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Abstract
Objectives—To evaluate the effects of SiO2 (0.5 wt %) and ZnO (0.25 wt %) dopants on the
mechanical and biological properties of tricalcium phosphate (TCP) scaffolds with three
dimensionally (3D) interconnected pores.

Methods—Scaffolds were created with a commercial 3D printer. Post sintering phase analysis
was determined by x-ray diffraction. Surface morphology of the scaffolds was examined by field
emission electron microscopy. Mechanical strength was evaluated with a screw driven universal
testing machine. MTT assay was used for cellular proliferation characteristics and cellular
morphology was examined by field emission electron microscopy.

Results—Addition of dopants into TCP increased the average density of pure TCP from 90.8 ±
0.8% to 94.1 ± 1.6% and retarded the β to α phase transformation at high sintering temperatures,
which resulted in up to 2.5 fold increase in compressive strength. In vitro cell-materials interaction
studies, carried out using hFOB cells, confirmed that the addition of SiO2 and ZnO to the scaffolds
facilitates faster cell proliferation when compared to pure TCP scaffolds.

Significance—Addition of SiO2 and ZnO dopants to the TCP scaffolds showed increased
mechanical strength as well as increased cellular proliferation.

Keywords
β-tricalcium phosphate; porous scaffold; three dimensional printing; doped calcium phosphates;
bone tissue engineering

1. Introduction
Currently in dental applications, synthetic materials such as amalgam, resin, gutta-purcha,
dentures and metal implants have been used to treat conditions such as caries, pulpits,
periodontal disease and trauma. These repair methods are incapable of reproducing the
natural function of the lost tissue and lead to mechanical deficiencies and reduced tooth
vitality [1-2]. Long term studies have shown that these treatments may have an effect on a
patient's masticatory and digestive functions [3-4]. In the past 15 years, due in part to the
shortcomings of these materials, there has been a growing interest in the investigation of
synthetic bone alternatives as well as manufacturing methods. Advances in rapid
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prototyping give rise to the possibility of designing patient specific implants with complex
geometry that can be tailored to the patient's defect site [5]. A scaffold may be used to grow
complex tissues such as dentin and pulp when seeded with a suitable cell line [6].

Bone and dental substitution materials should encompass many different characteristics for
consideration in clinical use. Not only should the material be porous to serve as a scaffold
for capillary growth, the material should have excellent biocompatibility, osteoconductivity,
and a complete lack of antigenicity [7]. Ideally, a scaffold will offer mechanical support and
will be resorbed as new bone and tissue growth occur. Calcium phosphate (CaP) materials
have been widely studied for their use in orthopedic and dental implant applications and
tissue scaffolds due to their excellent biocompatibility, controllable bioresorbability and
compositional similarity to bone[8-11]. Characteristics of scaffolds such as density, pore
shape and size and pore interconnectivity are important parameters that will manipulate
tissue ingrowth and mechanical interlocking at the implant-bone interface [12-15]. Many
methods for creating complex CaP scaffolds have been investigated including direct and
indirect extrusion freeforming, selective laser sintering, stereolithography and ink-jet
printing [16]. Direct ink-jet printing has demonstrated very good resolution with great
control over the complexity of geometry [17-21]. Other advantages of 3D printing are that
macroporosity is induced into the scaffold during the fabrication process without the need
for a support structure [22-23]. Moreover, these scaffolds are fabricated directly using the
3D printer with designed materials unlike many other processes where multiple post
processing steps are needed.

