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Abstract
Three-dimensional (3D)-printed scaffolds have attracted considerable attention in recent years as they provide a suitable 
environment for bone cell tissue regeneration and can be customized in shape. Among many other challenges, the material 
composition and geometric structure have major impacts on the performance of scaffolds. Hydroxyapatite and tricalcium 
phosphate (HA/TCP), as the major constituents of natural bone and teeth, possess attractive biological properties and are 
widely used in bone scaffold fabrication. Many fabrication methods have been investigated in attempts to achieve HA/TCP 
scaffolds with microporous structure enabling cell growth and nutrient transport. However, current 3D printing methods can 
only achieve the fabrication of HA/TCP scaffolds with certain range of microporous structure. To overcome this challenge, 
we developed a slurry-based microscale mask image projection stereolithography, allowing us to form a HA/TCP-based 
photocurable suspension with complex geometry including biomimetic features and hierarchical porosity. Here, the curing 
performance and physical properties of the HA/TCP suspension were investigated, and a circular movement process for the 
fabrication of highly viscous HA/TCP suspension was developed. Based on these investigations, the scaffold composition 
was optimized. We determined that a 30 wt% HA/TCP scaffold with biomimetic hierarchical structure exhibited superior 
mechanical properties and porosity. Cell proliferation was investigated in vitro, and the surgery was conducted in a nude 
mouse in vivo model of long bone with cranial neural crest cells and bone marrow mesenchymal stem cells. The results 
showed our 3D-printed HA/TCP scaffold with biomimetic hierarchical structure is biocompatible and has sufficient mechani-
cal strength for surgery.
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Introduction

Natural bone tissue is composed of hierarchical porous 
structures that support cell growth, provide space for nutri-
ent transport, and endure different types of ambient load 
(Fig. 1a) [1]. Traditionally, critical-sized or non-union bone 
defects are treated by surgically implanting a biocompatible 
bone graft substitute made of a tough but light material such 
as metal, composite, or high-stress polymer [2]. Even though 
this kind of implants withstands the mechanical loading and 
meets aesthetic appeal [2], there are a lot of problems in the 
long-term use of such kind of implants, e.g., potential migra-
tion and translocation, allergic reactions, secondary surger-
ies, etc. [3, 4]. In order to provide a truly biological solution 
to healing critical-sized bone defects, researchers endeavor 
to regenerate bone tissue by utilizing a three-dimensional 
(3D) scaffold cultured with the cells and growth factors [5]. 
In the 3D scaffold, the porous structure provides sufficient 
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space for cell attachment, and the crisscrossed inner pore 
network enables blood vessels to deliver nutrition through-
out the scaffold [2]. In addition, the scaffold material also 
has positive effects on bone tissue regeneration and is bio-
compatible, nontoxic, and biodegradable on a favorable 
timescale for bone healing. Overall, both the material and 
structure of the scaffold play critical roles in the successful 
healing of bone defects [8, 9].

Hydroxyapatite (HA) nanopowder shows promising prop-
erties for tissue engineering applications because it is able 
to promote the adhesion and proliferation of bone-forming 
cells, which can be incorporated into the biodegradable poly-
mer composite [10] or deposited on biocompatible substrates 
[11]. Tricalcium phosphate (TCP), one of the main compo-
nents of natural human bone, is a biodegradable bio-ceramic 
that is widely used to fabricate bone graft substitutes for 
orthopedic surgery [2, 3, 7, 12]. Many different techniques, 
such as freezing casting [5, 13], foam replica method [6], 
solvent casting [14], particle leaching [15], high-pressure 

pressing [16], and injection molding [17], have been devel-
oped to fabricate HA/TCP-based 3D scaffolds. However, 
there are certain limitations on geometric shapes of HA/TCP 
scaffolds fabricated by these methods (Table 1). It is difficult 
to construct customized HA/TCP scaffolds with controllable 
hierarchical porous structures [2, 7].

Recent advances in bio-printing have shown promise for 
overcoming these limitations and hold the potential for bio-
medical engineers to design customized scaffolds based on 
patient-specific requirements [7, 10]. Several 3D printing 
methods were developed for the manufacturing of HA/TCP 
scaffolds with specially designed geometric structures [12, 
21, 23–29]. For example, PCL/TCP- and PCL/HA-based 
composite scaffolds were fabricated by fused deposition 
modeling (FDM), with a fiber diameter greater than 200 μm 
[23]. A hybrid process was developed to achieve a high per-
centage of HA/TCP concentration. Specifically, HA or TCP 
powder mixed with the binder was used in the 3D print-
ing process to form a 3D object (referred to as the “green 

Fig. 1   Schematic diagram of 3D-printed HA/TCP scaffold with 
bioinspired hierarchical porous structure. a A nude mouse long bone 
image; b microscopy of printed green part of biomimetic HA/TCP 
scaffold; c microscope and SEM images of biomimetic HA/TCP scaf-

