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Abstract

Beta-tricalcium phosphate (B-TCP)-based bioinks were developed to support direct-ink 3D printing-based manufacturing of
macroporous scaffolds. Binding of the gelatin:p-TCP ink compositions was optimized by adding carboxymethylcellulose
(CMC) to maximize the f-TCP content while maintaining printability. Post-sintering, the gelatin:f-TCP:CMC inks resulted
in uniform grain size, uniform shrinkage of the printed structure, and included microporosity within the ceramic. The
mechanical properties of the inks improved with increasing -TCP content. The gelatin:f-TCP:CMC ink (25:75 gelatin:
B-TCP and 3% CMC) optimized for mechanical strength was used to 3D print several architectures of macroporous scaffolds
by varying the print nozzle tip diameter and pore spacing during the 3D printing process (compressive strength of 13.1 +
2.51 MPa and elastic modulus of 696 + 108 MPa was achieved). The sintered, macroporous p-TCP scaffolds demonstrated
both high porosity and pore size but retained mechanical strength and stiffness compared to macroporous, calcium phosphate
ceramic scaffolds manufactured using alternative methods. The high interconnected porosity (45-60%) and fluid
conductance (between 1.04 x10~° and 2.27 x 10~ m*s/kg) of the B-TCP scaffolds tested, and the ability to finely tune the
architecture using 3D printing, resulted in the development of novel bioink formulations and made available a versatile
manufacturing process with broad applicability in producing substrates suitable for biomedical applications.
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(specifically, beta-tricalcium phosphate (B-TCP) [2, 3]) for
skeletal and dental/maxillofacial tissues [4], because these
materials could be formulated as porous scaffolds and could,
upon degradation, release Ca’t ions. The aforementioned
characteristics are necessary specifications required for success
in tissue engineering applications. In order to obtain new tissue
formation (the ultimate objective of all tissue engineering
endeavors), the ceramic scaffolds must provide appropriate
architecture (e.g., open and highly porous structures) and
appropriate chemical cues (e.g., select ions and growth factors
that promote cell functions pertinent to new tissue formation),
and scaffold-material degradation synchronous with the rate of
new tissue formation [5, 6]. In the case of bone-related
applications, the dynamic milieu of that tissue requires that the
ceramic scaffolds must also have appropriate mechanical
properties; in this respect, ceramics have limitations since they
undergo brittle failure under compressive loading.

The aforementioned list of requirements for successful
use of calcium phosphates for biomedical applications first
required development of appropriate design and processing
methodologies. To date, several processing methods have
been investigated in order to produce porous, sintered, cal-
cium phosphate architectures [7] including freeze drying [8]
and polymer foam templating [9], which sometimes used
porogens [3] and molds [10] in combination with calcium
phosphate slurries. More recently, additive manufacturing or
3D printing [11-13] enabled greater architectural control and
incorporation of desirable macroporosity in material struc-
tures. Specifically, 3D plotting, selective laser sintering,
stereolithography, direct ink writing, and robocasting are all
suitable 3D printing techniques for producing 3D calcium
phosphate-based materials [4]. Calcium phosphate inks were
typically used in conjunction with binders; in some cases,
additional porogens were used to obtain internal porosity
throughout the ceramic structure. Post-treatments included
either debinding treatments of the green body prior to sin-
tering or sintering at elevated temperatures resulting in
burning-out of the additives and sintering of the ceramic
grains to form cohesive structures.

