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Abstract
The application of three-dimensional printed polymer scaffolds in repairing bone defects is a promising strategy. Among 
them, polycaprolactone (PCL) scaffolds are widely studied due to their good processability and controlled degradation rate. 
However, as an alternative graft for repairing bone defects, PCL materials have poor hydrophilicity, which is not conducive 
to cell adhesion and growth. In addition, the poor mechanical properties of PCL materials cannot meet the strength required 
to repair bone defects. In this paper, nano-zirconium dioxide (ZrO2) powder is embedded in PCL material through a melt-
mixing process, and a regular grid scaffold is constructed by 3D printing. The embedding of nanometer zirconium dioxide 
powder improves the hydrophilicity and water absorption of the composite scaffold, which is conducive to cell adhesion, 
proliferation and growth and is beneficial to the exchange of nutrients. Therefore, the PCL/ZrO2 composite scaffold showed 
better biological activity in vitro. At the same time, the PCL/ZrO2 composite material system significantly improves the 
mechanical properties of the scaffold. Among them, compared with the pure PCL scaffold, the Young’s modulus is increased 
by about 0.4 times, and the compressive strength is increased by about 0.5 times. In addition, the osteogenic differentiation 
results also showed that the PCL/ZrO2 composite scaffold group showed better ALP activity and more effective bone min-
eralization than the pure PCL group. We believe that the 3D printed PCL/ZrO2 composite scaffold has certain application 
prospects in repairing bone defects.
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Introduction

The high incidence of bone disease has led to an increased 
demand for alternatives to conventional bone grafts used 
to repair or reconstruct bone defects. The preparation of 
biomaterial-based bone tissue engineering scaffolds through 
additive manufacturing methods is a promising solution [1]. 

The ideal bone tissue engineering scaffold should be able 
to repair bone defects and restore bone tissue function to 
the greatest extent. Therefore, the scaffold must have micro-
structure characteristics and mechanical properties close to 
human bones and have good biocompatibility and bone con-
ductivity [2].

3D printing has the advantages of high precision, rapid 
prototyping and preparation of complex structures, which 
can meet the needs of personalized medicine and has a wide 
range of applications in tissue engineering [3, 4]. 3D print-
ing is becoming popular due to its precise control of the 
aperture and structure of the prototype [5–8]. In bone tissue 
engineering, the three-dimensional structure of the scaf-
fold can provide a good environment for cell adhesion and 
proliferation. Regular porous structures (pore size, porosity 
and pore interconnection) and layered porous (macropores, 
micropores) have facilitated the transportation of nutrients 
and the migration of cells to the scaffold [9–12].

In bone tissue engineering scaffolds, synthetic poly-
mers and bioceramics are widely used due to their good 
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biocompatibility and mechanical properties [13]. Polycap-
rolactone (PCL) is a polymer scaffold material with good 
processability and controlled degradation rate [14], but its 
mechanical properties and biocompatibility are poor, so 
PCL is generally not used alone as bone tissue scaffolds. 
A common solution is to add bioceramic materials, such 
as hydroxyapatite and tricalcium phosphate, to the PCL to 
improve mechanical properties, enhance cell proliferation 
activity and promote bone formation [15, 16]. In recent 
years, some researchers have used ceramic materials/PCL 
to prepare artificial bone scaffolds, such as Jeon et al. [17] 
prepared melt extrusion 3D printing PCL and silanized 
modified silica composite scaffold has good mechanical 
properties and significant cell proliferation and calcium 
mineralization properties. Khoshroo et al. [18] incorporated 
titanium dioxide nanotubes into PCL scaffolds to improve 
the mechanical and biological properties of bone tissue 
engineering scaffolds. Yeo et al. [19] on the collagen/HA 
and PCL composite scaffold prepared the electrospinning 
method, and the cells showed better proliferation and osteo-
genic differentiation ability. However, the mechanical prop-
erties of these composite scaffolds are still relatively small 
and cannot meet the required bone strength.