fold with micro- and submicron-scale pores after sintering; and d the 
developed 3D printing process for the fabrication of HA/TCP scaffold 
with hierarchical porous structure
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part”), and then, the binder was removed by post-processing, 
such as high-temperature sintering or chemical dissolution 
[21, 24, 29–33]. For instance, β-TCP paste, consisting of β-
TCP powder and PVA solution, was first used to create a 3D 
mesh matrix using the injection-based printing, and a final 
mesh-shaped β-TCP scaffold was obtained after sintering at 
1100 °C [26]. Similarly, an HA/TCP scaffold was fabricated 
using an extrusion-based printing process, and the polymeric 
additives inside were burned off by heating to 625 °C [29]. 
After the post-processing, only submicron-sized pores were 
generated between HA/TCP particles [21, 29–35], and such 
an inner structure is too dense to provide cells with nec-
essary space for the exchange of nutrients during growth. 
Therefore, it is necessary to build HA/TCP scaffolds with 
hierarchical porous structure ranging from hundreds of 
microns to submicron level, to maintain stable nutrient trans-
port and cell metabolism [8, 18]. However, most 3D printing 
processes can only fabricate macroscale HA/TCP scaffolds 
with holes on the scale of hundreds of microns (Table 1). 
Due to current limitations on printing resolution, micro-
scale features smaller than 100 μm are difficult to fabricate 
[28–34]. Furthermore, there are limitations on the geometric 
shapes of HA/TCP scaffolds fabricated using powder binder 
jetting and extrusion-based 3D printing, because HA/TCP-
based material (powder or filament) must be stacked layer 
by layer to avoid distortion while supporting material extru-
sion [28–34]. To address the increasing demand for HA/TCP 
scaffolds with large porosity and hierarchical porous distri-
bution for applications in bone tissue regeneration [36, 37], 
it is of great importance to develop a 3D printing process 
that can accommodate these needs [38–42].

Unlike most other 3D printing methods, the mask image 
projection-based stereolithography (MIP-SL) has the capa-
bility to fabricate free-form surface models with relatively 

complex inner structures [43–47]. Using the macroscale 
MIP-SL process, photopolymers mixed with bio-ceramic 
can be first solidified using high-resolution light projec-
tion, and later, the photocurable polymer can be completely 
burned off with a high-temperature sintering process [21, 
48, 49]. The processing resolution of macroscale MIP-SL, 
however, cannot fulfill the requirement on hierarchical 
porous structure fabrication for bone tissue engineering. In 
this study, we developed a microscale mask image projec-
tion stereolithography (µMIP-SL) process with a special 
slurry feeding module that allows the fabrication of HA/
TCP scaffold with hierarchical porous structure (Fig. 1c). 
Nanoscale HA/TCP particle was used, and the curing per-
formance and physical properties of the HA/TCP suspen-
sion were investigated. With the help of a high-resolution 
optical system, after optimizing the process parameters, we 
successfully fabricated a 30% HA/TCP scaffold with 30 μm 
pores using this method. We then conducted shrinkage anal-
ysis and design compensation to ensure that the resulting 
scaffolds will precisely match the desired dimensions after 
post-processing. The biomimetic HA/TCP scaffolds that we 
fabricated using this method incorporated hierarchical fea-
tures ranging from the microscale porous structure (diam-
eter: ∼ 20–1000 μm) to interconnected small pores (< 5 μm) 
induced by polymer burnout during post-processing (Fig. 1b, 
c). The biological performance of the 3D-printed HA/TCP 
scaffolds was also studied. Based on our evaluation of cell 
proliferation, the scaffolds were biocompatible and nontoxic, 
providing a suitable cell culture environment. Scaffolds of 
30% HA/TCP were designed and implanted into a femoral 
critical defect in mice along with autologous cranial neural 
crest cells (CNCCs) and bone marrow mesenchymal stem 
cells (BMMSCs). The result demonstrated that our newly 
developed 3D-printing method could represent a major 

Table 1   Comparison of the 3D-printed HA/TCP-based scaffold with other works

Method Material Porous structure size Porous structure shape Porosity (%) Mechani-
cal strength 
(MPa)

Ref.

Freeze-casting HA/TCP 40–200 μm Uncontrollable 31.4–72.5 1.95–2.98 [5, 13]
Foam replica method HA/TCP 500 μm Uncontrollable 87 0.05 [6]
Solvent casting PGA/TCP 483 μm Uncontrollable 88.4 [14]
Particle leaching PLA/β-TCP 300–420 μm Uncontrollable 50 4–6 [15]
High-pressure pressing HA 1 μm Uncontrollable 20–40 40–100 [16]
Injection molding HA/EVA/PA66 200–600 μm Uncontrollable 60–75 5–10 [17]
Fused deposition modeling 

(FDM)
TCP 300–500 μm Mesh matrix (Controllable) 29–44 0.24–1.44 [18]

Powder binder jetting TCP 400–800 μm and ≤ 5 μm Mesh matrix (Controllable) 27–50 3–11 [19, 20]
Vat photo-polymerization HA 1000 μm Mesh matrix (Controllable) 27 4.3–11.2 [21]
Extrusion-based printing HA/TCP 50–580 μm Mesh matrix (Controllable) 30–70 20–100 [22]
Our μMIP-SL HA/TCP 20–1000 μm and ≤ 5 μm Free-form structure (Control-

lable)
20–80 15
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advancement in the fabrication of HA/TCP scaffolds for 
bone regeneration.

Slurry‑based µMIP‑SL

To achieve high-resolution fabrication of HA/TCP scaffolds 
with hierarchical structures, we developed a microscale 3D 
printing process based on the MIP-SL technology (Fig. 2a). 
In our slurry-based µMIP-SL, the light is reflected by a digi-
tal micro-mirror device (DMD), which has millions of inte-
grated micro-mirrors (Texas Instruments, Inc.). The light 
intensity can be altered by tuning the angle of each mirror 
over time [38–45]. To achieve a uniform light distribution, 
the light is collimated by an achromatic doublet lens (Thor-
labs, Inc.), and the collimated parallel light is later focused 
by a 4× objective lens (Thorlabs, Inc.). The resolution of 
the projection image was 2.5 μm/pixel in our slurry-based 
µMIP-SL system (Fig. 2b). To decrease distortion, a filter 
lens (Thorlabs, Inc.) was used to transmit light at a wave-
length of 405 nm, while rejecting other wavelengths. A light 
monitor system, consisting of a camera, a convex lens, and 
a beam splitter, was also designed to monitor the projection 
light during the 3D printing process (Fig. 2d) [42, 43]. We 

began the fabrication process by creating a computer-aided 
design (CAD) model to guide the manufacturing of the green 
part. A slurry-based µMIP-SL process was used to selec-
tively cure HA/TCP suspension into complex shapes with 
hierarchical porous structures. In the slurry-based µMIP-SL 
process, thin layers of HA/TCP suspension are cured after 
sufficient exposure to a focused light beam controlled by 
high-resolution projection images. Accordingly, the CAD 
model of the 3D scaffold is sliced into a set of mask projec-
tion images, with the thickness of each layer being less than 
the cure depth of the HA/TCP suspension (Fig. 2c) [45]. 
Furthermore, in order to achieve uniform light intensity, the 
grayscale level of each pixel in the projection image needs 
to be adjusted based on a light intensity calibration database 
[43–45].