The main appeal of additive manufacturing processes stems
from the ability to offer customizability in scaffold geometries
and architectures. Previous calcium phosphate materials and
composite blends developed were flowable, cement-based
formulations [14] that cured in situ, and this platform tech-
nology has been developed to function as extrusion based
settable inks for additive manufacturing applications. Since
scaffolds created using this technique have the ability to create
hierarchal structures within a single structure to create the ideal
macropore sizes (without depending on prefabricated tem-
plates, sacrificial porogens, or other manufacturing limitations
[1]) and leverage cellular responses to pore architecture to then
expedite attachment and proliferation. While techniques such
as directional freeze-casting have been previously employed
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for porogen-free and sintering-free approaches, they are lim-
ited in terms of pore size and mechanical strength, usually
limited to microporosity and directionally anisotropic
mechanical properties [15-17]. Additionally, additive manu-
facturing processes are amenable to the base calcium phos-
phate particle being structurally altered [18] or doped with
additional bioactive ions, to improve osteo-inductivity [19] or
mechanical strength [20] as well as to being combined with
synergistic manufacturing processes such as freeze-casting
[21] to avail benefits of both. Long term, additive manu-
facturing will have the ability to develop patient specific
solutions to fit pre-imaged defect sites. This is especially
beneficial since there have been numerous reports that anato-
mically oriented pore channels [22], and site-specific tunable
porosity and permeability [23] have improved tissue regen-
erative outcomes. Additive manufacturing technology thus
requires an optimized set of “inks” which can hold dimen-
sional fidelity [24-27] during printing and then retain struc-
tural and architectural features and mechanical strength post-
processing. While these processes are associated with higher
costs compared to traditional methods of manufacturing scaf-
folds for biomedical applications, the significant improvements
and investment in additive manufacturing process develop-
ment might result in more comparable economies of scale
over time.

The present study advances the applications of B-TCP
materials in 3D printing application by addressing some of the
limitations of macroporous ceramic biomaterials. This out-
come is achieved by designing novel ceramic ink formulations
in order to maximize the ceramic phase of the ink with
minimal binder addition. Formulations of B-TCP in conjunc-
tion with gelatin and carboxymethylcellulose (CMC) as bin-
ders were developed for the 3D printing process and tested in
order to optimize handleability and sintering to maintain
cohesive structure within a macroporous architecture. The
overall objective of this study was to achieve sintered, §-TCP
scaffolds with a focus on both high compressive strength and
high porosity which are requirements for successful biome-
dical applications in tissue engineering. The novel methodol-
ogy provided a combination of macroporosity in 3D
architecture and microporosity within the ceramic material
tested.

2 Materials and methods
2.1 Bioink fabrication

Eighteen composite bioinks containing P-TCP (OssGen,
Korea) were developed. The first nine (TCP 1-9) bioinks
consisted of nine different mass percentages (ranging from
50 to 90%) of B-TCP and complementary masses of gelatin
(MP Biomedicals, Irvine CA). The second set of nine
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Table 1 Summary of the bioink

compositions and the selection Bioink B-TCP (%) Gelatin (%) CMC (% of B-TCP) Selection criteria
criteria used in the present study Printable Handleable Sinterable

Original formulations

50 TCP 50 50 - N - -
55 TCP 55 45 - Y Y N
60 TCP 60 40 - Y Y N
65 TCP 65 35 - Y Y N
70 TCP 70 30 - Y Y Y
75 TCP 75 25 - Y Y Y
80 TCP 80 20 - Y N -
85 TCP 85 15 - Y N -
90 TCP 90 10 - Y N -
New formulations

65 TCP + 1 CMC 65 35 1 Y Y N
65 TCP + 3 CMC 65 35 3 Y Y
65 TCP+5CMC 65 35 5 N - -
70 TCP+1CMC 70 30 1 Y Y Y
70 TCP+3 CMC 70 30 3 Y Y Y
70 TCP+5CMC 70 30 5 N - -
75 TCP+1CMC 75 25 1 Y Y Y
75 TCP+3 CMC 75 25 3 Y Y Y
75 TCP+5CMC 75 25 5 N - -

The initial bioinks did not include carboxymethylcellulose (CMC), only the later formulations did. The new
formulations were based on the most successful original compositions (i.e., those which allowed for printing,

handling, and sintering)