Existing research shows that tissue engineering scaffold 
with hydrophilic surface is more conducive to cell adhesion 
[20]. Zirconium dioxide (ZrO2) nanopowder can enhance 
the hydrophilicity of polymer materials [21]. At the same 
time, the elastic modulus of ZrO2 is matched with human 
bones, has high mechanical strength and fracture toughness 
and has excellent osseointegration and can be combined with 
living bone [22]. As other methods, some research groups 
have attempted to study bone defect healing on PCL/ZrO2 
composite materials. For example, Catauro et al. [23, 24] 
immersed the prepared PCL/ZrO2 composite film in simu-
lated body fluid to form a hydroxyapatite layer on the sur-
face, proving the good biological activity of PCL/ZrO2 
composite; the sol–gel method synthesizes PCL/ZrO2 com-
posite material and prepares seamless film by dip coating 
technology to improve the biological activity of titanium-
based materials. Based on the existing research, the PCL/
ZrO2 composite system has good biological activity and can 
promote bone formation.

However, the researchers did not combine this compos-
ite material system with 3D printing technology to build a 
regular grid scaffold to provide better and more controllable 
nutrition supply and substance exchange. We hope to add 
nano-zirconia particles to PCL materials to form a PCL/
ZrO2 composite materials system. The good hydrophilicity 
of nano-zirconia particles can improve the biocompatibility 
of composite materials. At the same time, the good mechani-
cal properties of the zirconia material are used to improve 
the mechanical properties of the composite material so that 
the composite material can meet the mechanical properties 

required by the bone scaffold. Finally, combined with 3D 
printing, a composite scaffold with a regular grid structure 
was constructed to be used in bone tissue engineering repair.

This paper combines the 3D printing technology and 
uses the good hydrophilicity and high mechanical strength 
of ZrO2 materials to solve the problem of poor hydrophilic-
ity and mechanical properties of PCL materials. At the same 
time, the PCL material has good processability and control-
lable degradation rate. We combine the hybrid process and 
melt printing technology to prepare PCL/ZrO2 composite 
scaffold, obtain a controllable three-dimensional pore struc-
ture. For the prepared scaffold, we evaluated the composi-
tion, surface morphology, hydrophilicity and compression 
resistance of the scaffold. In order to observe the effect of 
the scaffold on cells (cell adhesion, proliferation, morphol-
ogy and differentiation), mouse embryo osteoblast precur-
sor cells (MC3T3 cells) were used to examine the prepared 
composite scaffold.

Experiment

Preparation of PCL/ZrO2 composite scaffold

To prepare the composite scaffold, two processes are used: 
the material mixing process and the fusion 3D printing pro-
cess (Fig. 1a). First, PCL (molecular weight 70,000, melt-
ing point 60 °C, Jinan Daigang Biological Engineering Co., 
Ltd., China) was melted at 120 °C, and then, zirconium diox-
ide (Suzhou Dingan Technology Co., Ltd., China) powder 
was added to the molten PCL and mixed the two materials to 
achieve uniformity. Second, the uniformly mixed composite 
material is placed in a stainless steel barrel. Then, a 22G 
(400 μm) nozzle was used to extrude the molten PCL com-
posite with zirconium dioxide embedded. The air pressure 
and nozzle movement speed during printing are 350 kPa and 
6 mm/s, respectively. The barrel temperature is 105 ± 5 °C. 
Finally, the rheological test simulates the printing status and 
further refines the printing temperature. In this work, PCL/
ZrO2 composite scaffolds with 5, 10 and 20 wt % zirconium 
dioxide content were designed as PZ5, PZ10 and PZ20, 
respectively.

Characterization of composite scaffold

The composite material was detected using an X-ray powder 
diffractometer (XRD6100, Shimadzu, Japan) and scanned 
at a speed of 10 deg/min with a scanning range of 5°–55°. 
A contact angle measuring instrument (JY-82B, Chengdu 
Leading Instrument Co., Ltd., China) was used to measure 
the water contact angle (WCA) of the composite scaffold. 
The same volume composite scaffold (φ6.8 × 2.8 mm) was 
weighed before and after immersion in distilled water (take 
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1, 3 and 12 h, respectively) to calculate the water absorption. 
The percentage increase in water absorption is calculated 
as (%) = (M1 − M0)/V0 × 100, where M1 is the mass of the 
scaffold after water absorption, M0 is the original mass of 
the scaffold before water absorption and V0 is the volume 
of the scaffold.

