064, p = 0.001) (Fig. 5D). The BMD increased from
0.392 £ 0.032 g/cm3 at 3 months post-surgery to 0.583 + 0.125 g/cm3
at 6 months post-surgery, with a significant difference (t = 3.327, p =
0.0104) (Fig. 5E). The Tb.Th increased from 0.690 + 0.224 mm at 3
months post-surgery to 1.049 + 0.089 mm at 6 months post-surgery,
with a significant difference (t = 3.333, p = 0.0103) (Fig. 5F). The Tb.
Sp decreased from 2.766 + 1.183 mm at 3 months post-surgery to 0.501
+ 0.268 mm at 6 months post-surgery, with a significant difference (t =
4.175, p = 0.0031) (Fig. 5G). These results indicate that the bMC/PCL
scaffold shows excellent performance in large segmental bone defect
repair, effectively promoting bone tissue regeneration, increasing bone
density, and improving bone structure. All control groups (i.e., the blank

Immediate

Immediate

Fig. 4. X-ray results of the control and experimental groups at different time points (3M and 6M) post-operation, demonstrating the incidence of plate and screw
breakage and the repair of bone defects. (A) X-ray images of the control group immediately post-operation and at 3 months, showing plate/screw breakage and
fixation failure at 3 months post-operation. (B) X-ray images of the experimental group immediately post-operation and at 3 months, showing stable fixation at the
bone defect site and callus formation at 3 months post-operation. (C) X-ray images of the experimental group immediately post-operation, at 3 months, and at 6
months, showing stable fixation at the bone defect site and complete repair of the bone defect at 6 months post-operation.
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Fig. 5. Bone defect repair in Small Tail Han sheep in the control and experimental groups at different time points. (A) Micro-CT images showing the 3D reconstructed
images and 2D cross-sectional images of the bone defect area at 3 months and 6 months post-operation, with the bone defect area highlighted in red boxes. (B) VAS
scores displaying the changes in limping scores of the control and experimental groups at 1 month, 3 months, and 6 months post-operation, with the experimental
group showing significantly lower limping scores compared to the control group (****p < 0.0001). (C) Lane-Sandhu scores displaying the bone repair scores of the
experimental group at 3 months and 6 months post-operation, with the scores at 6 months being significantly higher than those at 3 months (**p < 0.01). (D) Changes
in BV/TV at 3 months and 6 months post-operation, with the volume at 6 months being significantly higher than at 3 months (***p < 0.001). (E) Changes in BMD at 3
months and 6 months post-operation, with the density at 6 months being significantly higher than at 3 months (*p < 0.05). (F) Changes in Tb.Th at 3 months and 6
months post-operation, with the thickness at 6 months being significantly higher than at 3 months (*p < 0.05). (G) Changes in Tb.Sp at 3 months and 6 months post-
operation, with the spacing at 6 months being significantly lower than at 3 months (**p < 0.01).

groups without implanted materials) exhibited plate fractures with no staining further corroborated these findings. At 3 months post-surgery,
healing observed. Therefore, based on the experimental design and the defect area was primarily filled with fibrous tissue, with minimal
observational results, we did not perform p-CT imaging analysis on the new bone tissue and sparse trabecular structure, indicating insufficient
control groups, as no valid healing data were generated for evaluation. bone regeneration. By 6 months post-surgery, the defect area was filled

with a significant amount of new bone tissue, with clearly visible
trabecular structures. The new bone tissue was tightly integrated with

3.5. Histological evaluation of regenerated bone the original bone tissue, showing a dense trabecular structure. At this
stage, the scaffold material had significantly degraded, and new bone