Y successful, N not successful, “—” not tested because the bioink was either not printable or not handleable

bioinks (TCP + CMC) consisted of the most successful (as
measured by printability, handleability, and sinterability)
mass percentages of B-TCP and gelatin from the original
TCP bionks but, in addition, they included increasing mass
percentages (specifically, 1, 3, and 5%) of CMC (Spectrum
Chemical, Gardena, CA). Details of the slurry compositions
prepared and used in the present study are shown in Table 1.
Briefly, 10 g of B-TCP (OssGen, Korea) and their corre-
sponding mass of gelatin/B-TCP (10-50%; w/w) were dis-
solved in 10 ml of water and 75% polyethylene glycol/3-TCP
(w/w) (PEG, MW = 200; Texas Lab Supply, Lubbock, TX).
Either 1, 3, or 5% of CMC/B-TCP (w/w) was then added. The
resulting slurry was kept at 120 °C until a liquid:powder ratio
of 0.45 was achieved before rapid cooling in a —80 °C freezer
(to prevent further dehydration). The rapid cooling allowed for
thermosetting the ink. Each bioink was sequentially loaded at
room temperature in 30 ml syringes for 3D printing use.

2.2 3D printing of green body scaffolds

Each bioink of interest to the present study was loaded into an
EnvisionTEC Bioplotter (Gladbeck, Germany) and heated to
37 °C for 30 min (to allow for temperature equilibration prior
to printing). The scaffold 3D files were designed using

Autodesk Fusion 360 (San Rafael, CA); the stereolithography
files were then imported into the Bioplotter RP (Version
3.0.713.1406, EnvisionTEC). Each 3D model was sliced using
Bioplotter RP to the desired slice thickness based on the print
nozzle used (specifically, 160, 200, and 320 pm slice thickness
corresponding to the 200, 250, and 400 um tip diameter noz-
zle, respectively). Once sliced, the 3D models were imported
to Visual Machines (Version 2.8.115; EnvisionTEC) to be
printed. All scaffolds were printed at a bioink temperature of
37°C, 0.5-0.7 bar pressure, and at a speed of 10—12 mm/s
(actual speed based on the bioink composition). A 0.3 s pre-
flow and 0.1 s post-flow were implemented, with the printing
nozzle cleaned after every three printed layers. The printing
stage was kept at a temperature of 27 °C. Upon completion of
the printing process, each printed scaffold was allowed to
thermally set at room temperature for 5 min before removal
from the printing stage. After a period of at least 72 h, the 3D-
printed scaffolds were sintered using a Hot Spot 110 furnace
(Zircar Zirconia, Florida, NY) to 1240 °C for a cycle of 20 h.

2.3 Thermogravimetric analysis

Thermogravimetric analysis was performed to determine
whether the differences in content of the TCP-CMC bioinks
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would warrant different sintering temperature profiles. For
this purpose, small (20 mg) green body samples (n =4 per
ink and averages evaluated) from each of the TCP-CMC
bioinks (prepared as described in the “Bioink fabrication”
section) were loaded onto a Pyris 1 Thermogravimetric
Analyzer (PerkinElmer, Waltham, MA). Each sample was
brought up to 600 °C at a ramp rate of 3 °C/min, followed
by a dwell at 600 °C for 1 h. The mass of each sample was
recorded at a rate of 10 Hz.

2.4 Mechanical testing

Mechanical compression testing was performed on 3D-
printed cylinders (d = 12 mm, 4 =24 mm; n = 10) using an
MTS Insight 5 (MTS systems, Eden Prairie, MN) testing
frame equipped with a 5 kN load cell at a compression rate
of 1.25 mm/min. This testing was conducted for all nine
combinations of slice thickness and tip diameter nozzle
described in the “3D printing of green body scaffolds”
section. From the stress/strain curve data thus collected, the
ultimate stress at failure, strain at failure, toughness and
elastic modulus were calculated for all samples tested. In
addition, three-point bending tests were performed on rec-
tangular prisms (each of size 10 x 2 x 1.5 mm>; n = 10) cast
within 3D-printed acrylonitrile butadiene styrene molds.
This testing was performed for the three bioink formulations
with 3% CMC that were printable. The rectangular prims
were sintered and tested using a Machl testing frame
(Biomomentum Inc, Quebec, Canada) at a crosshead velo-
city of 1.25 mm/min over a span of 6 mm. From the stress/
strain data, the flexural moduli for the different sintered
bioinks were calculated.

