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Background: Traditionally, the iliac crest has been the most common harvesting site for autologous bone 
grafts; however, it has some limitations, including poor bone availability and donor-site morbidity. This study 
sought to explore the effect of enhanced bone marrow (eBM) in conjunction with three-dimensional (3D)-
printed polylactide–hydroxyapatite (PLA-HA) scaffolds in the repair of critical-sized bone defects in a rabbit 
model.
Methods: First, 3D-printed PLA-HA scaffolds were fabricated and evaluated using micro-computed 
tomography (μCT) and scanning electron microscopy (SEM). Twenty-seven New Zealand white rabbits 
were randomly divided into 3 groups (n=9 per group), and the defects were treated using 3D-printed PLA-
HA scaffolds (the PLA-HA group) or eBM in conjunction with 3D-printed PLA-HA scaffolds (the PLA-
HA/eBM group), or were left untreated (the control group). Radiographic, μCT, and histological analyses 
were performed to evaluate bone regeneration in the different groups.
Results: The 3D-printed PLA-HA scaffolds were cylindrical, and had a mean pore size of 500±47.1 μm 
and 60%±3.5% porosity. At 4 and 8 weeks, the lane-sandhu X-ray score in the PLA-HA/eBM group was 
significantly higher than that in the PLA-HA group and the control group (P<0.01). At 8 weeks, the μCT 
analysis showed that the bone volume (BV) and bone volume/tissue volume (BV/TV) in the PLA-HA/
eBM group were significantly higher than those in the PLA-HA group and the control group (P<0.01). 
Hematoxylin and eosin staining indicated that the new bone area in the PLA-HA/eBM group was 
significantly higher than that in the PLA-HA group and the control group (P<0.01).
Conclusions: The group that was treated with eBM in conjunction with 3D-printed PLA-HA showed 
enhanced bone repair compared to the other 2 groups. PLA-HA/eBM scaffolds represent a promising way to 
treat critical-sized bone defects.
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Introduction

The treatment of critical-sized bone defects caused by 
high-energy trauma, infection, or tumor resection remains 
a substantial challenge in the field of orthopedics (1-3). 
Traditionally, the iliac crest has been the most common 
harvesting site for autologous bone grafts; however, it has 
some limitations, including poor availability and donor-site 
morbidity (4-6). Therefore, new bone substitutes need to be 
developed for the repair of large bone defects.

Intramedullary reaming and nailing is widely known to 
be suitable for treating long-bone nonunions (7). In the 
process of reaming, debris, which is referred to as enhanced 
bone marrow (eBM), is produced. Previous studies have 
shown that eBM obtained from the reaming of long-bone 
medullary canals containing large quantities of stem cells 
has the potential to accelerate bone repair and regeneration 
(8-10). Given its excellent properties for bone repair, eBM 
has become an alternative autologous bone graft harvested 
from bone cavity and overcomes some of the drawbacks of 
iliac crest bone grafts (10). However, eBM does not possess 
the gross anatomical structure required to guide bone repair 
and regeneration. 

Recently, the field of bone tissue engineering (BTE) has 
been developing rapidly, and various promising biomaterials 
have emerged and have been widely applied for bone repair 
and regeneration (11,12). The use of osteogenic cells 
combined with various growth factors and biocompatible 
scaffolds can greatly promote bone repair. As one of the 3 
key elements of BTE, scaffolds can provide the necessary 
spatial and structural support for cellular growth. An ideal 
tissue engineering scaffold should exhibit some excellent 
properties, such as biocompatibility, osteoinductivity, and 
osteoconductivity, and possess an appropriate pore size and 
porosity (13,14). 

