
429

RESEARCH ARTICLE

Volume 11 Issue 2 (2025)

International  
Journal of Bioprinting

doi: 10.36922/ijb.7806

*Corresponding author:  
Haibo Zou  
(dr.haibozou@gmail.com)

Citation: Jiao Z, Yang H, Zou H, 
et al. Effect of PCL/HA material 
characteristics on the degradation 
and mechanical properties of 
interbody fusion cages.  
Int J Bioprint. 2025;11(2):429-447.  
doi: 10.36922/ijb.7806

Received: December 17, 2024
Revised: January 28, 2025
Accepted: February 10, 2025
Published Online: February 25, 
2025

Copyright: © 2025 Author(s). 
This is an Open Access article 
distributed under the terms of the 
Creative Commons Attribution 
License, permitting distribution, 
and reproduction in any medium, 
provided the original work is 
properly cited.

Publisher’s Note: AccScience 
Publishing remains neutral with 
regard to jurisdictional claims in 
published maps and institutional 
affiliations.

Effect of PCL/HA material characteristics on 
the degradation and mechanical properties of 
interbody fusion cages

Zhiwei Jiao1,2 id , Haozheng Yang1, Hanlin Zou3,4, Yuan Yu1, Weimin Yang1,2, Hao 
Liu1, Tianyu Liu3,4, Dong Chen3, and Haibo Zou3* id

1College of Mechanical and Electrical Engineering, Beijing University of Chemical Technology, 
Beijing, China
2State Key Laboratory of Organic-Inorganic Composites, Beijing University of Chemical Technology, 
Beijing, China
3Spine Division of Orthopaedic Department, China-Japan Friendship Hospital, Beijing, China
4Department of Orthopedics, Capital Medical University, Beijing, China

Abstract
Interbody fusion cages are key implants in spinal interbody fusion surgeries. For 
the novel biodegradable interbody fusion cages that can be gradually absorbed 
and replaced in the body, the formulation system of the materials plays a crucial 
role in their long-term biocompatibility and mechanical stability. In this study, PCL/
HA composites with high hydroxyapatite (HA) mass fractions (25, 30, 35, 40%) and 
different polycaprolactone (PCL) molecular weights (50 and 80 kDa) were fabricated. 
Biodegradable PCL/HA interbody fusion cages of different material systems were 
printed by polymer melt differential three-dimensional (3D) printing technology. 
In vitro degradation tests were conducted in a simulated in vivo environment to 
quantitatively analyze the stability and degradation behavior of PCL/HA interbody 
fusion cages with different material compositions and molecular weights in an 
artificially simulated body fluid environment, and their mechanical properties under 
loads. The cytotoxicity assays of the material were also conducted. The findings 
revealed that the degradation rate of the interbody fusion cage accelerated as the 
HA content increased. The strength and stiffness of each material system exceeded 
the minimum requirement for human cancellous bone. When the HA content was 
the same, the degradation rate of the high molecular weight (80 kDa) interbody 
fusion cage was faster compared to that of the 50 kDa molecular weight cage. When 
the HA mass fraction was below 30wt%, the compressive strength and compressive 
modulus of the fusion cage increased with increasing HA content. However, when 
the HA mass fraction exceeded 30wt%, the mechanical properties of the fusion cage 
worsened with higher HA content. A comparative analysis of material properties 
indicated that when the HA content was 30wt%, the fusion cage exhibited a moderate 
degradation rate, high compressive strength and modulus, and excellent 3D printing 
performance, making it the formulation system with the best overall performance. In 
addition, the PCL material, which was also used in most literature, exhibited varying 
levels of cytotoxicity depending on the cytotoxicity testing method. Further animal 
implantation experiments of spinal fusion cages require the selection of medical-
grade implant materials.
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1. Introduction
Spinal degenerative diseases (SDD) are prevalent conditions 
in orthopedic and traumatology clinics, encompassing 
cervical spondylosis, lumbar disc herniation, degenerative 
lumbar, and instability. With the intensifying aging of 
society, the population suffering from spinal degenerative 
diseases is continually growing, posing a significant societal 
burden.1-3 When conservative treatment is ineffective, 
spinal interbody fusion surgery is commonly performed 
in clinical practice to implant artificial interbody fusion 
cages, facilitating the fusion of adjacent vertebral 
bodies, maintaining spinal stability, alleviating pain, and 
improving patients’ quality of life.4-7 The selection and 
material properties of interbody fusion cages play a critical 
role in surgical outcomes and postoperative rehabilitation.

Traditionally, the materials of interbody fusion cages 
mainly include titanium alloy8-10 and poly-ether-ether-
ketone (PEEK).11-14 However, the significant difference 
between the high stiffness of titanium alloy and 
human bone tissues often leads to the stress-shielding 
phenomenon, thereby triggering complications such as 
subsidence, migration, and pseudarthrosis formation. 
Moreover, bone fusion is not easily detectable on 
X-rays.15,16 Compared with titanium alloy, PEEK has 
an elastic modulus closer to that of human bones, and 
the lower elastic modulus is conducive to maintaining a 
lower settlement rate and a more favorable intervertebral 
space height, thus maintaining the normal physiological 
curvature and stability of the vertebral body.17 
However, the non-degradability of these materials often 
necessitates a second surgery for fusion cage removal 
after a certain period, which increases patient discomfort 
and surgical risk.4 To achieve the gradual degradation 
and complete absorption of the fusion cage during 
bone tissue regeneration, studies began to explore 
biodegradable materials. Biodegradable materials used 
in the manufacture of interbody fusion cages must meet 
several requirements: sufficient mechanical strength to 
meet the needs of the cages, an elastic modulus similar 
to that of normal bone tissues, gradual degradation and 
absorption, and an absorption rate that aligns with the 
growth rate of new bone. At the same time, biodegradable 
materials should have good biological activity, biosafety, 
and excellent biocompatibility to avoid antigenicity and 
rejection.18,19 Common biodegradable polymer materials 
in bone tissue engineering include polylactic acid (PLA),20 
polyglycolic acid (PGA),21 and polycaprolactone (PCL).22

Polycaprolactone (PCL) is a semi-crystalline, 
biodegradable thermoplastic polymer with good 
biocompatibility, degradability, and mechanical properties, 
making it widely used in medical devices and tissue 
engineering. When implanted in the human body or in 
contact with biological tissues, it does not elicit significant 
rejection reactions or toxic effects. PCL also gradually 
degrades in the body, eliminating the need for secondary 
surgery for removal.23 However, the biomechanical 
properties of pure PCL materials are relatively weak, 
making it difficult to meet the requirements of interbody 
fusion cages in complex biomechanical environments. 
Researchers often improve the mechanical properties and 
bioactivity of polymer materials through methods such as 
blending, surface modification, and chemical modification. 
Among these, blending with other functional fillers is the 
simplest and most effective way to enhance their properties. 
The composition of the bioceramic material β-tricalcium 
phosphate (β-TCP)23-25 is similar to that of bone tissues, 
enabling it to bind with bone and promote bone cell growth 
and regeneration. Hydroxyapatite (HA),26-29 an essential 
inorganic component of human and animal bones, exhibits 
excellent biocompatibility and osseointegration capacity. 
When in contact with bone, it can directly form a bond 
and exhibits excellent osteoinductive properties.