One of the major disadvantages of ceramic scaffolds is their low strength, especially at high
volume percentages of porosity [24]. Recent studies have shown that by doping β-TCP with
trace elements commonly found in bone, the dissolution/resorption rates, densification, cell-
material interaction and mechanical strength can be controlled [9, 25-29]. One study showed
that in osteoporotic subjects, supplemental silicon and monomethyl trisilanol resulted in
increases in femoral and lumbar spine bone mass density [30]. The same study demonstrated
that this treatment was more effective than a bisphosphonate (Etidronate) and sodium
fluoride treatment. Silicon has been proven to be an important trace element in bone and
connective tissue formation and can stimulate biological activity by increasing the solubility
of the material, generating a more electronegative surface and creating a finer microstructure
resulting in transformation of the material surface to a biologically equivalent apatite [31].
Zinc, also an important trace element in bone formation, has been shown to control grain
growth, increase density and have stimulatory effects on bone formation when added to CaP
[32]. Zinc is released during skeletal breakdown and has been shown to inhibit osteoclastic
bone resorption [33]. It does this by inhibiting osteoclast-like cell formation from bone
marrow cells and inducing apoptosis of mature osteoclast [34]. Osteoporotic patients have
also been shown to have lower levels of skeletal zinc than that of control groups[35]. This
study examines the effects of silica (SiO2) and zinc oxide (ZnO) addition, as a binary dopant
system, on the physical, mechanical and biological properties of 3D interconnected porous
TCP scaffolds created by the 3-D printing, a solid freeform fabrication method.

2.0 Materials and Methods
2.1 Fabrication of Porous Scaffolds

High purity oxide based sintering additives, silicon dioxide (SiO2) (99%+ purity) and zinc
oxide (ZnO) (99.9%+ purity) were purchased from Fisher Scientific (Fair Lawn, NJ).
Synthetic β-tricalcium phosphate powder was obtained from Berkley Advanced
Biomaterials Inc. (Berkeley, CA) with an average particle size of 550 nm and specific
average surface area of 10-50 m2g-1. Powder was made in batches of 100g and doped with
0.25 wt % ZnO and 0.5 wt % SiO2 as a binary dopant system. Dopant amounts were chosen
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based on previous research from our group [9, 35]. Powder was added to and mixed in 500
mL polypropylene Nalgene bottles, with 300 g of 5 mm diameter zirconia milling media.
150mL of ethanol was added and ball milling was carried out for 6 h at 70 rpm to minimize
the formation of agglomerates and increase the homogeneity of the powders. After milling,
the Nalgene bottle was placed in an oven at 60° C for 24 h for drying. Milling media were
removed and the powder was further dried at 60° C for another 24 h. Finally, agglomerates
were removed using a mortar and pestle.

Cylindrical scaffold CAD files (diameter 7 mm and height 10.5 mm) were created with
interconnected square channels of 1000μm, 750μm, and 500μm sides (Fig. 1 (a)). Scaffolds
were fabricated using a 3-D printer (R-1 R&D printer by ProMetal). The printing system
consists of a deposition bed that starts with only a small base layer of powder, a feed bed
that is filled with powder, a powder spreader, an ink jet print head and a drying unit. A
schematic representation of operation is given in Figure 1 (b). The printer head sprays
binder onto the loose powder in the deposition bed according to the CAD pattern, the
deposition bed is lowered by 20 μm and the feeder bed is raised by 60 μm. The spreader will
then push the excess powder from the feeder bed and evenly spread it onto the lowered
deposition bed. The process is repeated, layer by layer, until the CAD image is completely
printed. Parts were built in 20μm layers thickness with commercial organic water based
binder obtained from ProMetal (Irwin, Pa). Once finished, parts were dried at 150°C for 1.5
h. Green scaffolds were then gently brushed clean and the remaining powder was removed
by using a compressed air blower. After cleaning, green scaffolds were sintered in a muffle
furnace at 1250° C for 2 h. Important fabrication parameters that were optimized include
binder selection, binder drop size and amount deposited, powder particle size, drying time
between layers, powder spread rate, build layer thickness and powder feed to build ratio.