At 3 months and 6 months post-surgery, HE staining and Masson growth was observed within the space left by the degrading material.
staining of bone tissue sections were used to show the progress of bone These results indicate that over time, the bMC/PCL scaffold significantly
regeneration. At 3 months post-surgery, HE staining results showed new promotes bone regeneration and repair. The substantial new bone for-
bone formation at the ends of the bone defect, with cell infiltration mation and integration with existing bone tissue observed at 6 months
observed within the scaffold material. HOWeVer, there were still Signif— post_surgery demonstrate the scaffold’s efﬁcacy in enhancing bone
icant gaps in the bone defect area, with minimal callus formation and ~ healing and structural integrity. The scaffold’s ability to degrade and
limited bone regeneration, and no bony bridging was observed between create space for new bone growth further supports its role in effective
the defect ends. At 6 months post-surgery, there was a significant in- bone repair. A statistical evaluation was conducted on the area ratio
crease in callus formation in the bone defect area, with most of the defect between the material and newly formed bone in the tissue sections. The
filled with newly formed bone tissue. Bony bridging had been estab- results (see Supplementary Fig. S2) showed that at 3 months post-
lished, and the new bone trabecular structure was more mature and operatively, the material area/bone area ratio in the experimental group
dense, with cortical bone thickness approaching that of normal cortical was 145.28 % + 0.215. By 6 months postoperatively, this ratio had

bone, indicating substantial enhancement in bone regeneration. Masson
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Masson

Fig. 6. HE and Masson staining results at 3 months and 6 months post-operation. At 3 months post-operation, new bone formation is visible at the ends of the bone
defect, and cellular infiltration is observed within the material, but no bony connection has formed between the ends. At 6 months post-operation, bony connections
have formed, and the cortical bone thickness is close to that of normal cortex, indicating successful repair of the bone defect. Additionally, the material has
significantly degraded, and new bone growth can be seen in the spaces left by the degraded material.

decreased to 44.97 % + 0.056. These findings indicate that as the im-
plantation time increases, the scaffold is gradually replaced by newly
formed bone tissue in the mid-to-late stages, leading to a continuous
improvement in the bone repair process. This confirms the excellent
osteoinductive and tissue integration capabilities of the composite
scaffold.

3.6. Nanoindentation experiment

As shown in Fig. 7, to further evaluate the mechanical properties of
neogenic bone during the bone repair process, this study conducted
nanoindentation tests to compare the hardness and Young’s modulus of
neogenic bone at 3 months and 6 months with those of natural bone. The
results indicate that at 3 months, the hardness of neogenic bone was 0.47
+ 0.12 GPa, approximately 53 % of that of natural bone (0.88 + 0.16
GPa) (p < 0.001) (Fig. 7A). The Young’s modulus of neogenic bone was
11.72 + 1.69 GPa, about 63 % of that of natural bone (18.48 + 1.64
GPa) (p < 0.0001) (Fig. 7C). By 6 months, the hardness of neogenic bone
had increased to 0.59 + 0.05 GPa, roughly 69 % of that of natural bone
(0.85 + 0.17 GPa) (p < 0.01) (Fig. 7B), while its Young’s modulus
increased to 14.93 + 1.47 GPa, about 80 % of that of natural bone
(18.74 + 1.82 GPa) (p < 0.01) (Fig. 7D). Overall, from 3 to 6 months, the
neogenic bone showed a significant increase in both hardness and
Young’s modulus, gradually approaching the values observed for natu-
ral bone.
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4. Discussion