The surface morphology of the fabricated composite 
scaffold was observed using a scanning electron micro-
scope (SEM, TCS-SP2, Leica, Germany), and the pore 
size and fiber size of the composite scaffold were calcu-
lated using microscopic analysis. A 3D optical profilometer 
(NewView9000, Zygo, USA) was used to observe the three-
dimensional topography of the manufactured composite 
scaffold surface. Use the water injection method to calculate 
the porosity of the scaffold. The scaffold porosity percentage 
is calculated as (%) = (M2 − M0)/ρV0 × 100, where M2 is the 
mass of the scaffold after water injection, M0 is the original 

mass of the scaffold before water injection, ρ is the density 
of water and V0 is the volume of the scaffold.

Cut the composite scaffold sample into a cylinder 
(φ6.8 × 2.8  mm) and use a material test system (MTS, 
WH-5000 N, Weiheng Testing Instrument Co., Ltd., China) 
to perform compression test. After preloading 0.454 kg 
(1 lb), at a compression speed of 10 mm/min, the amount of 
compression is 50% (1.4 mm) of the sample height dimen-
sion, record the stress–strain curve of the scaffold, take the 
25% strain to calculate the compressive strength of the scaf-
fold and calculate Young’s modulus of the scaffold.

In vitro cell culture

The scaffold was cut into a rectangular parallelepiped 
(5.6 mm × 5.6 mm × 2.8 mm) and soaked in medical alco-
hol for 2 h for disinfection and then placed in a 48-well plate 

Fig. 1   a PCL/ZrO2 composite material mixing process and printing diagram. b Extrusion 3D printing process window, depending on air pres-
sure and temperature. c 3D printed scaffold
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and soaked in MEM medium overnight. After removing the 
medium, each well was inoculated with 500 μl of MC3T3 
cell suspension with a density of 4 × 104 and incubated at 
37 °C. for 6 h in a 5% CO2 environment. After replacing 
the well plate, the culture was continued and maintained in 
MEM containing 10% fetal bovine serum With 1% antibi-
otic–antifungal agent, the medium was changed every 48 h.

Cell survival test

In order to confirm the survival status of the cells on the 
scaffold, the working solution (2 µM calcein AM, 8 µM 
PI) was prepared and mixed thoroughly. The cell-bearing 
scaffold was removed on 1, 3 and 7 days and washed with 
1 × PBS three times, then add working solution and incubate 
for 20 min, add 1 × PBS and wash once add anti-fluorescence 
quencher and observe the surface of the cell-bearing scaffold 
using a scanning laser confocal microscope (FV3000, Olym-
pus, Japan) to analyze the cell survival rate. Calcein AM 
labels live cells and emits green fluorescence, and propidium 
iodide (PI) labels dead cells and emits red fluorescence.

Cytoskeletal detection

In order to detect the growth status of the cells on the scaf-
fold, the cells were continuously cultured on the scaffold for 
7 days, and the cell-bearing scaffold was taken out on the 
seventh day, washed 3 times with 1 × PBS, treated with 0.5% 
Triton-X-100 for 10 min, washed with 1 × PBS 3 times, add 
phalloidin to incubate for 0.5 h in the dark, wash 3 times in 
1 × PBS, then add DAPI incubation for 10 min in the dark, 
wash 3 times in 1 × PBS, add anti-fluorescence quencher and 
store at 4 °C in the dark. The surface of the cell-bearing 
scaffold was observed using a scanning laser confocal micro-
scope (FV3000, Olympus, Japan). Analyze the growth of 
MC3T3 cells.

Cell adhesion rate and proliferation

In order to measure the adhesion rate of cells on the scaffold, 
the cells were cultured in the well plate with the scaffold 
for 6 h and then transfer the scaffold to the new well plate 
culture. The cells in the original well plate were digested 
with trypsin and counted. The calculation percentage of cell 
adhesion rate is (%) = (N0 − N1)/N0 × 100, where N0 is the 
number of initially seeded cells and N1 is the number of 
remaining cells in the original well plate.