Yu et al.23 compounded PCL and β-TCP materials 
and fabricated PCL/β-TCP degradable interbody 
fusion cages by using three-dimensional (3D) printing 
technology; preclinical experiments demonstrated 
their biosafety, mechanical support, and bone growth-
promoting properties. Zhou et al.30 compared pure PCL 
with 20 wt% β-TCP/PCL through an in vitro study. The 
composite scaffold exhibited enhanced hydrophilicity and 
improved mechanical properties, while human alveolar 
osteoblasts (Aos) demonstrated better cell proliferation 
and earlier expression of bone matrix protein. β-TCP 
exhibits a rapid degradation rate in vivo, which ensures 
good biodegradability. However, this rapid biodegradation 
can lead to a quick decline in the mechanical strength 
of implants. In contrast, HA exhibits greater mechanical 
strength and a slower resorption rate.31,32

HA has shown great potential in the development of a 
wide variety of composite materials and has been extensively 
studied for applications in medical cages, tissue engineering 
scaffolds, drug delivery systems, and other biomedical fields. 
Venugopal et al.33 electrospray HA nanoparticles onto the 
surface of PCL nanofibers, and confirmed that the addition 
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of HA enhanced the level of osteogenic differentiation 
of mesenchymal stem cells (MSCs) in vitro studies. Choi 
et al.34 used thermally induced phase separation (TIPS) 
technology to produce PCL/HA scaffolds with varying HA 
compositions (0, 5, 10, and 20 wt%); test results showed that 
as the HA content increased from 0 to 20 wt%, the elastic 
modulus of PCL/HA scaffolds increased from 0.12 ± 0.02 to 
2.65 ± 0.05 MPa. However, this process may result in solvent 
residue during the preparation of the scaffold, posing a risk of 
material toxicity. In the study of degradable porous scaffolds 
for bone tissue, the mechanical properties of scaffolds often 
fail to reach the normal levels of human cancellous bone or 
only reach the lowest threshold. Xu et al.35 prepared a 30 wt% 
HA/PCL bone tissue scaffold by Fused Deposition Modeling 
(FDM) 3D printing technology, with a porosity of 26% and 
an elastic modulus of about 80MPa. Shor et al.36 prepared 
a composite scaffold by FDM 3D printing by melting and 
blending PCL with 25wt% HA powder. The elastic modulus 
of the scaffold with 60% porosity was 84 MPa, which is 40% 
higher than that of the pure PCL scaffold, but the study only 
examined scaffolds with a single HA content. Rezania et al.26 
prepared composite scaffolds by mixing PCL with HA at 
mass fractions of 5, 10, 15, and 20%. Their research revealed 
that the addition of HA could enhance the biocompatibility 
of the scaffolds in vivo. Specifically, the 20wt% HA/PCL 
scaffold exhibited optimal performance, with a 50% 
increase in Young’s modulus compared to pure PCL. The 
Young’s modulus of the scaffolds ranged from 32 to 63 MPa. 
Eduardo et al.27 prepared PCL/HA composite scaffolds 
with HA contents of 5, 10, and 25wt%, and compared their 
viscosity, printability, and mechanical properties with those 
of pure PCL material scaffolds. The results showed that the 
addition of HA increased the viscosity of the composites. 
PCL containing 5 and 10wt% HA showed better printability, 
and PCL containing 25wt% HA showed the best mechanical 
properties, with a maximum elastic modulus of about 
38MPa. The composite scaffolds prepared by Rezania et al.26 
and Eduardo et al.27 exhibited low stiffness, failing to reach 
the normal elastic modulus range of human cancellous bone 
(70–450 MPa).37 Due to limitations in the printing process, 
neither study included scaffolds with higher HA content 
ratios for performance evaluation.

Adequate mechanical properties are crucial for 
maintaining normal human physiology. In summary, 
although existing studies have shown that the addition of 
HA can improve the mechanical properties of composite 
materials, the HA content remains low, resulting in uneven 
mechanical performance. Consequently, the mechanical 
strength of these composite scaffolds does not meet the 
requirements for bone tissue engineering applications.

Therefore, this study explored PCL/HA composite 
materials containing higher ratios of HA, assessing the 

impact of different material compositions and molecular 
weights on the degradation behavior and mechanical 
properties of interbody fusion cages. In this research, 
PCL (50 and 80 kDa) was utilized as the substrate and 
compounded with 25–40wt% HA (60 nm) as a functional 
filler to generate composite particles. Interbody fusion 
cages with different PCL/HA ratios were fabricated using 
polymer melt differential 3D printing technology, and 
their stability and degradation behavior in a simulated 
environment were quantitatively analyzed. In addition, 
the mechanical response of these composites under load 
was evaluated to verify their suitability as materials of 
interbody fusion cages. The present study provides a 
theoretical basis and experimental support for material 
selection and performance optimization of degradable 
interbody fusion cages.