In bone tissue engineering, finding materials that can mimic the
structure and function of natural bone tissue is a critical research di-
rection. The application of PCL in bone tissue engineering has garnered
widespread attention, especially as a biomaterial for treating bone de-
fects [33-37]. Its unique biodegradability, excellent biocompatibility,
and favorable mechanical properties make it an ideal biomedical ma-
terial. Studies have shown that composite scaffolds combining PCL with
natural materials can effectively promote bone reconstruction and
provide a suitable microenvironment for the proliferation and osteo-
genic differentiation of human bone-derived cells [38]. In recent years,
MC/PCL scaffolds have emerged as a promising choice due to their
excellent biocompatibility and mechanical properties [39-43]. Various
studies have demonstrated that MC/PCL scaffolds exhibit superior per-
formance in supporting cell attachment, proliferation, migration, and
osteogenic differentiation [39,40]. While MC/PCL scaffolds have ach-
ieved some success in bone repair models [39,41], their effectiveness in
repairing large bone defects still requires improvement [42]. Although
the incorporation of PCL can enhance the mechanical strength of
mineralized collagen scaffolds, the mechanical properties of these
scaffolds still fall short of the requirements for use in load-bearing sites.
Improving the mechanical performance of these scaffolds to meet both
the demands of bioactivity and the physiological load-bearing re-
quirements remains a challenge that needs further research. Ensuring
that the scaffold can support the physical demands of load-bearing while
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Fig. 7. Results of the nanoindentation experiment measuring the hardness and Young’s modulus of neogenic bone (Neogenic Bone) and natural bone (Nature Bone)
at 3 months (3M) and 6 months (6M). (A) and (C) At 3 months, the hardness and Young’s modulus of neogenic bone are about 53 % and 63 % of those of natural
bone, respectively. (B) and (D) At 6 months, these values increase to approximately 69 % and 80 % of those of natural bone, respectively. *p < 0.05, **p < 0.01, and

***p < 0.001 denote statistically significant differences.

also promoting bone regeneration is essential for advancing the appli-
cation of MC/PCL scaffolds in clinical settings.

The bMC/PCL scaffold used in this study integrates the porous
characteristics of the pMC/PCL scaffold with the high mechanical sta-
bility of the cMC/PCL scaffold, forming a “bilayer composite” scaffold
with a hierarchical internal and external structure. The outer layer,
composed of pMC/PCL, features a rich porous structure that facilitates
cell adhesion, vascularization, and bone tissue ingrowth into the scaf-
fold. Meanwhile, the cMC/PCL core provides enhanced mechanical
strength, effectively supporting the mechanical stress required for load-
bearing bone healing. Compared to standalone pMC/PCL or cMC/PCL
scaffolds, the bMC/PCL scaffold combines the advantages of both,
addressing the need for both bioactivity and load-bearing capacity in
large bone defect repair. This study highlights the potential of bMC/PCL
scaffolds in treating large load-bearing bone defects, laying a foundation
for further optimization of scaffold design to balance mechanical
strength and biological functionality.

In our previous study [19], we addressed the trade-off between
mechanical support and osteogenic capacity in MC/PCL scaffolds. We
developed the bMC/PCL scaffold, which combines the osteogenic ad-
vantages of the pMC/PCL scaffold with the mechanical integrity ad-
vantages of the cMC/PCL scaffold. In an in vivo study conducted on
one-month-old sheep, promising results were observed: the pMC/PCL
scaffold promoted increased bone density and complete bone bridge
connection, while the cMC/PCL framework provided mechanical pro-
tection without significant degradation. However, this animal experi-
ment was conducted in non-load-bearing sites. To broaden the
application scenarios of the bMC/PCL scaffold, in this study, we opti-
mized the structure design of the cMC/PCL scaffold based on the
structural characteristics of the repair site (femur), and then embedded
it into the pMC/PCL matrix. We comprehensively evaluated the appli-
cation potential of the bMC/PCL scaffold in large load-bearing bone
defects such as the femur. This is significantly different from previous
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studies that mainly focused on non-load-bearing bones or small bone
defects. Additionally, we chose Small Tail Han sheep as the experimental
animals, whose bone quality and bone mass are more comparable to
humans, which helps to improve the clinical relevance of the research
results [44].