Material refilling of HA/TCP slurry

The newly cured material is attached to a platform, and the 
bottom surface of the cured part is parallel to the surface of 
a glass plate coated with Teflon film. As the platform rises, 
a gap between the platform and the glass plate is gener-
ated, and liquid resin or slurry can flow into it if the viscos-
ity is low enough. Driven by air pressure and self-gravity, 

Fig. 2   Fabrication of HA/TCP scaffold using the slurry-based 
µMIP-SL. a The prototype machine of slurry-based µMIP-SL; b 
2D-patterned curing light beam; c biomimetic scaffold designed to fit 
mouse long bone defect was sliced into a series of projection images; 
d the optical system of the slurry-based µMIP-SL system; e the slurry 

feeding process for the fabrication of highly viscous HA/TCP suspen-
sion; f the viscosity of HA/TCP suspension with different concen-
trations of HA/TCP particles; and g the exposure times and the cure 
depth for HA/TCP suspensions with different concentrations of light 
absorber



19Bio-Design and Manufacturing (2020) 3:15–29	

1 3

photocurable material flows back to refill the projection area. 
Since the material is incompressible liquid and its viscos-
ity is not subject to change during the filling process, the 
self-filling material satisfies the Navier–Stokes momentum 
equation [50]:

where ΔP , v , and � represent the local pressure, velocity, 
and viscosity of the material, respectively, Z is the distance 
in the perpendicular direction, and h is the fabrication thick-
ness of a new layer.

Based on Eq. 1, the refilling speed v of the material 
depends on its viscosity � and pressure P . The viscosity of 
HA/TCP suspension exponentially grows with an increase 
in HA/TCP concentration (Fig. 2f). When the concentra-
tion of HA/TCP particles is less than 25 wt%, the HA/TCP 
suspension is able to refill the fabrication area during the 
movement of the Z platform. Therefore, a suspension of less 
than 25 wt% HA/TCP can be 3D printed with self-filling 
using the traditional layer-based SL approach, in which the 
platform rises by a certain distance after each layer is cured 
[45]. However, when the concentration of HA/TCP particles 
is larger than 25 wt%, the viscosity of HA/TCP suspension 
dramatically increases from thousands of cPa to tens of thou-
sands of cPa. The increased viscous resistance of the HA/
TCP suspension thus obstructs the material flow between 
the platform and the glass plate, and the slurry cannot refill 
the fabrication area if the flow is only driven by air pressure 
and self-gravity.

Due to high viscosity of the HA/TCP suspension, the 
resin feeding module commonly used in the liquid-based 
MIP-SL systems cannot be directly applied since the HA/
TCP slurry cannot refill the fabrication area spontaneously 
after each layer is processed. To solve the slurry feeding 
problem, a bottom-up MIP-SL process with auxiliary circu-
lar motion using a doctor blade was developed [46, 48, 49]. 
In our prototype system, the projected light from the bottom 
of the glass slide was focused at the top surface of the glass 
plate, which was coated with a Teflon film (Fig. 2d). The 
HA/TCP suspension was cured on the platform after receiv-
ing enough energy from the controlled light exposure. The 
platform was mounted on the linear stage (AeroTEC, Inc.) in 
the Z direction with linear motion accuracy of ± 1 μm. The 
glass plate was fixed on a linear stage traversing along the X 
direction with a fast feeding speed for material refilling. A 
doctor blade was used to recoat the slurry on the glass plate 
during its linear movement in the X direction. First, a thin 
layer of HA/TCP suspension with a thickness of 100 μm is 
evenly recoated on the top surface of the glass plate using 
a doctor blade (Fig. 2e). After curing one layer of HA/TCP 
suspension, the platform is raised by a distance greater than 
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the thickness of the recoated HA/TCP layer; meanwhile, the 
glass plate coated with HA/TCP suspension is moved in the 
X direction (Fig. 2e). Note the relative positions of the pro-
jection light and the building platform remain unchanged. 
After the glass plate’s movement in the X direction, a fresh 
layer of recoated HA/TCP suspension is transported to the 
location of light projection. The platform is then slowly 
moved down until the distance between the already-cured 
surface and the glass plate is equal to the layer thickness that 
has been calculated based on the cure depth of the slurry. 
Note that the resulting layer in the 3D printing process is 
thinner than the layer of slurry recoated by the doctor blade 
and can be accurately controlled by the Z stage [49]. With 
the aforementioned circular movement, a new layer of HA/
TCP suspension is fed to the location right below the plat-
form within several seconds. During the building process, 
the circular movement is repeated until all the layers of the 
green part have been built on the platform.