2. Materials and methods
2.1. Preparation and thermal analysis of PCL/HA 
composites

2.1.1 Preparation of composite materials
PCL particles (Perstorp, Sweden) with molecular weights 
of 50 and 80 kDa were dried in an electrothermal drying 
oven at 35°C for 24 hours. Using the melt blending 
method, the dried 50 kDa PCL particles were pre-mixed 
uniformly with HA powder (Nanjing Duly Biotech, 
China) in mass ratios of 75:25, 70:30, 65:35, and 60:40, 
respectively. Additionally, the dried 80 kDa PCL particles 
were pre-mixed uniformly with HA powder in a mass ratio 
of 75:25. These mixtures were then blended and pelletized 
using a mini twin-screw extruder (LJPS, Zhangjiagang 
City Lianjiang Machinery Co., Ltd, China), as shown in  
Figure 1A. The screw speed was set to 25 rpm, which ensured 
uniform mixing and steady extrusion of the materials 
while preventing the degradation of materials due to high-
speed shearing. Considering the plasticization and melting 
characteristics of PCL, a four-stage temperature gradient 
was set for the heating zones; the feed zone temperature 
(S1) was set at 60°C, with S2 and S3 increasing sequentially 
by 15°C; the die head temperature S4 was set at 90°C, the 
same as S3. This gradual heating facilitates the progressive 
melting of PCL, avoids localized overheating, maintains a 
stable co-blending state between PCL and HA, and ensures 
good flowability of the materials during extrusion. After 
the composite materials were melted and extruded by 
the twin-screw extruder, the materials were cooled and 
solidified in a clean water tank and then granulated using 
a cold-cutting granulator to fabricate PCL/HA particles 
measuring 3.0 ± 0.5mm. After sieving and drying at 35°C 
in a constant temperature oven, the particles were sealed 
and stored for further use.
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2.1.2 Differential scanning calorimetry (DSC) analysis
To study the thermal properties and the interactions 
between the components of the PCL/HA composites, pure 
PCL and PCL/HA composite materials containing 25, 30, 
35, and 40wt% HA were tested using a DSC (Q2000, TA 
Instruments, New Castle USA). The samples were heated 
to 130°C at a rate of 5°C/min, then cooled to −20°C at the 
same rate under a nitrogen atmosphere, held at −20°C for 5 
minutes, and finally heated again to 130°C at 5°C/min. The 

relationship between heat flow and temperature for each 
sample was recorded.

2.1.3 Thermogravimetric analysis
To study the thermal stability and thermal decomposition 
behavior of PCL/HA composites, thermogravimetric 
analysis (TGA) was performed on pure PCL and PCL/
HA composite materials with 25, 30, 35, and 40wt% 
HA using a thermal gravimetric analyzer (STA 449 F3, 

Figure 1. Preparation process of the fusion cage. (A) Preparation of PCL/HA composites. (B) Melt differential 3D printer. (C) Principle of the 3D printing 
system for interbody fusion cage. (D) PCL/HA interbody fusion cages with different material composition. Abbreviations: HA: Hydroxyapatite; PCL: 
Polycaprolactone; S1–4: Steps 1–4.
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Netzsch, Germany). The samples were heated from room 
temperature to 800°C at a rate of 10°C/min in a nitrogen 
atmosphere, and the relationship between mass and 
temperature for each sample was recorded.

2.2. Manufacturing of interbody fusion cages
This study followed the methods and parameter settings 
for interbody fusion cages described by Chi.38 Interbody 
fusion cages were fabricated by using the self-developed 
melt differential 3D printer for medical composites, as 
shown in Figure 1B. The model of the fusion cage was 
designed with reference to the outline of the lower endplate 
of the C6 cervical vertebra. A 3D model was created using 
SolidWorks (Dassault Systems, France) and exported in 
STL format. The model was then imported into Simplify3D, 
where the printing path was planned, and G-code was 
generated and transmitted to the printer to fabricate the 
interbody fusion cages. The interbody fusion cage forming 
process is shown in Figure 1C. In this experiment, a nozzle 
diameter of 0.5 mm was used, setting the filling angles at 0° 
and 90°, with the filling angle changing every two layers. A 
filling rate of 60% and a single outer shell were selected. The 
3D-printed interbody fusion cages with various material 
compositions of PCL/HA are shown in Figure 1D.

2.3 In vitro degradation test of PCL/HA interbody 
fusion cages
Based on the methods of in vitro degradation tests for fusion 
cages from a previous study,38 this experiment submerged 
fusion cages with six different material formulations 
into simulated body fluid (SBF) (Phygene, China) and 
carried out in vitro degradation experiments in a constant 
temperature incubator at 37°C. The experiment aimed 
to characterize and analyze the degradation behavior of 
interbody fusion cages with different material formulas 
under various soaking times.

The specific experimental scheme is as follows. The 
experiment was divided into five groups based on the 
expected degradation time: a control group (no in vitro 
degradation), 7, 14, 21, and 28 days, respectively. For each 
group, six parallel samples were prepared for each material 
composition (PCL, 25% HA/PCL, 30% HA/PCL, 35% HA/
PCL, 40% HA/PCL, and 25% HA/80 kDa PCL). Among 
these, three samples were used for mechanical property 
testing, while the remaining three were used to assess 
weight loss, analyze macro- and micro-morphology, and 
conduct other physicochemical tests.

2.3.1 Immersion in SBF
Each fusion cage sample from the different material 
compositions was individually numbered and weighed 
before soaking. After sterilization by ultraviolet (UV) light, 
the samples were placed in centrifuge tubes. A sufficient 
quantity (10 ml) of SBF solution was added to each tube. 

The sealed centrifuge tubes were then placed in a constant 
temperature incubator at 37°C for degradation testing. 
Each week, the pH of the solution in the centrifuge tubes 
was monitored and the SBF solution was replaced once, 
keeping the pH level controlled at 7.41 ± 0.3.

2.3.2 Calculation of the rate of weight loss
Before immersion (t = 0), the samples were placed in an 
electric thermostatic drying oven at 35°C and dried for 
24 hours until a constant weight was achieved. Then, each 
sample’s initial mass (recorded as W0) was weighed using 
an electronic balance. Every week (at 7, 14, 21, and 28 days), 
three samples were removed and placed in deionized water. 
These samples were then cleaned in an ultrasonic cleaning 
machine for 20 minutes. Subsequently, the cleaned samples 
were dried and reweighed (recorded as Wt). The weight loss 
rate (recorded as Rloos) was calculated using Equation I.

	 Rloos = (W0 – Wt) / W0 × 100%� (I)

2.3.3 Analysis of appearance and morphology
After gold sputtering, the dried samples used for weight 
loss calculation were examined using a scanning electron 
microscope (MAIA 3 XMU, TESCAN, Czech Republic) 
at magnifications of 80× and 2000×. This was to observe 
the changes in the surface micro-morphology of 
interbody fusion cages with different composition ratios 
and molecular weights, before and after degradation. 
Additionally, the distribution of HA particles within the 
raw materials was observed at a magnification of 60000×.

2.3.4 Test for mechanical performance
The control system of the mechanical testing machine 
records the displacement and pressure at the press head at 
each moment. From the displacement of the press head, 
the compression strain of the sample is determined, and 
following data processing, the stress-strain curve of the 
sample is obtained. This also allows for the calculation of the 
sample’s compressive strength and compressive modulus.