In order to evaluate the proliferation of cells on the scaf-
fold, the proliferation detection reaction solution was pre-
pared according to the ratio of 50 µl cck8: 1000 µl medium, 
and the reaction solution was added to the well plate on days 
1, 3 and 7, respectively, and incubated at 37 °C under 5% 
CO2 environment. After 3 h, the absorbance at OD450nm 

of the reaction solution was measured. Imagej software was 
used to analyze DAPI-labeled nuclei in cytoskeleton staining 
pictures on days 1, 3 and 7 to calculate the number of cells.

ALP staining and alizarin red S staining

To confirm the differentiation level of cell culture, it was 
determined by measuring the release of p-nitrophenol alka-
line phosphatase (ALP) activity in p-nitrophenyl phosphate 
(p-NPP). After the cells-bearing scaffolds were continuously 
cultured for 10 days, osteogenic induction medium (0.1 mM 
dexamethasone + 10 mM β-glycerophosphate disodium salt 
solution + 50 ug/ml L-ascorbic acid) was used for induction. 
After 1 and 3 days of induction, remove the scaffold and 
wash the scaffold with 1 × PBS, add 4% paraformaldehyde 
for 15 min at room temperature, wash 3 times with 1 × PBS, 
add ALP staining solution and incubate for 2 h at room 
temperature, wash the scaffold with 1 × PBS and then pass 
the Microscope (JSZ6S, Nuoxu Microelectronics Co., Ltd., 
China) to observe the staining of the surface of the scaffold.

Calcium mineralization of cells was determined by aliza-
rin red S staining. After the cells-bearing scaffolds were con-
tinuously cultured for 10 days, osteogenic induction medium 
(0.1 mM dexamethasone + 10 mM β-glycerophosphate diso-
dium salt solution + 50 ug/ml L-ascorbic acid) was used for 
induction. After 7 and 14 days of induction, remove the scaf-
fold and wash the scaffold with 1 × PBS, add 95% ethanol 
to fix at room temperature for 15 min, wash 3 times with 
1 × PBS, add Alizarin Red S staining solution and stain for 
30 min at room temperature, wash the scaffold with 1 × PBS 
and then pass an optical microscope (JSZ6S, Nuoxu Micro-
electronics Co., Ltd., China) to observe the staining of the 
scaffold surface.

Statistical analysis

All data in the experiment were expressed in the form of 
mean ± standard deviation (SD), and statistical analysis was 
performed using analysis of variance (n = 3). A single aster-
isk(*) indicates 0.01 < P<0.05, and there are statistical dif-
ferences between the groups. Double asterisks (**) indicate 
0.001 < P<0.01, and there are statistically significant dif-
ferences between the groups. Three asterisks (***) indicate 
p < 0.001, and there are extremely significant statistical dif-
ferences between the groups.

Results and discussion

Preparation process of composite scaffold

Containing a suitable uniform pore structure can provide a 
good and stable growth environment for cell growth, while 
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having certain mechanical properties. We use the melt-mix-
ing process and 3D printing method to effectively prepare 
the scaffold and control the stable fiber output by control-
ling the extrusion air pressure and the barrel temperature. 
Figure 1b shows the printable window for mixing materi-
als in various ratios at different pressures and temperatures. 
The blue area is an unstable fiber with too large pores; the 
extruded 3D printed fiber is thick under the red area, and the 
pore size is too small; the yellow area is a printable window 
with stable fibers and suitable pore size. Figure 1c shows a 
picture of the scaffold printed by the air pressure and tem-
perature parameters in the yellow area.