Curing performance of HA/TCP slurry

In order to create photocurable slurry for 3D printing, HA/
TCP powders were mixed with photocurable polymer, which 
consists of monomers, oligomers, stabilizers, and photoini-
tiators. The resulting slurry can be solidified by the expo-
sure to electromagnetic radiation [50, 51]. Since the HA/
TCP suspension was solidified layer by layer to form a 3D 
shape, the resolution of the curing process in the Z direction 
was determined by the curing depth (Cd), i.e., the distance 
that light could penetrate into the HA/TCP suspension and 
solidify the material. Compared to pure polymer, the addi-
tional HA/TCP particles absorbed and scattered light inside 
the HA/TCP suspension. Hence, the photosensitivity of HA/
TCP suspension was reduced with the increasing concentra-
tion of HA/TCP particles. Based on the Jacobs and Griffith 
model [51, 52], the cure depth of the HA/TCP suspension 
can be quantitatively represented by the following equation:

where k is a constant, d is the average particle size of HA/
TCP, q̃ is the scattering efficient value, nr and np are the 
refractive indexes of pure resin and HA/TCP slurry, respec-
tively, E is the projection light energy, and Ec is the critical 
energy required for the polymerization of material.

Although the HA/TCP powders partially blocked light, 
the penetration depth of the HA/TCP suspension, however, 
was still too large for microscale fabrication. Projection light 
not only solidified the top layer of HA/TCP suspension in the 
Z direction, but also generated unexpected curing features 
in the previous layers. A large Cd value created difficulty in 
the fabrication of micro-pores with dimensions smaller than 
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100 μm in the Z direction. To reduce the light penetration 
depth of HA/TCP suspension, different percentages of light 
absorber were added into 30% HA/TCP suspension, and the 
cure depth of each group is shown in Fig. 2g. According to 
Bear’s law, the light penetration depth of photocurable mate-
rial is inversely proportional to the percentage Pd of light 
absorber [43, 44, 50]. After adding 1 wt% light absorber, 
the cure depth of 30wt % HA/TCP suspension was reduced 
from 400 μm to only 20 μm. The cure depth Cd of HA/TCP 
suspension with light absorber can be represented by the 
following equation:

The exposure time t rises along with an increase in light 
absorber concentration. Since the projection light energy E 
is the product of exposure time t  and light intensity, the 
exposure time t can be represented as:

The exposure time increases exponentially with an 
increase in light absorber concentration (refer to Fig. 2g). 
It only takes 5 s to cure one layer of pure 30 wt% HA/TCP 
suspension, while it requires 35 s to cure one layer of 30 wt% 
HA/TCP with 1 wt% light absorber.

Materials and methods

Synthesis of curable HA/TCP‑based ceramic slurry

The hydroxyapatite (HA) used in this study was purchased 
in the form of powder with particles smaller than 200 nm 
(Sigma-Aldrich), and the tricalcium phosphate (TCP) was 
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purchased as powder with particles smaller than 4  μm 
(Sigma-Aldrich). The photocurable liquid polymer resin 
SI500 (purchased from EnvisionTEC Inc) was used as the 
binder. To determine the optimal concentration δ of HA/TCP 
particles, 10–40 wt% HA/TCP suspensions were prepared 
following the following procedures. First, equal proportions 
of HA and TCP powders were poured into the liquid SI500. 
The resulting HA/TCP slurry was then ball-milled at a rota-
tional speed of 200 rpm for 40 min. After that, the HA/TCP 
suspension was degassed under a vacuum before fabrication. 
In addition, to study how to increase the cure depth of HA/
TCP suspension, 0.1 wt%, 0.25 wt%, 0.5 wt%, 0.75 wt%, 
or 1 wt% light absorber (oil red from Sigma-Aldrich) was 
added to the 30 wt% HA/TCP suspension, with the rest of 
the preparation procedure identical.

Post‑processing of 3D‑printed scaffold

After the green part was printed using the slurry-based 
µMIP-SL process, post-processing procedures consisting 
of debinding at a low temperature and sintering at a high 
temperature were used to entirely remove the polymer in 
the scaffold, and to fuse the HA/TCP particles together 
(Fig. 3). The temperature settings during the debinding pro-
cess followed the curve shown in Fig. 3a. A tube furnace 
(GSL-1100X-SK purchased from MTI Corp) was used in 
the debinding process. The generated gas was continuously 
exhausted by a vacuum pump to maintain the pressure of 
the heating zone at − 0.1 mPa. Note that the rate of heat-
ing during the debinding process should be slow to ensure 
the decomposition rate of the polymer is slower than the 
pyrolysis rate. Otherwise, the green part may be damaged 
by the gas generated by the pyrolysis process. In our study, 
the heating rate was set to 1 °C/min. In addition, the tem-
perature was held for 30 min at every increment of 100 °C 
until the temperature reached 600 °C. The temperature was 
then maintained at 600 °C for 180 min to ensure the polymer 
was fully removed [48].

Fig. 3   Post-processing of 3D-printed HA/TCP scaffolds. a The temperature curve of the debinding process; b the temperature curve of the high-
temperature sintering process; and c the X-ray diffraction of 30% HA/TCP scaffold before and after the debinding and sintering processes
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During the debinding process, pores form in places where 
polymer burns out. Since the HA/TCP particles are then 
sparsely arranged, the brown part has insufficient strength 
to support external loads. Therefore, an additional sintering 
process is necessary in order to fuse the HA/TCP particles 
together to further improve the mechanical properties of the 
scaffold. The shrinkage ratio and mechanical strength of the 
scaffold are determined by the sintering temperature, as it 
has an influence on the grain boundary and volume diffusion 
of the ceramic particles [50, 53, 54]. Three different sinter-
ing temperatures (1050 °C, 1150 °C, and 1250 °C) were 
tested to identify the optimum. A GSL-1500 furnace (MTI 
Corp.) was used to sinter the HA/TCP brown parts in normal 
air conditions. The temperature curve for the 1250 °C sinter-
ing process is shown in Fig. 3b. Specifically, the tempera-
ture was gradually increased to 1080 °C and held there for 
30 min. Afterward, the sample was heated to 1250 °C and 
maintained at that temperature for 180 min. Finally, samples 
were allowed to cool to room temperature before removing 
them. For the sintering process at 1050 °C, the temperature 
was increased and maintained at 1050 °C for 180 min with 
similar heating rates as the ones shown for 1250 °C.