In recent decades, hydroxyapatite [HA; Ca5(PO4)3OH] 
and beta-tricalcium phosphate [β-TCP; Ca3(PO4)2] 
have been widely applied to facilitate bone repair and 
regeneration in clinical settings due to their recognized 
biocompatibility and osteoconductivity (15,16). Previous 
studies have also shown that single-phase materials 
cannot perfectly meet the needs of BTE scaffolds (17). 
To construct synthetic scaffolds, HA and β-TCP have 
been incorporated into polymers, such as poly(lactic acid) 
(PLA), polycaprolactone (PCL), poly(ethylene glycol) 
(PEG), and poly(lactic-co-glycolic acid) (PLGA) (18). 
The polylactide–hydroxyapatite (PLA-HA) composite has 
great biocompatibility, degradability and good mechanical 

properties, and thus has attracted significant attention 
and been investigated widely (19-22). However, the 
osteoinductivity of the scaffold needs to be enhanced. 
Thus, we hypothesized that the PLA-HA composite could 
provide mechanical support for seeded eBM and be used 
to construct a complex scaffold to facilitate bone repair and 
regeneration. 

Three-dimensional (3D)-printing techniques represent 
a new way to construct BTE scaffolds. These techniques 
can be applied to fabricate different forms on the basis of 
bone defects, and provide a suitable environment for cell 
attachment and proliferation (23,24). They have been used 
for the formation of polymer products, including implants 
and medical devices. In the present study, we applied a 
3D-printing technique to build synthetic PLA-HA scaffolds.

In the present study, we used a method (25) that mimicked 
the reamer-irrigator-aspirator technique to acquire eBM. 
Using a 3D-printing technique, 3D-printed PLA-HA 
scaffolds were successfully fabricated. We hypothesized that 
eBM in conjunction with PLA-HA could be used to facilitate 
bone repair and bone regeneration in the treatment of 
critical-sized bone defects. We present the following article in 
accordance with the ARRIVE reporting checklist (available at 
https://dx.doi.org/10.21037/atm-20-8198).

Methods

Preparation and characterization of 3D-printed PLA-HA 
hybrid scaffolds and cell seeding onto scaffolds

All chemicals were obtained from Sigma Aldrich (Shanghai, 
China). A 3D-Bioplotter™ (Envision TEC GmbH, 
Germany) was used to construct the 3D-printed scaffolds 
using a computer. First, PLA particles (mean molecular 
weight ~20.0×104 Da) were dissolved in 1, 4-dioxane. 
HA powders (particle size ~50 m) were then added to 
the PLA solution and stirred for 12 h to form a uniform  
PLA/HA paste using a ratio of 7:3. Next, the cylinder 
models were loaded into 3D bioplotter software. The 
3D-printed scaffolds were fabricated to have an outer 
diameter of 5 mm, an inner diameter of 2 mm, and a height 
of 15 mm for the in-vivo experiments.

High-resolution micro-computed tomography (Scanco 
Medical, μCT; Switzerland) was used to assess the porosity 
and average pore size of the scaffolds. The data were 
analyzed by μCT. Scanning electron microscopy (SEM; 
USA) was performed to observe the microstructure and 
morphology of the 3D-printed scaffolds. 
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Mesenchymal stem cells (MSCs) isolated from the 
eBM were used. Cell suspension was seeded at a density of 
1×105 cells on the 3D-printed scaffolds in 24-well plates. 
Cell spreading and focal adhesion formation were assessed 
after 24 hours of culture (37 ℃ and 5% carbon dioxide 
in a humidified incubator). SEM was used to observe the 
attachment of cells onto the scaffolds.

Animal groups

Twenty-seven adult New Zealand white rabbits were 
included (aged 6 months and weighing 2.5±0.25 kg). The 
rabbits were housed in separate cages, fed a standard 
diet, and allowed free movement during the experimental 
period. The 27 rabbits were randomly divided into the 
following 3 groups (n=9): (I) the control group (critical-sized 
bone defects without treatment); (II) the PLA-HA group 
(critical-sized bone defects treated with implantation of 
3D-printed PLA-HA scaffolds); or (III) the PLA-HA/eBM 
group (critical-sized bone defects treated with 3D-printed  
PLA-HA scaffolds in conjunction with eBM). All 
experiments were performed under a project license (no. 
HKDL [2018] 499) granted by the Animal Care Committee 
of Shanghai Jiao Tong University, in compliance with the 
guidelines for the care and use of animals of Shanghai Ninth 
People’s Hospital Affiliated Shanghai Jiao Tong University 
School of Medicine.