From both the perspectives of load-bearing capacity and bioactivity,
the bMC/PCL scaffold demonstrates ideal characteristics. Mechanical
testing and animal experiment results show that bMC/PCL has advan-
tages in effectively supporting bone plates and screws, as well as
significantly reducing the fracture rate of the fixator. This supports the
idea that the scaffold provides sufficient mechanical stability for large-
load bone repair. Meanwhile, bMC/PCL significantly promotes new
bone formation, outperforming the control group in terms of bone defect
repair scores, lameness scores, Micro-CT evaluation, and histological
staining, with further improvements over time. This suggests that by
embedding pMC/PCL into cMC/PCL, we not only enhance the scaffold’s
mechanical compatibility in load-bearing environments but also take
advantage of the cellular adhesion and osteogenic benefits provided by
the highly porous material. Histological results show that at 3 months
postoperatively, the material area to newly formed bone area ratio in the
experimental group was approximately 145.28 % + 0.215. At 6 months
postoperatively, this ratio decreased to 44.97 % =+ 0.056. The significant
reduction in this ratio clearly indicates that, with the passage of time, the
scaffold is gradually replaced by bone tissue in the body, with newly
formed bone continuously filling the defect area. This process of bone
replacement is also visually reflected in the histological images of this
experiment, demonstrating the scaffold’s ideal "weight-bearing first,
degradation later" effect.

Additionally, our results demonstrated that the bMC/PCL scaffolds
significantly promote new bone formation. Bone repair scores, limping
scores, Micro-CT evaluations, and histomorphological experiments all
indicated that the bMC/PCL scaffolds were more effective in repairing
femoral bone defects compared to the control group, with significant
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improvements observed over time. This result confirms another goal of
our design, which was to enhance the bioactivity of the cMC/PCL scaf-
fold by embedding pMC/PCL within the cMC/PCL framework.

Our findings are also complemented by other studies. Their research
demonstrated that integrating a PCL reinforcing structure with a
mineralized collagen-glycosaminoglycan composite biomaterial can
overcome the traditional trade-off between mechanical strength and
bioactivity [40,45]. Their results showed that the PCL support frame-
work determined most of the mechanical response of the composite,
with the modulus increasing by 6000 times compared to the mineralized
scaffold alone. Similarly, as a composite of the pMC/PCL scaffold and
the cMC/PCL scaffold, the bMC/PCL scaffold retains the bioactivity of
the pMC/PCL scaffold while also possessing the strength of the cMC/PCL
scaffold. Another study demonstrated that MC has a comparable effect to
autologous bone in remodeling femoral defects [46].