Characterization of 3D‑printed scaffold

XRD testing

To verify the changes to the composition, structure, and 
physical properties of HA/TCP scaffold after the debind-
ing and sintering processes, the scaffolds were characterized 
using X-ray diffraction (XRD) after each step. The com-
parison of the original HA/TCP particles and the HA/TCP 
scaffold after each post-processing step is shown in Fig. 3c.

Mechanical testing

Mechanical properties of the post-processed HA/TCP scaf-
fold were studied using a compression machine (Instron 
5492 dual column testing systems, Instron, MA, USA). 
We built 2 mm × 2 mm × 2 mm HA/TCP solid cubes for 
the compression tests (n = 3 per case) [55]. Each specimen 
was tested by gradually increasing the load until the sam-
ple failed completely. The compressive strength of HA/TCP 
material was calculated based on the stress–strain curve.

Porosity testing

A gravimetric (Archimedes) method was applied to calcu-
late the porosity of the final scaffold after post-processing. 
The scaffold mass Md in the dry state was first measured. 
The HA/TCP scaffold was then immersed in silicone oil 
and then subjected to a vacuum to completely saturate the 
pores with the silicone. Following that, the mass Msat of 

the saturated scaffold was measured again. The scaffold 
was then immersed in a water tank, and the mass Msub was 
measured. The porosity P of the scaffold was then calcu-
lated. Scaffolds fabricated with 20–40 wt% concentration 
of HA/TCP particles were measured using the aforemen-
tioned method. Furthermore, ImageJ software was used 
to calculate the porosity and its distribution of the HA/
TCP scaffolds by analyzing scanning electron microscopy 
(SEM) images under high magnification. For each case, 
three samples were tested under the same conditions, and 
the results were averaged.

Biocompatibility and bioactivity

NIH3T3 cells were cultured in Dulbecco’s modified 
Eagle’s medium with 10% of fetal bovine serum. 1 × 106 
cells were loaded on the surface of the gel-coated HA/
TCP scaffold and incubated at 37 °C. Cell viability was 
observed at different time points using a live and dead 
staining assay following standard protocol.

1 × 104 cells were seeded on a 96-well plate and allowed 
for 24 h for attachment. Scaffolds with different percent-
ages of HA/TCP were cultured with the cells to test their 
effect on cell proliferation. After 48 h of co-culture, cell 
proliferation was measured using an MTT assay.

Animals

Male immunocompromised mice at 8–10  weeks old 
(athymic nude, nu/nu, Jackson Laboratory, Sacramento, 
CA) were used in the present study. All mouse experiments 
were conducted in accordance with protocols approved by 
the Institutional Animal Care and Use Committee of the 
University of Southern California.

Mouse dental pulp cell culture

The dental pulp mesenchyme from the mandibular incisor 
of P3.5 mice was separated, minced, and digested with the 
solution containing 2 mg/ml collagenase type I (Worthing-
ton Biochemical) and 4 mg/ml dispase II (Roche Diag-
nostics) in PBS for 1 h at 37 °C. A single-cell suspension 
was obtained by passing the cells through a 70 μm strainer 
(BD Biosciences) and was seeded in 10-cm plate culture 
dishes (Corning) with α-MEM supplemented with 20% 
FBS, 2 mm l-glutamine, 55 μm 2-mercaptoethanol, 100 U/
ml penicillin, and 100 μg/ml streptomycin (Life Science 
Technologies). The culture medium was changed after an 
initial incubation for 48 h.
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Mouse long bone defect model

In mice, long bone defect was generated by removing a 
piece of long bone such that the edges of the remaining 
bone are separated by 2 mm. To create a long bone crit-
ical-sized defect, animals were placed in ventral recum-
bency with the left hind limb in extension. An anterolat-
eral approach was used to expose the anterior surface of 
the femur. Briefly, after a lateral longitudinal cutaneous 
incision along the femur extending from the hip joint to 
the stifle joint, the fascia lata was incised to expose the 
full length of the femur, preserving the sciatic nerve cau-
dally and the articular capsule distally. An anterior poly-
etheretherketone (PEEK) microlocking plate (MouseFix 
plate; RISystem AG, Davos, Switzerland) was applied on 
the anterior femoral side. Next, four holes were drilled 
using a 0.3-mm drill bit (RISystem AG, Davos, Switzer-
land) through the most proximal and most distal holes of 
the plate and four self-tapping locking screws (Mouse-
Fix screw 2 mm; RISystem AG, Davos, Switzerland) 
were inserted and locked to secure the plate. Gigli saws 
(0.22 mm; RISystem AG, Davos, Switzerland) were then 
inserted, one each in the two slots of the jig (Drill and Saw 
Guide; RISystem AG, Davos, Switzerland), and a 2-mm-
long mid-diaphyseal femoral osteotomy was subsequently 
performed. The defect was either left empty or filled with 
the HA/TCP scaffolds with or without cells.

Statistical analysis

The statistical analysis theory was applied in the experimen-
tal design and analysis in this study [56]. All data presented 
here were with ± standard deviation (SD). The significance 
index *p < 0.005 was chosen to indicate the statistical sig-
nificance in the proliferation experiment [56].

Results and discussion

Porosity and mechanical performance

The debinding and sintering procedures are conducted 
after the green part has been printed using the slurry-based 
µMIP-SL process. During the debinding process, the pho-
topolymer must be removed completely, because residual 
carbon has a significant impact on the following sinter-
ing process, and ultimately on the biological performance 
of HA/TCP scaffold. We found that as the temperature 
increased from 300 to 600 °C during debinding, the weight 
of the fabricated green part decreased dramatically. When 
the temperature reached 600 °C, the weight of the green part 

maintained at a constant value and only HA/TCP particle 
and small amount of carbon were left (Fig. 4a) [48, 49].