In order to make the printed PCL/ZrO2 composite scaf-
fold with four different ratios having the same structure, it 
provides good guarantee for subsequent experiments. The 
rheological test verifies the printing performance of the 
material. Figure 2a shows through rheological shear thinning 
that as the shear rate continues to increase, the viscosity of 
the material decreases accordingly. The state of the material 
during 3D printing by pneumatic extrusion was simulated. 
Figure 2b shows the rheological temperature curve as the 
temperature continues to increase, the viscosity of the mate-
rial decreases accordingly. It is verified that the viscosity of 
the printed material is controlled by the temperature control. 
The viscosity of PCL composites added with ZrO2 nano-
powder is significantly higher than that of pure PCL mate-
rials. By analyzing the rheological temperature curve and 

combining the printable window of the material, the printing 
parameters of the material are further determined, and the 
printing temperature of the material with different propor-
tions under the same viscosity is selected (PCL: 96.5 °C, 
PZ5: 100.5 °C, PZ10: 105 °C, PZ20: 114 °C). Finally, four 
kinds of scaffolds for subsequent experiments were prepared. 
We prepared two different layers of composite scaffolds, 
eight layers and 12 layers, respectively. The 12-layer scaffold 
is used for mechanical testing, and the eight-layer scaffold is 
used for other experimental tests.

Material properties of composite scaffold

Figure 2b shows the XRD pattern of pure PCL, ZrO2 and 
composite materials (PZ5, PZ10 and PZ20). The XRD pat-
tern of pure PCL has two strong peaks at 2θ ≈ 21.4° and 
23.8°. They are, respectively, related to the (110) and (200) 
reflections of the polyethylene crystal structure [25]. All 
composite groups showed PCL peaks. The peaks corre-
sponding to ZrO2 nanopowders are at 2θ ≈ 30.3°, 35.2° and 
50.3°. The XRD diffraction pattern of PCL/ZrO2 compos-
ite material proved that ZrO2 nanopowder was successfully 
embedded into the PCL scaffold.

Hydrophilicity is the most important characteristic of bio-
medical scaffolds because they control the attachment, diffu-
sion and proliferation of primary cells [26, 27]. To observe 
the effect of mixed ZrO2 nanopowders on the hydrophilicity 

Fig. 2   a Rheological shear thinning and temperature–viscosity curve. b X-ray diffraction (XRD) spectroscopy. c Optical image of scaffold con-
tact angle results. d Comparison of water absorption capacity after immersion in distilled water for 1, 3 and 12 h (n = 3)
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of the scaffold, we dropped 10 μl of water onto each sample. 
As shown in Fig. 2c, with increasing ZrO2 content, the initial 
WCA of droplets on various composite scaffolds showed 
gradually lower values compared to pure PCL. It is proved 
that the PCL scaffold mixed with ZrO2 nanopowder has bet-
ter hydrophilicity.

Water absorption capacity is the basic requirement of 
the scaffold, and because proper absorption is conducive 
to nutrient exchange and deterioration, it can help maintain 
metabolic function and promote cell proliferation. As shown 
in Fig. 2d, the composite scaffold showed significantly 
higher water absorption capacity than pure PCL within 3 h. 
And there is a statistically significant difference in the water 
absorption of PZ20 compared with pure PCL at 1 h and a 
statistical difference at 3 h. We believe that the embedding 
of ZrO2 nanopowders helps the scaffold to absorb water.

Morphology of composite scaffold

Biomaterial scaffolds with pore diameters > 300 μm show 
better osteogenic effects because they provide cell pen-
etration, blood vessel formation and hyperoxia [28, 29]. 

In addition, scaffolds with interconnected pores and high 
porosity can provide cells with the required physical geom-
etry and support proper vascularization of ingrowth tissue 
[30]. For this purpose, we designed a scaffold with a pore 
size of approximately 450 μm and a porosity of approxi-
mately 45%. As shown in the surface and cross-sectional 
SEM images of the scaffold shown in Fig. 3a and c, the 
prepared scaffold has a relatively uniform pore size and fiber 
size, and the scaffold has an interconnected pore structure. 
The pore size and fiber size of the scaffold were calculated 
by microscopic analysis, and the porosity of the scaffold 
was measured by the water injection method, as shown in 
Table 1. The final result shows that the prepared scaffold 

Fig. 3   a SEM images of the surface pore structure of the pure PCL and composite scaffolds. b 3D optical profiler observes the images showing 
the roughened surface of scaffolds. c SEM images of the lateral cross-sectional view

Table 1   Pore size, fiber diameter and porosity of the pure PCL and 
composite scaffolds

PCL PZ5 PZ10 PZ20

Pore size (μm) 461.9 ± 9.9 459.0 ± 6.8 462.7 ± 7.5 459.2 ± 6.1
Fiber size (μm) 352.8 ± 5.2 355.1 ± 4.3 353.7 ± 4.2 354.9 ± 4.3
Porosity (%) 46.8 ± 2.3 46.2 ± 2.0 47.0 ± 1.7 46.2 ± 1.6
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achieves the expected pore size and porosity, and there was 
no significant difference between several groups.