2.5 Porosity characterization

Porosity measurements were determined from the solid
volume fraction of the 3D-printed scaffolds of interest to the
present study. The skeletal volume for each cylindrical
sample was measured six times using an AccuPyc II helium
pycnometer (Micromeritics, Norcross, GA). The height and
diameter of each cylinder tested were measured at three
independent times and, subsequently, the data were aver-
aged; these measurements were used to calculate the
envelope volume of each cylinder. The porosity of each
sample of interest to the present study was then determined
by the ratio of the skeletal volume to the envelope volume
obtained from the geometric dimensions of each sample
according to Eq. (1):

Skeletal Volume

P t(%)Porosity = ( 1 - ————
ercent(%)Porosity ( Envelope Volume

) x 100%
(1)
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All scaffolds were weighed, and the specific gravity of
the B-TCP component was used as a control to verify the
accuracy of the pycnometry measurements.

2.6 Microcomputed tomography (uCT) analysis

UCT scans of each 3D-printed cylindrical samples was
performed using the SkyScan 1076 (Bruker, Kontich, Bel-
gium) at 8.87 um spatial resolution, and reconstructed using
nRecon64 v.1.7.3 (Bruker uCT, Kontich, Belgium). Mor-
phometric analysis was then carried out on the pCT images
using CTanalyzer v.1.17.7.2 (Buker, Kontich, Belgium). In
order to determine the scaffold architecture, 12 traditional
histomorphometric parameters were computed for each of
the tested samples over a cubic volume of interest (speci-
fically, 4.05x4.05 x4.05 mm3) at the midsection. The 11
parameters computed were the following: scaffold volume
ratio (SV/TV), scaffold surface to scaffold volume ratio
(SS/SV), scaffold surface density (SS/TV), strut pattern
factor (StPf), structural model index (SMI), strut thickness
(StTh), strut number (StN), strut spacing (StSp), degree of
anisotropy (DA), closed porosity, and connectivity.

2.7 Scanning electron microscopy (SEM)

3D-printed, sintered B-TCP rectangular prisms (each one
12x 12 x 1.5 mm>®) were polished using increasing (speci-
fically, 320, 400, 600, and 1000) grit silicon carbide paper
each at 200 rpm for 1 min. The polished scaffolds were
characterized for morphology following sputter coating
with gold and palladium (STEM Hitachi S5500). SEM
imaging was obtained using a JEOL JSM-6610LV Scan-
ning Electron Microscope (JEOL Ltd, Akishima, Tokyo,
Japan) at an applied voltage of 20kV and a magnification
factor of up to x2500.

2.8 X-ray diffraction (XRD) analysis

The crystallinity of the TCP-CMC ceramic bioink after
sintering was determined using XRD analysis. For this
purpose, each sintered sample was ground to a fine powder,
loaded onto a glass holder, and analyzed using an Ultima IV
X-ray diffraction system (Rigaku, Tokyo, Japan). Pertinent
spectra were collected from 20° to 60° (20) at a resolution
of 0.02°.

2.9 Scaffold inner architecture variation

Rectangular prims (each 12x12x 1.5 mm?®) and cylinders
(12 mm diameter and 24 mm height; n = 8) were printed
using a 75%-TCP + CMC bioink. This bioink composition
was selected because of its superior mechanical perfor-
mance under compression compared to the 65 and 70%
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TCP + CMC bioinks. The inner pattern of each printed
scaffold was set as linear print nozzle movement with 90°
rotation between layers and printed without contours. A
total of nine different architectures were designed by
varying the print spacing (specifically, 1.2, 1.4, and 1.8 mm)
and conical tip diameters (specifically, 200, 250, and
400 pm).