In the debinding process, photopolymer in the green part 
was removed after raising the temperature to over 600 °C. 
Afterward, the brown part of HA/TCP scaffold is obtained 
[57]. At this stage, the porosity P of HA/TCP scaffold 
reaches its peak value. However, the brown part is fragile 
due to the loose arrangement of HA/TCP particles (Fig. 4a); 
hence, a sintering process is required to improve bonding 
between HA/TCP particles. As shown in the X-ray diffrac-
tion results (Fig. 4c), the scaffold after the debinding process 
showed similar integrated intensity to the original HA and 
TCP particles. However, after the sintering process, both 
the peak counts and the peak values of the HA/TCP scaf-
folds increased because the size of the HA/TCP particles 
was larger than those of the original HA/TCP powders. The 
effects of sintering temperature TS and HA/TCP particle con-
centration � on the porosity and mechanical performance of 
the resulting scaffold were investigated in our study. Based 
on a literature review [21], three different sintering tempera-
tures (1050 °C, 1150 °C, and 1250 °C) were tested in order 
to identify an appropriate sintering temperature for different 
concentrations of HA/TCP particles (Fig. 4a).

The porosity of an HA/TCP scaffold is determined by the 
particle size, the sintering temperature, and the concentra-
tion of particles [57, 58]. The porosity decreases linearly 
with an increase in sintering temperature (Fig. 4c). For 
instance, the porosity P of a 30 wt% HA/TCP scaffold is 
reduced by 6%, when the sintering temperature is raised 
from 1050 to 1250 °C. Compared to the sintering temper-
ature, the concentration of HA/TCP particles has a more 
significant impact on the porosity (Fig. 4c). We analyzed 
the pore size distribution in our scaffolds and found that 
the pore size of a sintered HA/TCP scaffold is mainly in the 
nanoscale range (Fig. 4d). This is because an increase in the 
main grain size of the HA/TCP particles further reduces the 
space between each grain after sintering, and the grain of 
HA/TCP particles grows much larger at higher temperatures.

The porosity of an HA/TCP scaffold is a significant fac-
tor that affects its mechanical performance. The mechanical 
strength of a scaffold can be expressed as in the following 
equation [59]:

where � is the strength of the scaffold, �0 is the strength of 
solid HA/TCP without pores, and a is a constant.

Although we found that the porosity P of a 20 wt% HA/
TCP scaffold sintered at 1050 °C was the greatest among the 
concentrations that we tested, such a scaffold is not strong 
enough to support compression load from the two sides 
of the neighboring bone. The compressive strength of an 
HA/TCP scaffold can be improved by raising the sintering 

(5)� = �0 exp (−ap)
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temperature T  or increasing the particle concentration � 
in the HA/TCP suspension. For instance, the compressive 
strength of 30 wt% HA/TCP increases from 0.13 to 4.32 mPa 
when the sintering temperature T  is raised from 1050 to 
1250 °C. The compressive strength of HA/TCP sintered at 
1250 °C improves by five times when the concentration � 
of HA/TCP is increased from 20 to 40 wt% (Fig. 4b). Over-
all, a 30 wt% HA/TCP scaffold sintered at 1250 °C showed 
advantages over the other tested scaffolds when considering 
both porosity and mechanical performance.

However, in scaffolds made from 30 wt% HA/TCP, the 
pores are small after sintering at 1250 °C. As shown in 
Fig. 4d, the average pore size for such scaffolds is smaller 
than 5 μm. Even though their mechanical strength is accept-
able, it is difficult for nutrients and blood vessels to pass 
through such a dense HA/TCP scaffold. The pore size 
directly correlates with the amount of nutrient and oxygen 
diffusion and cell integration. For this reason, the porosity 
of the scaffold plays an essential role in bone formation. 
We therefore generated two new scaffold designs with more 
microscale porosity, which will be discussed in “Complex 

scaffold fabrication with hierarchical porous structures” 
section.

Shrinkage analysis and compensation

Since photocurable polymer was removed and HA/TCP par-
ticles were sintered together in post-processing, the total vol-
ume of a sintered HA/TCP scaffold was reduced from that of 
the green part fabricated by the μMIP-SL process (Fig. 5a). 
As shown in Fig. 5b, the shrinkage in the Z direction ( rsz ) 
and in the XY plane ( rsr ) can be calculated as follows:

The shrinkage ratio rs is closely related to the concen-
tration of HA/TCP particles � and the sintering tempera-
ture T [50, 60]. The shrinkage ratio rs of an HA/TCP scaf-
fold increases as the concentration of HA/TCP particles 
decreases, since the more internal polymer is burned off 
(Fig. 5c). Hence, as the concentration of HA/TCP particles 

(6)

{
rsz =

H−Hs

H

rsr =
D−Ds

D

Fig. 4   The porosity and mechanical performance of 3D-printed HA/
TCP rod sintered under different conditions. a Optical microscopic 
and SEM images of 3D-printed 30 wt% HA/TCP rod after post-pro-
cessing under different temperatures; b the compressive strength of 

3D-printed HA/TCP rod fabricated under different conditions; c the 
porosity of 3D-printed HA/TCP rod fabricated under different con-
ditions; and d optical microscope and SEM images of a 3D-printed 
30 wt% HA/TCP rod sintered at 1250 °C
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increases from 10 to 40 wt%, the axial shrinkage ratio 
rsz of an HA/TCP scaffold sintered at 1150 °C declines 
from 45.25 to 17.8%. The same tendency can be observed 
when the sintering temperature T is increased (Fig. 5d). 
This happens as diffusion increases with the increase in 
sintering temperature, and the HA/TCP particles become 
closer to each other [61, 62]. For example, 30 wt% HA/
TCP scaffold sintered at 1050 °C shrinks only 17.75% in 
the axial (Z) direction, but shrinks by 35.5% when the 
sintering temperature is increased to 1250 °C.