Studies have reported that roughness has a positive effect 
on cell differentiation and gene expression [31, 32]. As 
shown in Fig. 3b, the 3D optical profiler observes the image 
of the surface of the scaffold. As the ZrO2 content increases, 
the surface of the composite scaffold shows a rough surface 
pattern.

Mechanical properties

In bone tissue engineering, the mechanical properties of 
3D scaffolds are crucial to their biological properties. The 
mechanical properties of the scaffold depend on its mate-
rial composition and porosity. The four sets of scaffolds 
we designed have the same porosity, and the mechanical 
properties of PCL scaffolds are improved by trying to add 

ZrO2 nanopowder. As shown in Fig. 4a, the compression 
test is performed by a material test system.

Figure 4b, c and d shows the stress–strain curves, com-
pressive strength and Young’s modulus of pure PCL and 
composite (PZ5, PZ10 and PZ20) scaffolds, respectively. 
Compared with pure PCL scaffolds, the stress–strain curve 
of composite material is significantly increased, and the 
compressive strength and Young’s modulus are also sig-
nificantly improved. In addition, the compressive strength 
and Young’s modulus of PZ20 and pure PCL scaffolds are 
extremely significant statistical different. Compared with 
the pure PCL scaffold, the compressive strength of the 
PZ20 scaffold is increased by about 50%, and the Young’s 
modulus is increased by about 40%. Based on these results, 
we believe that the embedding of ZrO2 nanopowder helps 
to improve the mechanical properties of the scaffold.

Fig. 4   a Compressed optical images of the scaffold. b The stress–strain curve of the scaffolds. c Compare the compressive strength of the scaf-
folds and d Young’s modulus (n = 3)
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Cell culture

Figure 5a shows the flow of cell culture. We studied the suit-
ability of pure PCL and composite (PZ5, PZ10 and PZ20) 
scaffolds for cell survival, adhesion and proliferation. As 
shown in Fig. 5b, the survival of MC3T3 cells seeded on 
scaffolds after 1, 3 and 7 days of cell culture. Green marks 
are live cells and red marks are dead cells. Based on the 
results in the figure, the cell survival rates of PCL and 

composite materials (PZ5, PZ10, and PZ20) at 1, 3 and 
7 days were > 90%.

To observe the growth morphology of MC3T3 cells on 
the scaffold, we observed the scaffold on the seventh day of 
culture by laser confocal microscopy. As shown in Fig. 6a 
and b, the cells grow close to the scaffold surface, showing 
a three-dimensional coating growth state. On the seventh 
day, the cells completely covered the surface of the PZ20 
scaffold, and the difference in the degree of proliferation was 

Fig. 5   a Schematic diagram of cell culture on the scaffold surface. b Laser confocal microscopy images of cell survival of pure PCL and com-
posite scaffolds at 1, 3 and 7 days
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clearly observed according to the content of ZrO2. As shown 
in Fig. 6c, by observing the cross section of the scaffold on 
the seventh day of culture, it can be clearly observed that as 
the ZrO2 content increases, the cells grow longer along the 
longitudinal direction of the scaffold. These results prove 
that the ZrO2 nanopowder embedded in the scaffold helps 
cell adhesion, proliferation and growth.