2.10 Pore and strut spatial analysis

The strut thickness and pore spacing of the green body and
sintered rectangular prism scaffolds (described in the
“Scaffold inner architecture variation” section) were mea-
sured from micrographs obtained using a Leica DM IL LED
light microscope (Leica, Wetzlar, Germany). Three ran-
domly-selected, on-focus struts and pores were measured at
a magnification of x10 in three different scaffolds using the
Bioquant Osteo program (v10.3.6, Bioquant, Nashville,
TN). The same scaffolds were measured in their green body
and sintered body states and averages were obtained for
each architecture of the two states.

2.11 3D scaffold permeability determination

The B-TCP scaffold permeability was determined using a
custom flow apparatus consisting of an open to the atmo-
sphere fluid reservoir that fed into each cylindrical scaffold
(n=10) tested. The pressure head was, thus, equal to the
height of the liquid column above the sample chamber.
Using Darcy’s law, the liquid permeability of each scaffold
tested was determined using Eq. (2):

o @)
AcspAP

where k is the liquid permeability for each tested sample
(mz), m is the mass flow rate, u is the fluid viscosity, L is the
scaffold height, A, is the mean cross-sectional area of
the tested sample, p is the fluid density, and AP is the
pressure drop across the scaffold tested. Deionized water
was used for the permeability measurements. Each scaffold
was allowed to equilibrate by soaking in deionized water at
room temperature for at least 5min prior to testing.
Permeability was then determined by measuring the time
required to collect three different volumes of deionized
water (specifically, 50, 100, and 200 ml) flowing through
each scaffold tested. The flow rate was measured at three
different times per tested volume of effluent water, per
scaffold. Using Eq. (3), the conductance of each scaffold
was determined as:

dQ

“=apr

3)

where C is the conductance and Q is the relative induced
flow through the scaffold per unit pressure drop (P).

2.12 In vitro cell proliferation and activity

Scaffolds were sterilized by autoclaving and seeded with
primary stem cells from human exfoliated deciduous teeth
(SHEDs, passage 4) (iXCells Biotechnologies, San Diego,
CA). In total, 1.25 x 10> cells were added per scaffold (12 x
12x1 mm3), submerged in 1 ml media. SHED Growth
Medium was comprised of 20% v/v fetal bovine serum, 1%
v.v Antiobiotic-Antimycotic (100x), 1% v/v SHEDs growth
supplement (100x) (iXCells), and 0.2% Mycozap (Lonza,
Basel, Switzerland). Cells were allowed to attach for 8 h,
and media was refreshed. The media then was refreshed
every 2 days. Samples were incubated at 37 °C and 5%
CO,. Cell proliferation was assessed via an Alamar Blue
assay (Invitrogen, Carlsbad, CA) at days 1, 7, and 14.
Briefly, scaffolds were incubated with 500 ul of fresh media
with 10% volume of Alamar Blue. After 4 h of incubation,
media was transferred to a new well plate and their fluor-
escence was evaluated using a spectrophotometer (Synergy
2, Biotek, Winooski, VT) and microplate reader software
Gen5 (version 2.05.5, Biotek). The bioactivity of the scaf-
folds was in terms of maintaining an osteogenic phenotype
was quantified by RT-qPCR. Briefly, samples were lysed in
500 ul of TRIzol (Thermo Fisher). RNA was extracted
using an RNeasy kit (Qiagen, Germantown, MD). RNA
quality and concentration was measured using a Take3
Micro-Volume Plate (Biotek) and spectrophotometer.
cDNA was obtained from RNA by using iScript Reverse
Transcription Supermix (Bio-Rad, Hercules, CA) and a
T100 Thermal Cycler, (Bio-Rad) to a concentration of
50ng/ml. Samples were amplified with iTaq Universal
SYBR Green Supermix (Bio-Rad) and GAPDH(5'-3' fwd:
AGCCACATCGCTCAGACAC, 5'-3' rev: GCCCAATAC
GACCAAATCC) and RUNX2 (5-3’ fwd: CGTGGCC
TTCAAGGTGGTA, 5-3’ rev: AGCTCAGCAGAATAA
TTTTC) (Sigma-Aldrich, St. Louis, MO). Fold changes
were calculated for runx2 relative to GAPDH levels
at day 1.