2.2 Microstructure, Phase Analysis and Mechanical Properties
The surface morphologies of the sintered scaffolds were observed under a field emission
scanning electron microscope (FESEM) (FEI Inc., OR, USA). Phase analysis of sintered β-
TCP samples with and without dopants was carried out by X-ray diffraction (XRD) using a
Siemens D-500 X-ray powder Diffractometer (Siemens AG, Karlsruhe, Germany) with
CuKα radiation and a Ni-filter. Each run was performed with 2θ values between 10° and 60°
at a step size of 0.02° and a count time of 0.5 s per step. Density was measured using
Archimedes method. Samples were weighed initially dry and then submerged in boiling
water for 3 minutes to remove any excess air that may be trapped in the porous structure.
The samples were then transferred from the boiling water to room temperature water, where
the weight was recorded again (n=3). Compressive strengths of undoped and doped TCP
scaffolds were determined using a screw-driven universal testing machine (AG-IS,
Shimadzu, Japan) with a constant crosshead speed of 0.33 mm/min. Compressive strength
was calculated using the maximum load recorded and the sample dimensions. Compressive
strength was tested on ten samples for each composition.

2.3 In Vitro Osteoblast Cell-Material Interactions
Pure and doped TCP samples were studied for their cell-materials interactions using
established human fetal osteoblast (hFOB) cells (hFOB 1.19, ATCC, Manassas, VA). The
base medium for this cell line was a 1:1 mixture of Ham's F12 Medium and Dulbecco's
Modified Eagle's Medium (DMEM/F12, Sigma, St. Louis, MO), with 2.5 mM L-glutamine
(without phenol red). This base medium was supplemented with 10% fetal bovine serum
(HyClone, Logan, UT) and 0.3 mg/mL G418 (Sigma, St. Louis, MO).

All scaffolds were sterilized by autoclaving at 121°C for 30 min and then placed in 24-well
plates. Cells were then seeded onto the samples. Cultures were maintained at 34°C under a
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5% CO2 atmosphere as recommended by ATCC for hFOB 1.19. The medium was changed
every 2 to 3 days for the duration of the experiment.

An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay was used to
evaluate cell proliferation. The MTT (Sigma, St. Louis, MO) solution of 5 mg/ml was
prepared by dissolving MTT in PBS and the solution then filter-sterilized (0.2 μm). The
MTT was diluted (100 μL into 900 μL) in DMEM/F12 medium and 1 mL of the diluted
solution was then added to each of the samples. After 2 h of incubation, 1 mL of
solubilization solution made up of 10% Triton X-100, 0.1N HCl, and isopropanol was added
to dissolve the formazan crystals. 100 μL of the resulting supernatant was transferred into a
96-well plate, and read by a plate reader at 570 nm. Cultures were evaluated at 3, 7 and 11
days. Data was normalized to pure TCP control scaffolds with corresponding pore
parameters.

Samples for SEM observation were collected at days 3, 7 and 11 and fixed with 2%
paraformaldehyde/2% glutaraldehyde in 0.1M cacodylate buffer overnight at 4 °C. Post-
fixation was performed with 2% osmium tetroxide (OsO4) for 2 hours at room temperature.
Fixed samples were then dehydrated in an ethanol series (30%, 50%, 70%, 95% and 100%
three times), followed by a hexamethyldisilane (HMDS) drying procedure. After gold
sputtering, samples were observed under FESEM.