To ensure the samples remained moist during 
mechanical performance testing, a pre-treatment involving 
soaking in distilled water is required. The blank control 
group samples were soaked in 37°C distilled water for an 
hour, followed immediately by mechanical performance 
testing. The experimental group samples were first 
removed from their initial soaking solution, transferred 
to 37°C distilled water for a 1-hour conditioning period, 
and then directly subjected to mechanical testing. The tests 
were performed using a universal testing machine (Instron, 
America) for quasi-static axial compression testing. The 
samples were compressed perpendicular to the printing 
direction and positioned at the center of the compression 
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plate. Each group of samples was subjected to three repeated 
tests. Specific parameters set included a compression speed 
of 1 mm/min, a compressive deformation of 60%, and a 
data collection frequency of 50Hz.

2.4 Cell cytotoxicity assay
To assess the cytotoxicity of raw materials, Cell Counting 
Kit-8 (CCK-8; Invigentech, USA) cell proliferation assays 
were conducted on different masses (100, 200, 300mg) of 
the raw material PCL using both direct contact and extract 
methods. The cell culture medium was prepared by mixing 
Minimum Essential Medium (MEM; Corning, USA) with 
fetal bovine serum (FBS; Procell, China) at a 9:1 ratio, 
and then adding 1% penicillin-streptomycin (P/S; Sigma-
Aldrich, USA). The mouse bone marrow mesenchymal 
stem cells (mBMSC) (iCell Bioscience, China) used in this 
study were cultured in an incubator at 37°C with a 5% CO2 
atmosphere. Different masses of PCL raw materials were 
sterilized under UV light and then placed in a 24-well 
plate (Thermo Fisher, USA) separately. Each sample had 
three replicates.

2.4.1 Direct contact method
The cells were directly inoculated on the surface of the 
material for co-culture. The mBMSC cells at the logarithmic 
growth stage were counted, and the cell density was adjusted 
to 2 × 104 cells per well, and then inoculated into a 24-well 
plate containing the sample. The cells were then cultured 
in an incubator at 37°C with a 5% CO2 atmosphere. After 
24 hours, the supernatant was discarded and washed with 
phosphate buffer (PBS; Hyclone, USA). Subsequently, 
500uL of medium containing 10% CCK-8, was added to 
each well. The cells were continued to be cultured in an 
incubator at 37°C for 2 hours. Finally, the absorbance was 
measured at 450 nm using an ELISA reader (SPARK 10M, 
TECAN, Switzerland).

2.4.2 Extract method
The sample was extracted using an extraction medium 
(details in Section 2.4) and then co-cultured with cells 
through the extraction solution. A certain amount of medium 
was added to the 24-well plate containing the sample, and 
the culture plate was transferred to the incubator at 37°C for 
24 hours to prepare the material extract. The mBMSC cells 
were seeded into a 24-well plate at a density of 2 × 104 per 
well and supplemented with 200 uL of extract. The culture 
plate was then transferred to an incubator at 37°C with a 5% 
CO2 atmosphere for 24 hours. After incubation, the CCK-
8 assay was performed following protocols similar to those 
described for the direct contact method.

2.5 Statistical analysis
All quantitative results were obtained from triplicate 
samples. Data was expressed as mean ± standard. Using 

GraphPad Prism 8 software for statistics and mapping, 
one-way ANOVA was performed. A value of p < 0.01 was 
considered to be statistically significant.

3. Results and discussion
3.1 Differential scanning calorimetric analysis of 
PCL/HA composites
The DSC curves of PCL and various PCL/HA composite 
materials are shown in Figure 2A and B. For the 50 kDa 
PCL, the crystallization temperature of pure PCL was 
26.34°C, while the crystallization temperatures for 25wt% 
HA/PCL, 30wt% HA/PCL, 35wt% HA/PCL, and 40wt% 
HA/PCL composite materials were 29.43, 29.80, 30.17, and 
30.28°C, respectively. The introduction of tiny particles 
into the polymer melt enhances the nucleation capacity of 
crystals during cooling, thereby increasing the crystallinity 
of the polymer.39 In this study, the addition of HA acts as 
a heterogeneous nucleating agent, which enhances the 
crystallinity of the composite materials, manifesting an 
increase in crystallization temperature. For the 80 kDa 
PCL, the crystallization temperature of the 25wt% HA/
PCL composite material was 30.65°C, the highest among 
all six material systems studied.

The melting temperature of pure PCL was 54.94°C, and 
with the addition of HA, the value showed varying degrees 
of decrease, although the difference among the composite 
materials was not obvious. For PCL with a molecular 
weight of 50 kDa, the melting temperatures of the 25wt% 
HA/PCL, 30wt% HA/PCL, 35wt% HA/PCL, and 40wt% 
HA/PCL composite materials were 54.29, 50.01, 50.54, 
and 50.69°C, respectively. When the molecular weight of 
PCL was 80 kDa, the melting temperature of the 25wt% 
HA/PCL composite material was 53.14°C, which was also 
lower than that of pure PCL.

3.2 Thermogravimetric analysis of 
PCL/HA composites
As shown in Figure 2C, pure PCL began to decompose 
around 340°C, and entered rapid decomposition between 
406 and 451°C, with a maximum decomposition rate 
of 2.23%/°C. As the HA content increased, the initial 
decomposition temperature and maximum decomposition 
rate of the composite materials gradually decreased. When 
the molecular weight of the PCL material was 50 kDa, 25wt% 
HA/PCL, 30wt% HA/PCL, 35wt% HA/PCL, and 40wt% 
HA/PCL composites began to decompose around 308, 304, 
300, and 287°C, respectively. This indicates that the addition 
of HA reduces the thermal stability of PCL, causing the 
composite to begin decomposing at a lower temperature. 
The composite materials entered rapid decomposition 
between 402 and 448°C. The maximum decomposition 
rates were 1.577, 1.484, 1.327, and 1.244%/°C, decreasing 
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with higher HA content. This indicates that the addition 
of HA reduces the thermal stability of PCL, causing the 
composites to decompose at lower temperatures. The 
maximum decomposition rate gradually decreases with 
increasing HA content, which slows down the thermal 
degradation of PCL, thereby reducing the rate of mass 
loss during decomposition. This finding is consistent with 
the study of Chen et al.,40 which demonstrated that HA 
delays the decomposition of composites due to the barrier 
effect; this effect arises from the well-dispersed nano-HA 
in the matrix material, which impedes the permeability 
of volatile decomposition products. When the molecular 
weight of PCL was 80 kDa, the 25wt% HA/PCL composite 
began to decompose at approximately 319°C and entered 
rapid decomposition between 407°C and 456°C, with a 

maximum decomposition rate of 1.486%/°C. Compared 
to the 25wt% HA/PCL composite with a molecular weight 
of 50 kDa, the 80 kDa composite showed a lower initial 
decomposition temperature and a reduced maximum 
decomposition rate.