2.13 Statistical testing

Results are presented as average + standard error of the
mean. All data sets were tested using Grubbs’ extreme
studentized deviate test (GraphPad Software, San Diego,
CA) to check for the presence of an outlier, which were
removed from the test data if found to be significant (p <
0.05). The data were then evaluated for normality using the
Shapiro—Wilk test and tested to have equal variance using
the Brown—Forsythe test prior to being tested using
ANOVA if both prior tests passed (p>0.05) or alternately
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using the Kruskal-Wallis analysis of variance on ranks if
that were not the case (SigmaPlot v13, Systat Software Inc,
San Jose, CA). Quantitative data obtained in the formula-
tion of the bioinks, including uCT based scaffold volume
percentage and trabecular pattern factor, and compressive
elastic modulus were compared using one-way ANOVA
(across percentage of B-TCP) to determine statistical sig-
nificance (p <0.05). Post hoc testing was performed using
Tukey’s test. Compressive strength was compared by
ANOVA on ranks followed by Dunn’s method for deter-
mining post hoc statistical significance between groups (p <
0.05). Pore size and strut thickness measurements were
compared by three-way ANOVA (across print spacing, tip
diameter, and sintering state) with post hoc significance
assessed using Tukey’s test (p <0.05). Interactions for
multiple testing were assessed at & =0.05 and a power of
atleast 0.996. Total porosity, fluid conductance, scaffold
volume %, scaffold surface density, connectivity density,
and strut spacing across the different architectures printed
were compared using two-way ANOVA (across print spa-
cing and tip diameter) and post hoc significance was
determined by the Holm-Sidak method (p<0.05).
Mechanical properties including strength, ultimate strain,
elastic modulus, and toughness across the architectures
were compared using two-way ANOVA (across print spa-
cing and tip diameter) and post hoc significance was
determined using the Student-Newman—Keuls method (p <
0.05). Cell proliferation and gene expression analysis were
both compared using three-way ANOVA (across time, tip
diameter, and print spacing) with post hoc significance (p <
0.05) determined using Tukey’s test. Interactions were
tested at @ =0.05 and with a power of at least 0.95.

3 Results
3.1 Bioink fabrication and 3D printing

Compared to the bioinks with no CMC, addition of 3%
CMC in B-TCP (w/w) contributed to increased stability of
the resultant bioinks prior to sintering. The 1%-CMC-
containing bioink was very similar to the initial bioinks
without CMC, while addition of 5% CMC made the
resultant bioinks very viscous (Supplementary Fig. S1
shows rheological information) at the 70 kPa print pres-
sure and prevented their use in 3D printing. The selection
of the three bioinks based on their printability, handle-
ability, and sinterability were the following: 65% p-TCP
plus 3% CMC; 70% B-TCP plus 3% CMC; 75% B-TCP
plus 3% CMC (Table 1). These three bioinks were fully
characterized by the techniques detailed in the “Materials
and methods” section.