3.0 Results
3.1 Scaffold Fabrication

The Ex One R1 3D printer was commercially designed and optimized for the use of metal
powders. Our goal in this study was to produce scaffolds using CaP ceramic powders. One
of the major challenges was the optimization of processing parameters to effectively
produce these scaffolds using commercially available binder. Our process optimization
research approach was first focused on how to produce a green TCP part followed by how to
improve green strength of the part for mechanical handleability and depowderization to
produce a 3D interconnected porous scaffold. Processing parameters used are given in Table
1. The drop volume is a fixed parameter that is measured by the printer and is dictated by the
viscosity and density of the binder. It is a measurement of the volume of each drop of binder
that is released from a nozzle on the print head. The drop volume measured for the
commercial binder used was 76 pL. The saturation percentage is based on the drop volume,
packing efficiency of the powder layer and binder viscosity. The 100% value is a good
starting point to work with because it is essentially a calculated estimate of how the binder
will spread through the powder. If the saturation is too high, the binder will bleed into the
surrounding powder, while too little saturation will result in extremely weak green scaffolds
due to poor bonding between layers. The values that worked best were 110% for pure TCP
powder and 100% for doped TCP powder. The pure TCP needed a little extra binder to
maintain strength while handling and depowdering. The number of passes that the print head
used to reach the desired saturation was 7 at a speed of 140 mm/s. The layer thickness was
an important parameter because it dictated the depth resolution of the scaffold. The primary
concern that was taken into consideration when choosing a layer thickness was the size of
the powder particles. By using very fine powder, 550 nm, layer thicknesses of 20 μm for
pure TCP powder and 30 μm for doped TCP powder were achieved while maintaining very
smooth spreading. The doped powder had less depth resolution due to slight agglomeration
of particles during the ball milling process. The feed powder to layer thickness ratio chosen
was 3. This means that for every 20 or 30 μm that the build bed is lowered, the feed bed is
raised by 60 or 90 μm, respectively. To help ensure that the powder is spread smoothly onto
the build bed, a spread speed of 0.5 mm/s was used. This is the speed that the beds pass
under the rolling spreader. As the beds move, loose powder from the raised feed layer is
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spread evenly onto the lowered build layer. By understanding the fixed processing
parameters and using this information to adjust the variable processing parameters, we were
able to successfully produce high resolution scaffolds with both doped and pure TCP
powders.

3.2 Physical and Mechanical Characterization
XRD was performed to determine the CaP phases of the sintered scaffolds and confirmed
that in both samples, β-TCP was the primary phase present after sintering at 1250 °C. α-TCP
phase was also present in small amounts in both samples, which is expected at sintering
temperatures above 1150 °C. The amount of α phase present in the doped samples was
smaller than in the pure composition as shown in Figure 2. The characteristic peaks of β-
TCP and α-TCP match well with JCPDS # 09-0169 (β-TCP) and 09-0348 (α-TCP), but
show a small peak shift in the doped TCP samples. Such peak shifts due to dopant addition
are common and reported by other researchers as well.

Density and designed percent porosity for sintered scaffolds are shown in Table 2. The
average apparent strut density of the SiO2/ZnO doped scaffolds was found to be 94.1 ± 1.6%
and for pure TCP scaffolds strut density was measured to be 90.8 ± 0.8%. Figure 3 shows
the surface morphology of samples sintered at 1250 °C. The microstructures of both pure
and doped scaffolds showed some residual porosity, 9% and 5% by volume, respectively.
Both samples also showed evidence of liquid phase sintering. Table 3 gives data collected
from these micrographs, demonstrating that there was more shrinkage in the doped samples
than in their pure counterparts. Compressive strength comparisons between doped and pure
scaffolds are presented in Figure 4. The doped samples, which had less total open pore
volume than the pure samples, showed the greatest compressive strength with 1000μm,
750μm and 500μm green channel sizes at 10.21 ± 0.11 MPa, 8.2 ± 0.4 MPa and 4.34 ± 0.3
MPa, respectively. The pure samples with green channel sizes 1000μm, 750μm and 500μm
had average compressive strengths of 5.48 ± 0.04 MPa, 2.68 ± 0.2 MPa and 1.75 ± 0.2 MPa,
respectively.