The shrinkage ratio rs of an HA/TCP scaffold is also 
affected by the geometric design. We fabricated 30 wt% 
HA/TCP scaffolds with different densities of microholes 
(12, 18, 24, and 30 pores per scaffold), with each of the 
pores designed within 200 μm to 400 μm edge lengths 
(Fig. 5a). The volumetric shrinkage of an HA/TCP scaffold 
is less when the scaffold is designed with a higher density 
of microholes. Furthermore, the shrinkage ratio rs of an HA/
TCP scaffold can vary in both the axial (Z) and radial (XY) 
directions. As shown in Fig. 5a, b, the shrinkage ratio rsz in 

Fig. 5   The shrinkage of an HA/TCP scaffold after sintering. a Micro-
scopic image of 3D-printed 30 wt% HA/TCP before and after post-
processing; b shrinkage ratios of 30 wt% HA/TCP scaffolds in the Z 
and XY directions under different sintering conditions; c shrinkage 
ratios of HA/TCP scaffolds with different concentrations of HA/TCP 

particles on height (Z direction) and diameter (XY direction); d the 
offset operation for shrinkage compensation; and e the offset opera-
tion for shrinkage compensation and 3D-printed HA/TCP scaffolds 
before and after incorporating shrinkage compensation
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the axial direction is greater than the shrinkage ratio rsz in 
the radial direction. Specifically, an HA/TCP scaffold made 
from a 30 wt% HA/TCP suspension reduces from 2 mm to 
only 1.29 mm in the axial direction after being sintered at 
1250 °C, while the diameter of the scaffold shrinks from 
1.8 to 1.29 mm. This is because the HA/TCP suspension is 
uniformly solidified under the light exposure in the XY direc-
tion; hence, the stress is more isotropic in the radial plane. 
In contrast, the HA/TCP suspension is stacked layer by layer 
in the Z direction; hence, the stress in the Z direction is not 
identical to that in the XY plane. Thus, the 3D-printed HA/
TCP scaffold shows anisotropic shrinkage behaviors.

HA/TCP scaffolds shrink in both the axial and radial 
directions after the sintering process. To achieve accurate 
shape control in the fabrication of HA/TCP scaffolds with 
microscale pores, a dimensional offset needs to be applied 
to the input CAD model to compensate for the dimen-
sional shrinkage [63, 64]. The compensation factor ∅z was 
investigated according to the shape-changing rate of the 
microsquares in the Z direction. The dimensions of hierar-
chical microscale features were adjusted according to the 

compensations required in the axial and radial directions, 
based on the formulas as follows:

where ldxy and ldz are printing dimensions of microstructures 
in the axial and radial directions, respectively; loxy and loz 
are the ideal dimensions in the axial and radial directions, 
respectively; and ∅xy and ∅z are two constants, which were 
empirically determined to be 1.39 and 1.55 for 30 wt% HA/
TCP scaffold sintered at 1250 °C.

Complex scaffold fabrication with hierarchical 
porous structures

To test the printing capability of the developed µMIP-SL 
process in the X/Y plane and in the Z direction, two groups 
of 2 mm cylindrical shells were designed as follows. To 
examine the fabrication precision in the X/Y plane, rec-
tangular pores with a height of 200 μm and width ranging 

(7)
{

ldxy = �xyloxy
ldz = �zloz

Fig. 6   HA/TCP scaffolds with hierarchical porous structures. a The 
printing capability of the developed slurry-based µMIP-SL in the 
XY direction; b the printing capability of the developed slurry-based 

µMIP-SL in the Z direction; and the CAD model and fabrication 
results of HA/TCP scaffolds with c micro-lattice and d biomimetic 
bone structures
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from 30 μm to 300 μm were designed on the side wall of 
the scaffold, which was 250 μm in thickness (Fig. 6a). 
To examine the fabrication capability in the Z direction, 
another scaffold with square pores was designed, with 
pore heights ranging from 50 to 350 μm (Fig. 6b). The 
printing accuracy of the HA/TCP scaffolds was investi-
gated by comparing the original design size with the final 
printing size of scaffolds. The fabrication error of HA/
TCP scaffold printed by using our slurry-based µMIP-SL 
is ±5 μm.

Natural bone has hierarchical porous structures with 
dimensions ranging from hundreds of microns to a few 
nanometers [1]. Because we are able to compensate for 
fabrication shrinkage in the design phase, our process can 
accurately fabricate porous structures with holes rang-
ing from hundreds to tens of microns. In addition, the 
post-processing procedures can create holes in the fab-
ricated porous structures ranging from a few microns to 
nanometers. In this study, both micro-lattice structure and 
biomimetic bone structure were designed and fabricated 
using the slurry-based µMIP-SL process that we devel-
oped. We designed HA/TCP scaffolds with hierarchical 
structures for the regeneration of bone matrix based on a 
digital CT scan of a mouse femur. To increase their com-
pressive stress, scaffolds of 2 mm in height and 0.9 mm 
in diameter with micro-lattice and biomimetic bone struc-
tures were designed for use in vivo as described below. 
Unlike the mesh structure, scaffolds with the lattice and 
biomimetic structures require a much more complicated 
design approach [65]. The basic unit cells of micro-lattice 
and biomimetic structures were firstly designed, respec-
tively; we then repeatedly perform Boolean operations 
of unit cells to form a periodic structure. After that, we 
intersect it with the desired long bone defect shape to 
create the final scaffold with micro-lattice and biomi-
metic bone structures. The scaffolds with lattice struc-
tures incorporated microscale pores ranging from 50 μm 
to 150 μm in diameter. The biomimetic bone structure 
scaffolds had microscale porous structures ranging from 
60 to 100 μm. The CAD models and 3D-printed HA/TCP 
scaffolds with micro-lattice structures and biomimetic 
bone structures are shown in Fig. 5c, d, respectively. The 
compressive strengths of the HA/TCP scaffolds designed 
with biomimetic bone structure and with microscale lat-
tice structure were 9.5 MPa and 15.5 MPa, respectively, 
which could provide satisfactory mechanical performance 
for bone engineering applications. Moreover, the porosi-
ties of both structural designs were greatly improved as 
hundreds of micro-pores were added in the design and 
successfully fabricated using our developed 3D printing 
process. These pores, similar to those in natural bones, 
are important for cell growth within the scaffold.