@ Springer

3.2 Morphometry of the selected bioinks

The aforementioned three bioinks were printed and sintered in
3D architectures (Fig. 1a). SEM micrographs of the printed
surface revealed that the average grain size of the 65% B-TCP
plus 3% CMC, 70% f-TCP plus 3% CMC and 75% p-TCP
plus 3% CMC scaffolds were 5.85+0.176 pm, 7.52+
0.269 um, and 6.33 +0.171 um, respectively (Fig. 1b). The
results of percent scaffold volume (SV/TV) and strut thickness
(StTh) analyses provided evidence that the 75% B-TCP plus
3% CMC formulation was significantly (p <0.05 for both SV/
TV and StTh) different than the other two bioink formulations
(specifically, the 65% TCP plus 3% CMC and 70% TCP plus
3% CMC) tested. Higher concentrations of B-TCP in the
bioinks resulted in a higher volume fraction of the ceramic
after sintering (higher SV/TV; Fig. Ic), and consequently,
resulted in a more connected structure (that is, a more negative
TbPf; Fig. 1d). SEM micrographs of the polished strut cross-
section showed similar grain sizes across scaffolds printed
using various tip diameters for each of the three bioinks tested,
and demonstrated both granular fusion as well as distributed
intergranular porosity throughout the solid matrix (Fig. 2a).
Evaluation of scaffold morphology indicated architectural
reliability for all three bioink formulations printed using var-
ious tip diameters, with the printed struts holding shape after
sintering (Fig. 2b).

3.3 Mechanical strength of the composite bioinks

The compressive testing results provided evidence that the
composition of 75% B-TCP plus 3% CMC exhibited sig-
nificantly (p < 0.008) higher ultimate compressive strengths
when compared to scaffolds containing 65% B-TCP plus
3% CMC (13.14+2.51 MPa versus 4.94+0.76 MPa,
respectively; Fig. 3a). The elastic modulus was also sig-
nificantly (p < 0.05) higher for the scaffolds containing 75%
B-TCP plus 3% CMC compared to scaffolds composed of
65% B-TCP plus 3% CMC (696.03 +107.78 MPa versus
44.92 +£35.1 MPa, respectively; Fig. 3b). The ultimate
compressive strain (3.8 +0.5%) and toughness (126
23 MJ/m®) of all bioink compositions tested were similar
(data not shown).

3.4 Thermogravimetry and crystal structure

The percent loss of mass exhibited during the thermo-
gravimetric analysis was similar for all three chosen bioinks
tested (Fig. 4a). The initial loss of water and gelatin
accounted for the observed decrease in the mass of the
bioinks before reaching a steady state at 600 °C. The XRD
spectrum of pure B-TCP powder (reference peaks from
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Fig. 1 a Microcomputed (a)
tomography cross-sections of
cylinders printed with the three
specified formulations of
bioinks. b SEM micrographs of
the cylinders after sintering
illustrating similar grain size
dimensions for all bioinks.
Magnification: x200. Scale bar
= 10 um. ¢, d Morphological
parameters demonstrating higher
scaffold volume and
connectivity post-sintering of
the 75 TCP + CMC than the 65

TCP + CMC and 70 TCP + - : 75 TCP
CMC bioinks (*p <0.05). CMC 65TCP 70TCP 75TCP +CMC
carboxymethyl cellulose, TCP +CMC +CMC +CMC

B-tricalcium phosphate
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Fig. 2 Scanning electron micrographs of scaffolds of three different
printed strut thicknesses composed of the three bioink formulations,
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the 3D-printed scaffolds structures. The internal microporosity within

JCPDS #09-0169, B-TCP) was compared to the spectra of
the green body and sintered forms of the B-TCP plus 3%
CMC bioinks. The spectra of the sintered bioinks (Fig. 4b,
gray dashed line) representing the 65% TCP 4+ CMC bioink
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the struts is clearly distinguishable. b Low-magnification (x140)
images of the 3D-printed struts of the different scaffolds demonstrating
structural reliability

and the pure B-TCP powder (Fig. 4b, black dashed line)
were similar, suggesting similar crystalline structure. In
contrast, the green body bioink XRD spectrum was mostly
flat, typical of amorphous solids (Fig. 4b, black solid line).
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Fig. 4 a Thermogravimetric analysis of the B-TCP plus 3% CMC
bioinks (green body). All bioinks of interest to the present study
exhibited similar loss of mass with respect to temperature due to water
and gelatin loss. All bioinks reached an equilibrium at 600 °C. b XRD
spectra of the 65% TCP plus CMC bioink as green body and after
sintering compared to pure TCP powder. CMC carboxymethyl cellu-
lose, TCP B-tricalcium phosphate