In previous studies, scaffold performance in large segmental weight-
bearing bone defect models has been systematically evaluated,
providing valuable points of comparison for our work. For instance,
Crovace et al. [47] applied EBM-sintered titanium alloy scaffolds in a 5
cm tibial defect, facilitating immediate postoperative weight-bearing
and restoring normal gait by 2 months. In contrast, animals treated
with porous hydroxyapatite scaffolds experienced internal fixation
failure within 1 month due to excessive loading. Although our study
involved a shorter 2 cm defect and a different fixation approach, only
one sheep in the bMC/PCL scaffold group exhibited screw breakage at 3
months postoperatively, whereas the blank group demonstrated wide-
spread plate or screw fractures during the same period. These findings
suggest that the bMC/PCL scaffold not only provides the mechanical
stability required for large-segment bone defect repair but also supports
continued bone regeneration from 3 to 6 months. Additionally, in a 2.5
cm metatarsal mid-shaft defect model with external fixation, Garot et al.
[48] observed complete or partial defect bridging in most animals by 4
months, although their scaffold was combined with the exogenous
growth factor BMP-2. In our study, even without exogenous proteins or
stem cells, the bMC/PCL scaffold achieved partial bridging at 3 months
and complete defect repair at 6 months, indicating an osteogenic ca-
pacity comparable to that of scaffolds relying on exogenous factors.
Similarly, Cipitria et al. [49], using a BMP-7-loaded PCL/tricalcium
phosphate scaffold for a 3 cm sheep tibial defect, found complete
bridging as early as 3 months, and by 12 months the mechanical prop-
erties of the newly formed bone approached those of native bone. In our
experiment, the hardness and Young’s modulus of the regenerated bone
increased progressively, reaching approximately 69 % and 80 %,
respectively, of normal bone values at 6 months. Likewise, Liu et al. [50]
investigated a 2.5 <cm sheep tibial defect using a
nano-hydroxyapatite/collagen/polylactic acid/chitin fiber scaffold
seeded with bone marrow stem cells, demonstrating nearly 99 % of
normal tibial bending strength by 8 weeks—though that approach
incorporated seeded cells. By contrast, our bMC/PCL scaffold, even
without exogenous growth factors or stem cells, maintained robust
mechanical stability, reduced the incidence of internal fixation failure,
and achieved satisfactory new bone bridging and fusion within 6
months. By integrating a dense inner layer for load-bearing capacity
with a highly porous outer layer for cell adhesion and nutrient transport,
the bMC/PCL composite scaffold appears to offer a promising solution
that balances mechanical support and bone regeneration for the repair
of large segmental bone defects.The comprehensive advantages of the
bMC/PCL scaffold are particularly noteworthy. This scaffold not only
combines the bioactivity of the pMC/PCL scaffold with the mechanical
strength of the cMC/PCL scaffold but also, through meticulous structural
design and optimization, has the potential to achieve more complex and
refined bone defect repairs. This innovative approach may provide more
options and greater flexibility for bone defect repair, especially when
dealing with load-bearing bone defects that require prolonged and
high-strength support. Therefore, the integrated performance of the
bMC/PCL scaffold holds great promise for future clinical applications.

147

Journal of Orthopaedic Translation 52 (2025) 138-149

Overall, this study offers a new possibility for the repair of large
load-bearing bone defects.

However, despite the positive significance of our findings, there are
some issues that need attention. Firstly, while our results indicate that
the bMC/PCL scaffold is effective in repairing large load-bearing bone
defects, these results are based on the Small Tail Han sheep model,
which has limited similarity to humans. Therefore, our results need to be
validated in a broader range of animal models and ultimately confirmed
in human clinical trials. Secondly, our study did not thoroughly inves-
tigate the biodegradation process and mechanisms of the bMC/PCL
scaffold, which is an area that requires further in-depth research.
Thirdly, while we used the VAS scale to assess lameness, which is a
commonly used subjective measure in clinical settings, we acknowledge
that gait analysis could provide more objective and comprehensive in-
sights into walking ability. However, gait analysis was not included in
the scope of this study, which limits the thorough evaluation of lameness
and walking function. Finally, our study focused solely on the repair
efficacy of the composite scaffold and did not consider potential side
effects, such as possible inflammatory responses and hypersensitivity
reactions, which also need to be explored in future research.

5. Conclusion

This study evaluated the effectiveness of the bMC/PCL scaffold in
repairing large load-bearing bone defects, demonstrating significant
advantages in promoting bone defect healing. The research indicates
that the bMC/PCL scaffold combines the bioactivity of the pMC/PCL
scaffold with the mechanical strength of the cMC/PCL scaffold, opti-
mizing the scaffold’s mechanical performance and structural charac-
teristics. In terms of functional recovery, the experimental group showed
significant improvements compared to the control group. Furthermore,
X-ray, Micro-CT, and histological analyses revealed that the bMC/PCL
scaffold significantly promoted new bone formation, effectively
encouraging new bone growth while gradually degrading, thus
providing a conducive environment for new bone tissue development.
Over time, there was a notable increase in bone volume and bone den-
sity, with trabecular thickness increasing and trabecular spacing
decreasing. Consequently, the bMC/PCL scaffold exhibited excellent
bioactivity and mechanical performance in repairing large load-bearing
bone defects, indicating promising clinical application prospects. Future
research should further validate the safety and efficacy of this scaffold in
a broader range of animal models to support its clinical application.
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