3.3 In Vitro Biological Characterization
MTT results depict a clear distinction between the SiO2/ZnO doped scaffolds and the pure
TCP control scaffolds, given in Figure 5. The amount of viable cells was significantly
greater in the doped samples than on the pure scaffolds. Data ranged from a 3% increase as a
low on day 3, to 92% more viable cells as a high on day 11. SEM micrographs confirmed
data gathered from the MTT assay. The micrographs show on day 3 that cellular attachment
characteristics were good in both doped and pure scaffolds, with osteoblast cells extending
and attaching to various anchor points. By day 7, there was a clear proliferation distinction
between the doped and pure samples, with doped samples exhibiting significantly larger
groups of cells attaching to the surface. In both cases, complex filipodial communication
networks were beginning to emerge between nearby cells, as shown in Figure 6.

4.0 Discussion
One of the major challenges of this study was the optimization of the processing parameters
of the 3D printer to produce high quality scaffolds. While there are several factors that need
to be taken into consideration, as mentioned previously, the ability to create conditions that
result in uniform and smooth powder spreading and high green strength are what made this
study successful. A smooth powder build layer is extremely important to the mechanical
strength of the scaffolds. If the build layer is rough, defects are incorporated into the
structure during the printing process resulting in decreased mechanical strength of sintered
scaffolds as well as diminished ability to handle greens scaffolds. Binder choice was also an
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important factor. The binder had to fluid enough to penetrate through the powder build layer
to give good bonding between layers, but viscous enough that it did not bleed into areas
surrounding the print pattern. Also, due to complex geometry, it had to offer enough
mechanical support to withstand the vigorous cleaning and depowdering process to ensure
interconnectivity between the pores in the scaffolds.

Present results show that addition of SiO2 and ZnO to 3-D interconnected porous TCP
scaffolds can influence both biological and mechanical properties of the scaffolds. Sintering
additives have been investigated in the past for dense and porous TCP and hydroxyapatite
compacts to increase the density and mechanical strength [35-36], however there have been
no studies examining the effects on 3D printed scaffolds. XRD patterns shown in Figure 2
confirm that the α-TCP phase formation is reduced in the SiO2/ZnO doped samples when
compared to pure TCP scaffolds sintered at the same temperature and time. In the case of
TCP ceramics, dopants are used as a sintering additive to retard the transformation of β-TCP
to α-TCP at temperatures above 1150 °C. Studies have indicated that the presence of α-
phase is closely related with the expansion of sample volume, declining shrinkage rate and is
generally considered to prevent TCP from further densification [37-38]. Both compositions
also showed evidence of some liquid-phase sintering, demonstrated in Figure 3, which is
beneficial because it results in a more uniform densification than that of solid state sintering.
Channel size analysis, given in Table 2, in sintered samples demonstrates overall volume
shrinkage. When compared to pure TCP scaffolds, the doped samples revealed increased
density, specified in Table 1, which can be attributed to reduced α-TCP formation.Another
possible mechanism of increased densification would be enhanced wettability during liquid-
phase sintering in the doped samples. Greater wettability during sintering would lead to
more efficient capillary action and particle rearrangement. Ultimately, density and designed
porosity play the most important role to increase the maximum strength of the samples [24].
Pores act as stress concentrators and may lead to premature failure if in the near vicinity of
other defects such as inclusions, agglomerates and surface flaws. The average compressive
strength for the doped scaffolds was higher than their pure counterparts with a mean 250%
increase in strength for each channel size. The pure scaffolds matched well with the lower
end strength of cancellous bone, while the doped scaffolds matched well with the higher end
strength of cancellous bone, which has a strength range of 0.5 – 14.6 MPa. These results
indicate that with the addition of dopants, TCP scaffolds may be tailored to match specific
strength criteria for a given application. TCP resorption rates and strength degradation may
also be tailored by the addition dopants [39,40]. Previous studies have shown that the
presence of zinc and silicon increase the rate of mineralization in simulated body fluid
[9,41,42]. Where silicon and zinc may act as nucleation sites or create conditions that are
favorable for apatite formation and at the same time slowing the dissolution process in vitro
[43]. The dissolution properties of the scaffold can be affected by density, grain size and
grain uniformity as well as the overall macrostructure porosity.