Furthermore, after the addition of HA, the residual 
mass of the composite materials significantly increased and 
was directly proportional to the content of HA. This result 
was also confirmed by the PCL/ montmorillonite(MMT)/
HA composites study by Reazul et al.,41 in which the 
material mass change curve showed that the residual mass 
increased with the addition of filler in PCL. In this study, 
PCL serves as the matrix material, gradually losing mass 
during decomposition; whereas HA, being an inorganic 
material with high thermal stability, does not decompose 

Figure 2. Thermal analysis of raw materials. (A) The DSC cooling curves of pure PCL and PCL/HA composites. (B) The DSC heating curves of pure 
PCL and PCL/HA composites. (C) The TGA curves of pure PCL and PCL/HA composites. Abbreviations: DSC: Differential scanning calorimetry; HA: 
Hydroxyapatite; PCL: Polycaprolactone; TGA: thermogravimetric analysis.

https://doi.org/10.36922/ijb.7806


Effect of PCL/HA formulation on the interbody cage

436Volume 11 Issue 2 (2025) doi: 10.36922/ijb.7806

International Journal of Bioprinting

easily during the heating process of TGA, thereby 
maintaining a higher residual mass. Therefore, as the HA 
content increased, the residual mass of the composite 
materials also increased accordingly.

3.3 The printing process parameters of fusion cages
The printing process parameters for interbody fusion 
cages made from different PCL/HA material systems were 
explored, and the optimal process parameters are shown 
in Table 1. The data indicate that the main differences in 
the 3D printing process among fusion cages with varying 
compositions lie in the printing temperature and screw 
speed. As the HA content or the molecular weight of PCL 
increased, the printing temperature also rose. Within the 
HA mass fraction range of 25–40%, the increase in printing 
temperature was roughly proportional to the increase 
in HA content. By comparing the previously measured 
viscosity-temperature curves of composite materials 
with different HA contents,42 it was observed that at their 
optimal printing temperatures, each material possessed a 
viscosity between 1400 and 1600 Pa.s.

3.4 Microstructural analysis before and after 
degradation of fusion cages
For composite interbody fusion cages to maintain stable 
performance during application, it is crucial to ensure a 
uniform distribution of HA within the PCL matrix. HA 
is an osteoinductive agent in interbody fusion cages; an 
uneven distribution in the final product may lead to uneven 
cellular induction, matrix deposition, and mineralization 
processes, potentially causing abnormal local bone tissue 
formation.43,44 From the perspective of fused deposition 
modeling 3D printing, an uneven distribution of HA 
particles or the presence of large agglomerates could block 
the nozzle, resulting in uneven filament extrusion or even 
printing interruptions. The surfaces of the raw materials 
and interbody fusion cages from six different material 
compositions were observed at 60000×, 80×, and 2000× 

magnifications, to assess the distribution of HA and the 
degradation of the fusion cages.

As shown in Figure 3, under 60000× magnification, 
it is clear that the HA particles are less than 100 nm 
in size, showing a spherical feature and uniformly 
distributed in the matrix material without agglomeration 
of large particles. Therefore, it will not adversely affect 
the printing and the mechanical properties of the cages. 
Before degradation, the fusion cages with 25–40 wt% HA 
content demonstrated a relatively smooth porous structure 
surface with evenly distributed HA particles within the 
PCL matrix. When the HA content was the same, the 80 
kDa molecular weight PCL fusion cage showed evident 
surface pits compared to the 50 kDa molecular weight PCL 
fusion cage. This is because high molecular weight PCL has 
longer polymer chains, leading to increased entanglement 
between molecules, higher viscosity, and reduced fluidity. 
During the melt extrusion process, these properties 
contribute to the formation of surface depressions and 
irregularities. Therefore, the 80 kDa molecular weight 
PCL fusion cage had a large specific surface area, which 
facilitated degradation.

After 28 days of in vitro degradation, all groups of fusion 
cages retained their macroscopic and microscopic structural 
integrity, while their microscale surfaces displayed evident 
signs of dissolution, such as pits, holes, and grooves. When 
the HA content was the same, the 80 kDa molecular weight 
PCL fusion cage exhibited more pronounced dissolution 
compared to the 50 kDa molecular weight PCL fusion 
cage. When the molecular weights of PCL were the same, 
fusion cages with a higher mass fraction of HA exhibited 
more significant surface dissolution compared to those 
with a lower HA content. This is due to the degradation 
of PCL, which exposed the HA particles embedded in the 
composite material, making the surface of the fusion cage 
rougher. Since the HA content varies within the cages, even 

Table 1. Parameters of the 3D printing process for the PCL/HA interbody fusion cages.

Process  
parameters

Material  
compositions

Nozzle diameters 
(mm)

Printing layer 
heights (mm)

Printing 
speeds (mm/s)

Screw speeds 
(r/min)

Printing 
temperatures (°C)

Hot bed 
temperatures (°C)

PCL 0.5 0.31 3.5 0.33 70 Room temperature

25wt% HA/PCL 0.5 0.31 3.5 0.35 90 Room temperature

30wt% HA/PCL 0.5 0.31 3.5 0.35 100 Room temperature

35wt% HA/PCL 0.5 0.31 3.5 0.36 110 Room temperature

40wt% HA/PCL 0.5 0.31 3.5 0.5 120 Room temperature

25wt% HA/80 kDa PCL 0.5 0.31 3.5 0.35 100 Room temperature

Note: If not indicated, the molecular weight of PCL in the table is 50kDa. Abbreviations: HA: Hydroxyapatite; PCL: Polycaprolactone.
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if the degradation rate is the same, surface roughness may 
differ; therefore, surface roughness alone is not sufficient 
to accurately judge the rate of degradation. However, an 
increase in surface roughness may enhance cell adhesion 
and induce bone tissue formation.45

3.5 Mass changes during the degradation of 
fusion cages
The rate of weight loss during degradation is one of the 
critical parameters for evaluating the degradation rate of 
materials. It describes the change in mass of the material 
under specific conditions over time. By measuring the 
percentage of weight loss over a certain period, the 
degradation rate and mechanism of the material can be 
assessed. The weight loss rate at multiple stages can reflect 
the trend of material degradation rate at different stages.