As shown in Fig. 6d, by counting the number of cells 
remaining after 6 h of hole replacement, the adhesion 

rate of cells on the scaffolds of pure PCL and composite 
materials (PZ5, PZ10, and PZ20) was calculated. Com-
pared with the pure PCL scaffold, the cell adhesion rate 
on the PZ20 scaffold has been statistically improved. As 
shown in Fig. 6e and f, the absorbance of the test solu-
tion of the cells on the scaffolds of each group at 1, 3 and 
7 days at 450 nm was tested by the CCK-8 experiment 
and microanalysis, and the cell’s quantity. Compared with 
the pure PCL scaffold, the absorbance of the test solution 

Fig. 6   a Surface of pure PCL and composite scaffold nuclei (blue) 
and F-actin (red), b three-dimensional and c cross-sectional laser con-
focal microscope images at 1, 3 and 7 days. d Cell adhesion rate of 

scaffolds at 6 h. (e) CCK-8 test on pure PCL and composite scaffold 
and f cell count at 1, 3 and 7 days (n = 3)
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of cells on the PZ20 scaffold was improved at 1, 3 and 
7 days. And there was a statistically significant difference 
between the PZ20 and PCL scaffold groups at 3d and 7d. 
The number of cells on the PZ20 scaffold on days 1, 3 and 
7 increased compared with the pure PCL scaffold. And 
there was a statistically significant difference between 
the PZ20 and PCL scaffold groups at 3d and 7d. The 
above results indicate that the PZ20 group showed better 
cell adhesion rate and better cell proliferation. We believe 
that the embedding of ZrO2 nanopowders provides an 
environment conducive to cell adhesion and prolifera-
tion due to the material properties of hydrophilicity and 
roughness.

Osteogenic differentiation

ALP activity is a general marker of bone mineralization and 
represents an important biochemical marker in the early 
stages of bone formation [33]. In this study, we observed the 
expression of ALP osteogenic markers during the differen-
tiation of MC3T3 cells in the composite scaffold. As shown 
in Fig. 7a and b, after continuous culture of the cell-bearing 
scaffold for 10 days, ALP staining was tested by inducing 
the scaffold for 1 and 3 days. In the results, compared with 
the pure PCL scaffold, with the increase in ZrO2 content, the 
ALP expression of the composite scaffold (PZ5, PZ10 and 
PZ20) has a trend of increasing sequentially. Based on this 
result, we speculate that the embedding of ZrO2 nanopowder 
is beneficial to induce cell differentiation.

Fig. 7   a ALP staining diagrams of pure PCL and composite scaffolds induced for 1 and b 3 days. c ARS staining diagrams of scaffolds induced 
for 7 and d 14 days
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As shown in Fig. 7c and d, the alizarin red staining 
results of 7 days and 14 days were further induced with the 
cell-bearing scaffolds continuously cultured for 10 days. 
As a result, the increase in ZrO2 increased the amount 
of calcium deposits produced, especially on PZ20. These 
results show that when we embed ZrO2 nanopowder in the 
scaffold, the calcium deposition of MC3T3 cells increased 
and osteogenic differentiation was achieved.

Conclusion

In this study, we manufactured a PCL/ZrO2 composite 
scaffold mixed with various ratios (5, 10 and 20 wt%) of 
ZrO2 nanopowders by melt-mixing and extrusion 3D print-
ing. The PCL/ZrO2 composite scaffold shows significant 
physical and chemical properties. Compared with the pure 
PCL group, the PCL/ZrO2 composite scaffold group has 
higher hydrophilicity and good water absorption capacity. 
At the same time, the PCL/ZrO2 composite scaffold group 
has better mechanical properties, including improved 
compressive strength and enhanced Young’s modulus. 
Moreover, the increased hydrophilicity of the composite 
scaffold also affects the biological activity, which is more 
conducive to cell adhesion and nutrient transport. There-
fore, compared with the pure PCL group, the PCL/ZrO2 
composite scaffold group showed better cell adhesion, 
proliferation and growth. The osteogenic differentiation 
results also showed that the PCL/ZrO2 composite scaf-
fold group showed better ALP activity and accommodated 
more effective bone mineralization than the pure PCL 
group. These results are closely related to the embedding 
of ZrO2 nanopowder in the PCL/ZrO2 composite scaffold. 
Based on the physical and chemical performance results 
and biological performance results, the PCL composite 
scaffold embedded with ZrO2 nanopowder is a transplant 
material with great potential for bone tissue regeneration.
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