Additional issues to be considered when evaluating the performance of a viable scaffold for
clinical applications are the initial fixation period and healing time after a surgical
procedure. While CaP materials alone are excellent for bone replacement applications, there
is merit in investigating the use of dopants to enhance proliferation and differentiation of
bone building osteoblasts. MTT data shows that cells proliferate at a greater rate within the
doped samples when compared a pure TCP control group as seen in Figure 5. SEM
micrographs taken of hFOB cells seeded and incubated on the scaffolds, presented in Figure
6, show similar cellular morphology between the doped and pure scaffolds. At day 3, the
cells are elongated and flattened and are growing into the abundance of micropores. By day
7, complex filipodial communication networks are set up between neighboring cells and
there is a clear increase in the amount of living cells on the surface of the doped scaffolds
when compared to the pure TCP scaffolds. Zinc plays an important role in bone metabolism,
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where deficiency may result in bone loss. Studies have shown that zinc has a stimulatory
effect on bone formation in vitro and in vivo and increases alkaline phosphatase activity, an
enzymatic marker for osteoblastic differentiation [44-45]. Studies have demonstrated that
addition of zinc as a dopant to CaP ceramics resulted in a significantly greater amount of
new bone formation in vivo when compared the pure composition [46]. Zinc dopants in
TCP/HA binary compositions have also been shown to increase the osteoblastic
differentiation from bone marrow stromal cells in vitro [47]. While the mechanisms of
action are not yet fully realized, recent studies have begun to consider the cellular response
in more detail. One investigation reported that zinc had a direct effect on osteoclast
precursor cells by reducing receptor for activation of NF-κB (RANK) expression [48].
Osteoclastic differentiation occurs when receptor for activation of NF-κB ligand (RANKL)
binds to its receptor RANK and activates NF-κB and activator protein-1 (AP-1). A similar
observation confirmed the results showing a significant repression of basal NF-κB activity
in preosteoclast cells in-vitro and also showed significant reduction in tumor necrosis factor-
alpha (TNFα) and stimulation of osteoblast mineralization [49]. TNFα is an osteoclastogenic
cytokine present in osteoblasts that not only upregulates production of RANKL but also
coordinates with it to intensify its osteoclastogenic activity [50-52]. It has also been shown
that zinc plays a critical role in the production and release of vascular endothelial growth
factor (VEGF) by osteoblasts [53]. VEGF stimulates the proliferation of vascular endothelial
cells which, during bone remodeling, provide microvasculature.

Increased silicon dietary uptake has been linked to better bone health and increased bone
mineral density while lab studies have shown positive effects on osteoblast proliferation and
differentiation [54-55]. In vivo research has shown increased bone regeneration from silicon
doped CaP materials when compared to their pure counterparts [56-57]. Other investigations
have shown materials doped with silicon stimulate alkaline phosphatase activity in
osteoblasts and mesenchymal stem cells [58]. A recent study found that silica-CaP
composites lead osteoblasts to rapid advancement to the differentiation stage indicated by
increased osteopontin and osteocalcin mRNA expression[59]. Another group found that with
the addition of silica to cell media increased collagen type 1 (COL1) gene expression and
extracellular signal regulated kinases (ERK) secretion [60]. COL 1 is known to play a role in
angiogenesis and can regulate proliferation, differentiation, migration, and morphogenesis.
ERK is a member of the mitogen-activated protein kinase (MAPK) family of protein kinases
involved in the proliferation, differentiation, and apoptosis of bone cells [61]. Present results
suggest that the addition of dopants to TCP scaffolds can have a significant effect on cellular
behavior. This is likely due to the dissolution of the scaffold and subsequent release of Zn2+

and Si4+ ions into the media. Further studies are required to fully understand this
mechanism.