PCL is hydrophobic and highly crystalline, which 
prevents water from quickly penetrating the PCL matrix, 
leading to a slower degradation rate compared to other 
degradable materials like PLA and PGA.46,47 Table 2 
presents the weight loss of pure PCL and PCL/HA 
composite interbody fusion cages at different time points 
in a constant temperature of 37°C in SBF solution (pH = 
7.41 ± 0.3). According to the data in the table, the mass 
of all interbody fusion cage groups gradually decreased 
with increasing in vitro degradation time. After 28 days 
of degradation, the weight loss rates for pure PCL, 25wt% 
HA/PCL, 30wt% HA/PCL, 35wt% HA/PCL, 40wt% HA/
PCL, and 25wt% HA/80 kDa PCL were 1.99, 3.42, 4.11, 
4.68, 5.29, and 4.36%, respectively.

The weight loss rate of the interbody fusion cages is 
presented in Figure 4A, while their weight loss rate curves 

Figure 3. Surface micromorphology of interbody fusion cages with different material systems before and after degradation. Abbreviations: HA: 
Hydroxyapatite; PCL: Polycaprolactone.
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against degradation time are depicted in Figure 4B. As 
can be observed from the figures, the pure PCL interbody 
fusion cages degraded at a relatively low and uniform 
rate. The interbody fusion cages with HA mass fraction 
below 30% (25% HA/PCL and 30% HA/PCL) underwent 
rapid degradation in the first week of each group, with 
the weight loss rate being approximately 1.06–1.39% per 
week. During the second and third weeks, the degradation 
rate was around 0.3–0.66% per week. In the fourth week, 
the degradation rate rose again, and the weight loss rate 
was approximately 1.52–1.59% per week. When the HA 
content increased, the degradation trend changed: the 

slope of the weight loss rate curve of the 35wt% HA/PCL 
group remained nearly constant over one month, with 
a degradation rate of approximately 1.1%, except for a 
slightly faster rate in the first week. When the HA content 
was 40%, the degradation rate gradually shifted from 
fast to slow with the extension of degradation time. The 
degradation rate was 1.97% per week in the first week and 
dropped to 0.51% per week in the fourth week.

In a lateral comparison of interbody fusion cages with 
different material systems, an increase in HA mass fraction 
led to an accelerated degradation rate, with the weight loss 
rate of each sample proportional to its HA content. This 

Table 2. Weight loss rates of each group of cages.

Material systems Time (day) Initial weight (mg) Weight loss (mg) Weight loss rate (%)

PCL Control 647.85 ± 29.81 −0.0 ± 0.21 −0.01 ± 0.03

7 652.70 ± 9.82 3.33 ± 0.17 0.51 ± 0.14

14 616.25 ± 41.11 6.16 ± 2.03 1.00 ± 0.33

21 637.50 ± 43.14 9.37 ± 2.17 1.47 ± 0.34

28 644.05 ± 29.76 12.81 ± 2.58 1.99 ± 0.40

25wt% HA/PCL Control 626.85 ± 40.51 0.40 ± 0.09 0.07 ± 0.01

7 629.45 ± 36.29 6.67 ± 0.44 1.06 ± 0.11

14 590.25 ± 76.51 8.03 ± 0.84 1.36 ± 0.32

21 557.00 ± 85.86 10.19 ± 1.5 1.83 ± 0.13

28 661.85 ± 64.43 22.64 ± 3.96 3.42 ± 0.15

30wt% HA/PCL Control 663.95 ± 61.29 0.23 ± 0.4 0.03 ± 0.06

7 706.55 ± 52.36 9.43 ± 0.06 1.39 ± 0.11

14 699.85 ± 29.4 13.51 ± 0.4 1.93 ± 0.19

21 699.75 ± 30.24 18.12 ± 0.14 2.59 ± 0.01

28 686.05 ± 24.59 28.1 ± 5.09 4.11 ± 0.86

35wt% HA/PCL Control 676.6 ± 31.63 0.13 ± 0.32 0.02 ± 0.05

7 644.65 ± 38.74 9.57 ± 1.1 1.44 ± 0.23

14 679.8 ± 41.56 17.06 ± 3.73 2.51 ± 0.38

21 668.5 ± 19.91 23.86 ± 0.6 3.57 ± 0.12

28 688.65±35.48 31.37 ± 4.89 4.68 ± 0.78

40wt% HA/PCL Control 664.5 ± 53.42 0.09 ± 1.01 −0.14 ± 0.17

7 651.45 ± 61.38 13.23 ± 0.57 1.97 ± 0.23

14 684.45 ± 30.5 23.03 ± 3.39 3.42 ± 0.39

21 680.8 ± 11.46 31.63 ± 0.45 4.68 ± 0.02

28 681.7 ± 14.93 36.1 ± 6.49 5.29 ± 0.88

25wt% HA/80kDa PCL Control 662.75 ± 53.96 0.57 ± 0.81 0.09 ± 0.13

7 629.85 ± 17.44 10.57 ± 0.5 1.68 ± 0.13

14 644.8 ± 37.76 22.2 ± 1.3 2.37 ± 0.07

21 643 ± 44.12 25.37 ± 1.07 3.52 ± 0.12

28 625.45 ± 22.8 28.05 ± 0.21 4.36 ± 0

Note: If not indicated, the molecular weight of PCL in the table is 50kDa. Abbreviations: HA: Hydroxyapatite; PCL: Polycaprolactone
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illustrates that HA promotes the degradation of composite 
materials. Except for the fourth week, the degradation 
rate at each stage increased with higher HA content. 
On one hand, the addition of nano-sized HA particles 
increased the specific surface area of the interbody fusion 
cages, altering their contact with the immersion liquid 
and accelerating degradation. On the other hand, HA 
changed the porous structure of the cages, forming more 
micro-pores that facilitated solution penetration, further 
accelerating degradation.43,45 For interbody fusion cages 
made of PCL with different molecular weights, those 
with higher molecular weights degraded faster. This was 
attributed to the more pronounced surface pits on the 80 
kDa PCL fusion cage, which resulted in a larger surface 
area. This increased surface area facilitated contact with the 
SBF solution, thereby accelerating the degradation process.

Bone fusion generally requires 3–6 months to achieve 
satisfactory osseous healing, and it takes about 6 months 
to resume normal work and life activities. Therefore, the 
degradation rate of interbody fusion cages is not inherently 
good or bad for spinal fusion surgery. An ideal degradation 
rate is one that matches the bone growth rate, ensuring a 
dynamic equilibrium between material resorption and 
new bone formation.