Surgical procedure

A large bone defects rabbit model was used in this study. 
Anesthesia was given in the form of 3% pentobarbital 

sodium (30 mg/kg) via intramuscular injection. Unilateral 
15-mm critical-sized defects were constructed in the middle 
of the left radius. In the control group, no treatment was 
given. In the PLA-HA group, a 3D-printed PLA-HA 
scaffold was inserted at each bone defect site. In the PLA-
HA/eBM group, a 2-mm drill was used to ream the distal 
femur and a medullo-puncture needle was used in the 
proximal femur. Suction was carried out simultaneously 
with drill reaming. A 10-mL syringe was used to inject 
eBM into the hollow tunnel of the scaffold. Subsequently, 
the scaffold material in the tube was soaked with the eBM 
and mixed well for 10 minutes. The 3D-printed PLA-HA 
scaffold together with the eBM was inserted into the bone 
defect site. Figure 1 provides a schematic illustration of 
the use of eBM in conjunction with 3D-printed PLA-HA 
scaffold in the repair of a critical-sized bone defect in the 
rabbit model. X-ray and μCT evaluation of critical-sized 
bone defect repair.

At 0 weeks (i.e., immediately after the operation), 4 and 
8 weeks, X-rays of the defect sites were performed using 
an X-ray machine (Faxitron X-ray Corporation, USA). 
Lane-sandhu X-ray scores (26) were used to compare the 
effect of bone healing in each group. At 8 weeks, all of the 
animals were sacrificed, and a μCT (μCT-80, Switzerland) 
analysis was subsequently conducted to assess bone healing. 
A global threshold procedure was used to analyze the bony 
compartments. The threshold of bony tissue was greater 
than or equal to 150. The threshold of soft tissue and 
implanted composite scaffolds was below 150. In this study, 
a cylindrical area of 15 mm, including the bone defect site 
of the radius in the center, was selected as the region of 
interest to quantify the bone volume (BV) and the bone 

eBM

eBM

PLA-HA/eBM

PLA-HA
A B

Figure 1 Schematic illustration of enhanced bone marrow (eBM) in conjunction with three-dimensional (3D) PLA-HA scaffolds on 
repairing long bone defects in a rabbit model. (A) eBM harvest. (B) PLA-HA/eBM scaffolds were implanted into bone defects.
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volume/total volume (BV/TV).

Histological evaluation

After μCT scanning, the radius specimens were decalcified 
in 12% ethylenediaminetetraacetic acid disodium salt 
(EDTA-2Na; Sangon Biotech, China) for 4–5 weeks, 
dehydrated in a graded series of alcohol, and embedded in 
paraffin for histological sectioning. Sections with a thickness 
of 6 μm were cut and stained with hematoxylin and eosin 
(HE). The stained sections were observed microscopically, 
and newly formed bone was evaluated with Image Pro Plus 
6.0 software (Media Cybernetics, USA).

Statistical analysis

One-way analysis of variance using SPSS 22.0 software 
(SPSS Inc., Chicago, IL, USA) was conducted to analyze the 
results. The results were expressed as the mean ± standard 
deviation (SD) from at least 3 independent experiments. A 

value of P<0.05 was defined as being statistically significant.

Results

Structure of the 3D-printed PLA-HA scaffolds and cell 
attachment on the scaffolds 

We successfully fabricated 3D-printed PLA-HA scaffolds 
using a 3D-printing technique. The 3D-printed PLA-HA 
scaffolds were indicated by μCT and SEM to be hollow 
cylindrical structures, similar to long bones, possessing a 
porous wall structure, with a pore size of 500±47.1 μm and 
60%±3.5% porosity (Figure 2). Well-spread MSCs were 
observed on the scaffolds.