The effects of designed macropore size on tissue-material interaction would best be
determined in an animal model. For such a study it would be important to consider the
performance tradeoffs in tissue integration vs. mechanical strength. There is enough
compelling evidence that SiO2/ZnO doped scaffolds perform better, mechanically and
biologically, than pure TCP scaffolds to justify in vivo studies in the future. 3D printing is
shown to be a viable manufacturing tool for tailored porosity TCP scaffolds with and
without dopants for future clinical studies and applications in dental and orthopedic
applications.

Conclusion
The present study examined the influence of a SiO2/ZnO binary dopant system on the
mechanical and biological properties of designed macroporous TCP scaffolds fabricated
using commercial 3D printing technology. The addition of dopants decreased the β to α
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phase transformation of TCP sintered at 1250 °C, increased densification and as a result,
showed up to 250% increase in compressive strength when compared to pure TCP scaffolds.
A maximum compressive strength of 10.21 ± 0.33 MPa was achieved in doped scaffolds
with 500 μm interconnected macropores. MTT assay and SEM analysis of cellular
interaction suggests that the doped samples increased cellular attachment and proliferation.
These results establish SiO2/ZnO doped TCP scaffolds with interconnected channels
fabricated via 3D printing as viable candidates for further research in clinical applications in
non-load bearing bone tissue replacements.
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Figure 1.
(a) CAD image of a cross section of a porous scaffold. Square channels are oriented 0°/90°
for subsequent layers. (b) Schematic drawing representing the 3D printing process.
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Figure 2.
XRD patterns of doped and pure scaffolds sintered at 1250 °C. JCPDS # 09-0169 (β-TCP)
and 09-0348 (α-TCP)
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Figure 3.
Surface morphology of sintered scaffolds of (a) pure TCP composition and (b) SiO2/ZnO
doped composition.
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Figure 4.
Compressive strengths of sintered 3D printed scaffolds for both pure and doped β-TCP.
Statistical analysis shows that the differences are significant (* P << 0.05, where n = 10)
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Figure 5.
MTT assay of hFOB on TCP scaffolds with 500 μm, 750 μm, and 1000 μm 3D
interconnected channels after 3, 7, and 11 days. Data is normalized to the pure TCP controls
for each channel size and day point. (*p < 0.05, n = 3)
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Figure 6.
SEM micrographs of hFOB cells showing the cell adhesion morphology on the scaffold
surface and inside the 3D interconnected macropores: (a) doped TCP at 3 days, (b) doped
TCP at 7 days, (c) pure TCP at 3 days, (d) pure TCP at 7 days. Arrows are indicating hFOB
cells.
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Table 1

A list of important 3D printing parameters for fabrication of CaP scaffolds.

Processing Parameters Pure TCP Doped TCP

Drop Volume 76 pL 76 pL

Saturation 110% 100%

Number of Print Head Passes 7 7

Print Head Speed 140 mm/s 140 mm/s

Layer Thickness 20 μm 30 μm

Feed Powder to Layer Thickness Ratio 3 3

Spread Speed 0.5 mm/s 0.5 mm/s
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Table 2

Percent designed porosity and density of 3D printed scaffolds of pure and doped composition.

Interconnected Channel Size Scaffold Type Apparent Density of Struts Total Open Pore Volume Designed Pore Volume

1000um
Pure 89.9 (3.8) 51.14%

41.04%
Doped 94.6 (3.8) 46.44%

750um
Pure 91.2 (1.7) 44.31%

35.51%
Doped 92.2 (4.1) 43.31%

500um
Pure 91.4 (2.8) 35.86%

27.26%
Doped 95.1 (4.72) 32.16%
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Table 3

Measurements of post sintered pore size in pure and SiO2/ZnO doped TCP scaffolds.

Pore Sizes After Sintering (μm)

Pre Sintered Pore Size (μm) Pure Doped

1000 736.87 (2.99) 698.35 (3.48)

750 602.21 (4.14) 479.49 (2.71)

500 403.57 (6.55) 343.74 (8.26)
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