3.6 The pH variations during the degradation of 
fusion cages
During the degradation process of the fusion cages, 
PCL is gradually hydrolyzed into smaller molecules, 
forming acidic products such as carboxylic acids. The 
release of these acidic products leads to an increase in 
the concentration of hydrogen ions (H+) in the solution, 
thereby causing changes in the pH of the surrounding 

Figure 4. Weight loss rate and pH of the fusion cages during degradation. (A) Weight loss rate at different degradation stages. (B) Change curves of 
weight loss rate over different degradation stages. (C) The pH change curves at various degradation stages. Abbreviations: HA: Hydroxyapatite; PCL: 
Polycaprolactone.
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solution, which tends to be acidic or increasingly acidic.48 
Therefore, the change in pH of the immersion solution 
can reflect the degradation conditions of the interbody 
fusion cages. To closely replicate the dynamic balance 
of the in vivo pH environment, the pH of the solution in 
each centrifuge tube was measured weekly, and the SBF 
solution was replaced accordingly, maintaining the pH 
at 7.41 ± 0.3. The pH values of all fusion cage groups at 
different degradation nodes are shown in Table 3; they all 
exhibited a decline over time, with a magnitude between 
0.06 and 0.26, illustrating that degradation has occurred 
in all groups.

As depicted in Figure 4C, the pH of the immersion 
environment in the pure PCL group decreases more 
gradually compared to the composite materials groups 
containing HA, indicating that the addition of HA 
accelerates the degradation rate of the composite materials, 
as reflected by the faster pH reduction. However, no 
significant pattern of difference was observed among the 
different HA-containing composite material systems. 
Considering the weight loss rates of different interbody 
fusion cage groups at various degradation stages, a faster 
degradation rate theoretically corresponds to a more 
rapid decrease in the pH of the immersion solution.48 
However, it should also be considered that the addition 
of HA can compensate for the acidification of the soaking 
medium due to the acidic products produced by polymer 
degradation.49 In different composite materials containing 
HA, the release amount of HA varies, and its solubility 
is influenced by its content in the material. While a 
higher HA content in the composite may release more 
calcium phosphate ions, it may also lead to more acidic 
degradation byproducts due to an increased degradation 
rate. Consequently, the pH change of the solution is 
influenced by various factors, making it challenging to 
simply deduce the pH shift based on the amount of HA. 
Therefore, the pH variation of the immersion solution is 
a result of the combined effects of various factors within 
the composite materials. To gain a deeper understanding 

of the pH dynamics in the degradation environment, 
long-term immersion experiments should be conducted 
on composite materials with different HA contents, 
monitoring chemical changes during degradation and 
analyzing the compositions of degradation products for a 
more systematic and comprehensive evaluation.

3.7 Changes in mechanical properties during the 
degradation of fusion cages
Based on the ISO 844:2007 standard, the compressive 
mechanical properties of interbody fusion cages at various 
stages of degradation were tested. The stress–strain curves 
for distinct degradation phases of all interbody fusion cage 
groups are shown in Figure 5. As shown in the diagram, 
the compression deformation process can be divided into 
three stages: elastic deformation, plastic yielding, and 
collapse compaction, which are determined by the porous 
structure characteristics of the interbody fusion cages. In 
the first stage, the elastic deformation phase, the fusion 
cage undergoes reversible deformation under load, with 
stress and strain maintaining a linear relationship. During 
this phase, the cage largely retains its initial structure. The 
second stage, the plastic-yielding phase, occurs as the 
external load continues to increase, causing the relationship 
between stress and strain to deviate from linearity, leading 
to permanent plastic deformation of the fusion cage. In 
the third stage, the collapse compaction phase, as strain 
further increases, the porous structural units of the fusion 
cage fully collapse. This leads to deformation and contact 
between neighboring beams, potentially causing lateral 
expansion and progressive densification of the porous 
structure. Based on the changes observed in the curve, the 
slope of the stress-strain curve begins to change near a 10% 
compressive strain value. Thus, the compressive strength 
of each group of interbody fusion cages is taken as the 
compressive stress value corresponding to 10% strain, and 
the compressive modulus is calculated from the slope of the 
stress-strain curve during the elastic deformation phase.

Table 3. The pH of each degradation node (pHt) of each group of cages.

Materials 7 days 14 days 21 days 28 days

PCL 7.35 ± 0.11 7.32 ± 0.08 7.33 ± 0.05 7.32 ± 0.09

25wt% HA/PCL 7.21 ± 0.07 7.25 ± 0.04 7.22 ± 0.09 7.19 ± 0.08

30wt% HA/PCL 7.24 ± 0.05 7.24 ± 0.03 7.23 ± 0.06 7.25 ± 0.10

35wt% HA/PCL 7.22 ± 0.04 7.22 ± 0.08 7.29 ± 0.07 7.15 ± 0.08

40wt% HA/PCL 7.15 ± 0.06 7.2 ± 0.05 7.25 ± 0.06 7.27 ± 0.08

25wt% HA/80 kDa PCL 7.22 ± 0.09 7.18 ± 0.07 7.29 ± 0.09 7.39 ± 0.07

Note: If not indicated, the molecular weight of PCL in the table is 50kDa. Abbreviations: HA: Hydroxyapatite; PCL: Polycaprolactone.
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Figure 6A shows the compressive strength of various 
groups of interbody fusion cages at distinct degradation 
phases. At low HA content, the compressive strength of the 
fusion cages increases with the mass fraction of HA in the 
composite material, but when the HA content increases 
from 35 to 40%, the compressive strength decreases again. 
Comparing the 25 wt% HA/ 80kDa PCL and 25 wt% 
HA/50kDa PCL groups, it was observed that an increase 
in the molecular weight of PCL led to a reduction in the 
compressive strength of the fusion cages, even lower than 
that of the pure 50kDa PCL group—a trend consistent 

with the experimental results reported by Doyle et al.43 
The range of compressive strength for human cancellous 
bone is between 2 and 12 MPa. In the initial state before 
degradation, the compressive strengths of the six material 
systems were 5.89, 7.03, 9.03, 9.51, 7.99, and 4.7 MPa, all 
above the minimum requirement for human cancellous 
bone compressive strength (shown by the orange dashed 
line in Figure 6A). After 28 days of degradation, the 
compressive strengths of the fusion cage groups were 
5.64, 5.97, 7.61, 7.08, 6.89, and 4.88 MPa. This illustrates 
that the fusion cages both in their initial state and after 28 

Figure 5. Curves of mechanical properties of fusion cages at different degradation stages. (A) Photograph of the axial compression test. (B) Compressive 
stress–strain curves at distinct degradation phases. Abbreviations: HA: Hydroxyapatite; PCL: Polycaprolactone.
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days of degradation meet the basic strength requirements 
for spinal fusion. Comparing the compressive strengths 
of the fusion cages before and after the degradation 
experiment, when the PCL molecular weight was 50kDa, 
the compressive strength of the composite material fusion 
cages exhibited a decreasing trend, which was more 
pronounced in fusion cages with a higher HA content. 
The fusion cage with 30 wt% HA content had the highest 
compressive strength after degradation. The compressive 
strengths of the pure PCL and 25 wt% HA/80kDa PCL 
fusion cages remained essentially unchanged during the 
28-day degradation period.