Biocompatibility and bioactivity of 3D‑printed 
scaffold

The biocompatibility of the 3D-printed HA/TCP scaffolds 
was tested. Specifically, we first tested the viability of cells 
cultured on the surfaces of scaffolds with micro-lattice struc-
tures. Within 24 h after seeding, cells were able to attach to 
the scaffolds and showed normal spindle shape, suggesting a 
healthy condition. We further performed live and dead stain-
ing at different time points after seeding. After 24 h, we were 
barely able to detect any dead cells. After 96 h, we observed 
a slight increase in dead cells. The percentage of dead cell 
after 24 h and 96 h was calculated, respectively. For the 
quantification of dead/live cells, pictures were chosen at 
three places randomly, and the number of live cells (green) 
and dead cells (red) was counted using ImageJ. The result is 
shown in Fig. 7a, and the dead cells were still less than 10% 
of the total cell population. We also investigated the effects 
of scaffolds fabricated with different concentrations of HA/
TCP particles on cell proliferation (Fig. 7b). After 3 days, 
cells cultured with HA/TCP scaffolds showed similar growth 
rates to the control group cultured without scaffolds. We did 
not observe any significant difference between the groups 
cultured with scaffolds of different HA/TCP concentrations. 
Collectively, these data clearly suggest that the HA/TCP-
based scaffolds produced using our 3D printing method are 
biocompatible.

After establishing biocompatibility in vitro, we tested 
stem cell-mediated bone regeneration with the HA/TCP 
scaffolds. The mouse femur represents an excellent defect 
model for bone regeneration because of the fact that it is 
load bearing, its manner of ossification, and its relative lack 
of influence from the surrounding microenvironment. How-
ever, this model presents significant difficulties for the scaf-
fold fabrication due to the small size of the animal. To test 
the capacity of our scaffolds to support bone regeneration, 
we used a surgical technique to generate a femoral defect 
in live nude mice (Fig. 7c–f). Previous studies have shown 
that CNCCs are more robust in proliferation and produce 
more cortical bone when implanted in calvarial injury sites, 
whereas BMMSCs produce more bone marrow, suggesting 
that the organization and relative amounts of these compo-
nents will affect the quality of new bone created with tis-
sue engineering [66, 67]. About one million bone marrow-
derived mesenchymal stem cells (BMMSCs) and cranial 
neural crest cells (CNCCs) were loaded onto 3D-printed 
HA/TCP scaffolds. Both thin-shell-shaped and biomimetic-
bone-structure-shaped scaffolds were implanted into a 
femoral defect in live nude mice. The mechanical perfor-
mance of scaffolds can meet the requirement of experiment, 
and the scaffold maintained the shape during the surgery. 
Meanwhile, an additional group of mice received the same 
amount of stem cells, but no scaffold. The bone regeneration 
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of defect with and without scaffold is still under study, and 
we will analyze the bone growth data in the future.

Conclusions

Material composition and functional structure are two 
essential factors to consider when developing scaffolds for 
applications in tissue engineering and regenerative medi-
cine. The biocompatible ceramic HA/TCP is widely used 
in bone regeneration because it provides superior perfor-
mance relative to other materials by promoting the adhe-
sion and proliferation of bone-forming cells. However, it 
is difficult to form complex geometric shapes from HA/
TCP using current manufacturing methods. In this paper, 
we presented a slurry-based µMIP-SL process, which made 
it possible to use nanoscale HA/TCP particles to build HA/
TCP scaffolds with complex hierarchical porous structures. 
First, the curing performance of HA/TCP suspension was 
studied, and our 3D printing method, which features a novel 
slurry feeding module, was introduced and demonstrated. 
The post-processing settings and suspension constituents 
used for fabricating HA/TCP scaffolds by this method were 
systematically optimized to achieve the desired structural 

porosity and mechanical properties. To improve the fabri-
cation accuracy of hierarchical porous structures, a shape 
compensation scheme was developed based on the shrink-
age behavior of HA/TCP during the fabrication process. 
To achieve high mechanical strength with sufficient poros-
ity, HA/TCP scaffolds with biomimetic bone structure and 
micro-lattice structure were designed and fabricated. Both 
biocompatibility and bioactivity tests were conducted, and 
the results demonstrated that the HA/TCP scaffold is bio-
compatible. The strength of the HA/TCP scaffold was tested, 
and the results showed that HA/TCP scaffold has sufficient 
mechanical strength for the surgery in a nude mouse in vivo 
model of the long bone with cranial neural crest cells and 
bone marrow mesenchymal stem cells. In the future, bone 
regeneration will be observed and analyzed. Furthermore, 
nanoscale HA/TCP particles combined with other biode-
gradable polymers will be fabricated using the 3D printing 
method described here to speed up the degradation of the 
scaffolds, and other bio-molecules such as growth factors 
will be integrated into the scaffolds to further accelerate 
bone healing.
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