Gross observation, X-ray, and μCT evaluation

All animals recovered well from the operative procedure 
(Figure 3). No infections or other complications were 
observed. Three rabbits in each group were sacrificed 
for analysis. At 4 and 8 weeks, X-rays indicated that bone 

A B

C D

50 μm

Figure 2 Microstructure and morphology of 3D PLA-HA scaffolds. (A,B) μCT (scar bar =1 mm), (C) Scanning electron microscopy (SEM) 
of 3D PLA-HA scaffolds. (D) Well spread MSCs was observed on the scaffold (scar bar =20 μm).
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healing was obviously better in the PLA-HA/eBM group 
than in the other 2 groups (Figure 4A). Furthermore, the 
lane-sandhu X-ray score in the PLA-HA/eBM group 
was significantly higher than that in the PLA-HA group 
(P<0.01), and the scores of both these groups were 
superior to that of the control group (P<0.01) (Figure 4B). 
In the PLA-HA/eBM group, μCT showed bone tissue 
regeneration to be enhanced compared to that in the PLA-
HA group (Figure 5A). At 8 weeks, μCT analysis showed 
that the BV (Figure 5B) and BV/TV (Figure 5C) in the PLA-
HA/eBM group were significantly higher than those in the 
PLA-HA group (P<0.01), and the results of both groups 
were superior to those of the control group (P<0.01).

Histological evaluation

At 8 weeks, a large amount of fibrous tissue and a small 
amount of new bone had grown at bone defect sites in the 
control group. The largest amount of new bone tissue formed 
was observed in the PLA-HA/eBM group (Figure 6A). HE 
staining indicated that the area of new bone in the PLA-HA/
eBM group was significantly larger than that in the PLA-HA 
group (P<0.01), and the results of both groups were superior 
to those of the control group (P<0.01) (Figure 6B).

Discussion

The management of critical-sized bone defects remains a 
huge challenge, and substitute materials for implantation 
are needed (27). Currently, numerous strategies have 
been developed for the treatment of critical-sized bone 
defects, such as autologous bone transplantation and the 
application of allografts (28-30). However, as mentioned 
above, the limitations of these strategies have hampered 
their application. Over the past decade, eBM tissue has 
been investigated as a bone graft to facilitate bone repair 
and regeneration. By providing a large quantity of tissue 
to fill defect sites, eBM can successfully facilitate bone 
regeneration. In recent years, BTE has emerged as a 
new solution for constructing the substitute material for 
bone repair (31). Researchers have afforded 3D-printing 
techniques considerable attention for the preparation of 
advanced BTE scaffolds with biomimetic structures (32). 
In the present study, we investigated the effect of eBM in 
conjunction with 3D PLA-HA scaffolds in the repair of 
long radial defects in rabbits.

Previous studies have indicated that eBM contains a large 
quantity of tissue, including fragments of fat, cartilage, bone, 
and intact pieces of vasculature, and provides concentrations 

A B C

D E F

Figure 3 Surgical procedure. (A) The isolation of eBM. (B) The radial bone defect was constructed. (C) eBM was loaded into3D printed 
PLA-HA scaffolds. (D) The defects were treated with nothing (control group). (E) The defects were treated with 3D printed PLA-HA 
scaffolds (PLA-HA group). (F) The defects were treated with eBM in conjunction with 3D printed PLA-HA scaffolds (PLA-HA/eBM 
group).
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Figure 4 Evaluation of critical-sized bone defect repair with X-rays. (A) X-rays of radial bone defect in control group, PLA-HA group, 
PLA-HA/eBM group at 0, 4 and 8 weeks. (B) Lane-Sandhu X-ray scores in all groups taken at 4 and 8 weeks post-operatively. *P<0.01. 
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of osteoprogenitor cells and growth factors that have the 
potential to facilitate bone repair and regeneration (7). The 
reamer-irrigator aspirator (RIA) technique can be used to 
obtain a voluminous amount of bone graft, which appears 
to have superior growth potential compared to the iliac 
crest bone graft (33,34). In the present study, we used a 
2-mm drill to make holes and ream the distal femur, and a 
medullo-puncture needle was used in the proximal femur. 
We successfully obtained large amounts of eBM. Owing 
to its capacity to accelerate bone repair and regeneration, 
eBM can serve as a bone substitute graft. However, due 
to its putty-like shape, eBM cannot impart load-bearing 
mechanical integrity. In the field of BTE, 3D-printing is a 
promising technology, as it permits the creation of patient-
specific implants with complex porous architectures. 