The higher the compressive elastic modulus, the less 
likely it is to deform after interbody implantation. The 
compressive modulus of the interbody fusion cages at 

distinct degradation phases is shown in Figure 6B. As 
depicted in the figure, within the low HA content range 
(0–30 wt%), the compressive modulus of the fusion cages 
increased with the HA mass fraction; however, when the HA 
content exceeds 30wt%, the higher the HA mass fraction, 
the lower the compressive modulus. Comparing the fusion 
cage groups with different molecular weights of PCL, the 
stiffness decreased as the molecular weight increased. 
Initially, the compressive moduli of the six material systems 
were 84.61, 119.17, 124.01, 116.77, 100.67, and 78.99 MPa. 
After the degradation experiment, the compressive modulus 
of the groups were 93.37, 115.62, 118.38, 101.38, 92.29, 
and 67.03 MPa. During the 28-day degradation process, 
the compressive modulus of the groups with 25–30 wt% 
HA content showed little change, essentially maintaining 

Figure 6. Compressive strength and compressive modulus of the fusion cages at distinct degradation phases. (A) Compressive strength at distinct 
degradation phases. (B) Compressive modulus at distinct degradation phases. Abbreviations: HA: Hydroxyapatite; PCL: Polycaprolactone.
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the initial levels prior to degradation. The compressive 
modulus of the fusion cages with higher HA contents—35 
and 40 wt%—slightly decreased compared to their initial 
states before degradation. Comparing the compressive 
moduli of the six material systems, the one with 30wt% 
HA content had the highest compressive modulus both 
before and after degradation. The compressive modulus of 
the pure PCL cage increased from 84.61 to 97.37 MPa after 
28 days of degradation, indicating a potential temporary 
increase in stiffness during the early stages of degradation. 
The compressive modulus of the fusion cages across all 
material systems remained between 80 and 130 MPa before 
and after degradation, meeting the requirements of human 
cancellous bone (70–450 MPa).

Integrating the results of compressive strength and 
compressive modulus, an increase in HA content up 
to a certain threshold enhances both the strength and 
stiffness of the composite material. This is because HA 
possesses high compressive strength and elastic modulus, 
which contribute to reinforcing the overall strength of the 
material. However, excessive HA content leads to uneven 
particle dispersion and processing challenges, ultimately 
weakening the mechanical performance. Similarly, in 
high molecular weight PCL composites, the increased 
viscosity hinders the uniform dispersion of functional 

fillers within the matrix, negatively affecting the final 
mechanical properties.

3.8 Cell cytotoxicity analysis of PCL
The results of the CCK-8 test for 100, 200, and 300 mg raw 
material PCL are shown in Figure 7, indicating that PCL 
exhibits significant differences in outcomes when subjected 
to different test methods. When tested using the extract 
method, the relative viability of the cells was high, and 
there was no significant inhibitory effect of various mass 
samples on the proliferation of mBMSC cells. The study 
conducted by Cho,50 which assessed the cytotoxicity of PCL 
materials using the extract method, found that cell viability 
in the PCL group was higher than in the control group, 
indicating favorable cell proliferation. Consequently, our 
testing methods and results align with those described 
in the literature.50,51 This is also the reason for selecting 
PCL as the experimental material in this study. However, 
when tested using the direct contact method, the relative 
cell activity decreased significantly; as the sample mass 
increased, the survival rate of mBMSC cells decreased, 
indicating that PCL exhibited obvious cytotoxicity. 
Although the extract method is a common test method 
in cytotoxicity experiments, the direct contact method 
is more appropriate for evaluating in vivo implantation. 
Therefore, the type of PCL used in this study is not suitable 

Figure 7. Cytotoxicity test results of different masses of raw PCL material. Relative cell viability of mBMSC cells using the extract (A) and direct contact 
(B) methods. Data are presented as mean ± standard deviations. **p< 0.01. Abbreviations: mBMSC: mouse bone marrow mesenchymal stem cells; PCL: 
Polycaprolactone.
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for medical implantation, and future in vivo implantation 
research should explore medical implant-grade PCL.

4 Conclusions
In this study, we explored the effects of novel PCL/HA 
material systems on key performance indicators of interbody 
fusion cages. The aim was to provide a theoretical basis and 
directional reference for the development of biodegradable 
interbody fusion cages. PCL/HA composite materials with 
different HA mass fractions (25, 30, 35, and 40%) and 
different molecular weights (50 and 80 kDa) of PCL were 
fabricated in this study. Using polymer melt differential 
3D printing technology, porous degradable spinal 
interbody fusion cages of different material systems were 
manufactured. The effects of material composition ratios and 
molecular weight on the degradation rate and mechanical 
properties, as well as the impact of the degradation process 
on mechanical properties, were analyzed through in vitro 
simulated degradation studies. The findings revealed that 
the addition of HA promoted the degradation of the PCL 
fusion cages and improved their mechanical properties. The 
following are the key findings of this study:

	 (i)	 With the increase in HA content, the degradation rate 
of the PCL/HA interbody fusion cages accelerated; 
under the same HA content, the degradation rate 
of the 80 kDa molecular weight PCL/HA interbody 
fusion cage was higher compared to those with a 
molecular weight of 50 kDa.

	(ii)	 The compressive strength and modulus of six types 
of PCL/HA interbody fusion cages exceeded the 
minimum requirements for human cancellous bone. 
When the HA mass fraction was below 30wt%, 
both compressive strength and modulus increased 
with higher HA content; however, when the HA 
mass fraction exceeded 30 wt%, further increases in 
the HA content led to a decline in the mechanical 
properties of the fusion cages.

	(iii)	 The 30wt% HA/PCL composition exhibited high 
compressive strength and the highest compressive 
modulus. Its degradation rate was moderate, and 
compared to the 35 and 40wt% HA compositions, 
it was easier to process; therefore, the 30wt% HA/
PCL formulation demonstrated the best overall 
performance. 

	(iv)	 Cell cytotoxicity experiments revealed significant 
differences in results depending on the cell culture 
method.  When cells were directly seeded onto the 
material surface, cell viability was lower, indicating 
a certain degree of cytotoxicity in the PCL model 
used in this study. For future animal implantation 

experiments on spinal fusion cages, medical-grade 
implant materials should be selected.
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