In the present study, 3D-printed PLA-HA scaffolds were 
successfully fabricated using a 3D-printing technique to 
provide mechanical support for seeding eBM. Pore size is 
a scalar quantity that describes the diameter of a hole. The 

porosity of a material is the percentage of the pore volume 
of a block material relative to the total volume of the 
material in its natural state. To facilitate bone formation, 
bioactive scaffolds should have a porous structure and 
porosity which are conducive to bone repair, vascular 
access, and adequate oxygen supply (16). Large pores of 200 
–500 μm in the scaffold improve bone growth and capillary 
formation (35). Similar to long bones, 3D-printed PLA-HA 
scaffolds are hollow, cylindrical structures. These scaffolds 
possess a porous wall structure, a pore size of 500±47.1 μm, 
and 60%±3.5% porosity. They can provide adequate room 
for eBM and an attachment surface onto which MSCs can 
proliferate and differentiate. Good biocompatibility is an 
essential property of scaffold materials. Consistent with 
the findings of previous research (19), we found that MSCs 
grew well on the surface of PLA-HA scaffolds.

In the current study, critical-sized bone defects were 
successfully developed in a rabbit model. We harvested 
eBM using our method, and 3D-printed PLA-HA scaffolds 
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Figure 5 Evaluation of critical-sized bone defect repair with Micro-CT. (A) Representative Micro-CT images (3D and longitudinal 
sections) of radial long bone defects reconstructed in the control group, the PLA-HA group, and the PLA-HA/eBM group at 8 weeks. (B) 
bone volume (BV), (C) bone volume/tissue volume (BV/TV) within the defects of the radius at 8 weeks. *P<0.01. 

Figure 6 Evaluation of critical-sized bone defect repair with HE staining. (A) Representative images of HE staining in different groups at  
8 weeks (NB: new bone; F: fibrous tissue; scale bars =400 μm). (B) The area ratio of NB at 8 weeks. *P<0.01.
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(produced using a 3D-printing technique) were used. 
Radiological and histological methods were applied to 
investigate the effect of bone repair and bone regeneration 
in each group of rabbits. At 4 and 8 weeks, X-rays indicated 

that bone healing in the PLA-HA/eBM group was obviously 
better than that in the other 2 groups. Additionally, the 
lane-sandhu X-ray score in the PLA-HA/eBM group was 
significantly higher than that in both the PLA-HA group 
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and the control group (P<0.01). At 8 weeks, the μCT 
analysis showed that BV/TV in the PLA-HA/eBM group 
was significantly higher than that in the PLA-HA group and 
the control group (P<0.01). HE staining indicated that the 
new bone area in the PLA-HA/eBM group was significantly 
larger than those in the PLA-HA group and the control 
group (P<0.01). The above means of detection also indicated 
that the treatment in the PLA-HA group was superior 
to that in the control group. These results suggested 
that the scaffolds had a number of benefits in relation to 
the minimization of soft tissue and new bone formation. 
Further, the results showed that eBM significantly enhanced 
bone repair and bone regeneration. The results of the 
X-ray imaging, μCT, and histological evaluations suggested 
that the combination of eBM with PLA-HA achieves a 
satisfactory bone-healing effect. This new 3D-composite 
scaffold may be a good material to address the autologous 
transplantation shortage. Other species, such as sheep and 
dogs, will be used in further studies.

This study has some limitations. First, due to availability 
issues, we did not use RIA to acquire eBM. The method we 
used may have caused more trauma to the animals than RIA 
would have; however, no animal used in this study became 
infected or died, which indicates that the method we used 
was safe. Second, the exploration of 3D-printed PLA-HA 
was minimal, as the primary purpose of this study was to 
develop a novel scaffold to facilitate bone formation. Our 
data were limited, and while this did not affect our research 
results, further evaluations, including additional qualitative 
and quantitative studies, may clarify whether this novel 
scaffold can serve as a bone substitute.

Conclusions

In the present study, we used eBM in conjunction with 
3D-printed PLA-HA scaffolds to repair critical-sized 
bone defects in a rabbit model. Radiological, μCT, 
and histological techniques were applied to investigate 
bone regeneration efficacy. The radiological, μCT, and 
histological results revealed that eBM enhances the capacity 
of PLA-HA for bone repair and regeneration. Thus, the 
use of eBM in conjunction with 3D PLA-HA scaffolds 
represents a promising treatment for critical-sized bone 
defects.
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