3.5 Pores and strut size distribution

Scaffolds printed with the 75% B-TCP plus 3% CMC bioink
exhibited ~35% shrinkage from their green body form to their
final sintered size. This shrinkage rate resulted in statistically
(p <0.001) significant smaller pores as well as significantly (p
<0.001) thinner struts as compared to the dimensions of the
respective green bodies. The sintered pores in the scaffolds
printed with 1.2, 1.4, and 1.8 mm print spacing were all
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significantly (p <0.007) different from each other. Scaffolds
with 1.8 mm print spacing had significantly (p <0.02) larger
pores within the 200 and 250 pm tip diameter scaffold groups
compared to the scaffolds of the 1.2 and 1.4 mm print spacing
groups. Among the 400 um tip diameter group, the 1.2 mm
print spacing subgroup exhibited significantly (p <0.02)
smaller pore spacing (Fig. 5a). The diameter of the printing tip
affected the final thickness of the struts after sintering; the
200 um tip diameter group had significantly (p <0.05) thinner
struts than the 250 and 400 um tip diameter scaffold groups
(Fig. 5b).

3.6 Porosity

The porosity of the various architectures tested was greater
than 45% (range from 45.1-60.2%). Scaffolds printed using a
200 um tip diameter had a porosity of 59.6 +0.09%, a value
significantly (p <0.001) higher than that obtained for the
scaffolds printed using tip diameters of 250 and 400 um. The
scaffold group printed at a print spacing of 1.8 mm was sig-
nificantly (p < 0.005) more porous (specifically, 55.4 +0.01%)
than the other two print spacing groups tested in the present
study (Fig. 6a).

3.7 Fluid conductance

The calculated water conductance through the 3D-printed
scaffolds tested was found to significantly (p < 0.02) decrease
with increased nozzle tip diameter, specifically 2.66 x 10~ +
210x 107", 1.51x10°+1.34x 107", and 1.04x 10"+
124 x 10" m*/kg for the 200, 250, and 400 um tip dia-
meters, respectively (Fig. 6b). In addition, the scaffolds printed
with 1.8 mm print spacing exhibited significantly (p <0.007)
higher conductance (2.27x107° +1.98 x 107" m*s/kg) than
the other scaffold groups tested, specifically, 1.61x 1077 +
1.89x 10 "m*/kg and 1.32x107°+1.95x 10" m*s/kg,
for the 1.4 and 1.2 mm spacing, respectively.
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Fig. 6 a Porosity of the scaffolds printed with varying tip diameters
and print spacing. Scaffolds printed with thinner tip diameters
(200 pm) exhibited significant (**p <0.001) increased porosity.
b Fluid Conductance through the scaffolds printed with various tip
diameters and print spacing. The scaffolds printed with different tip
diameters displayed significant (*p <0.02) differences in fluid con-
ductance from each other. The scaffolds printed with the smallest tip
diameter (200 um) and largest print spacing (1.8 mm) displayed the
highest conductance. PrSp print spacing, TipD tip diameter

3.8 Scaffold architectural morphometry

Cross-sectional puCT slices (Fig. 7a) were reconstructed into
volumes of interest for each of the printed scaffolds scan-
ned. From such 3D reconstructions (Fig. 7b), the following
morphological parameters were analyzed for all archi-
tectural scaffold groups of interest to the present study:
percent scaffold volume (SV/TV), scaffold surface density
(SS/TV), connectivity density, strut spacing, and strut
thickness. The percent skeletal volume of the scaffolds
printed with 1.8 mm print spacing (30.29 £2.07%) was
significantly (p <0.001) lower than the respective values of
scaffolds printed with the 1.2mm (40.16 +3.50%) and
1.4 mm (39.62 +2.27%) print spacing groups. Furthermore,
the scaffold group printed with the 200 um tip diameter
exhibited significantly (p <0.001) lower SV/TV (27.12+
1.63%) compared to the pertinent results obtained for the
250 um (39.57 +1.98%) and 400 um (43.38 £2.74) tip
diameter groups (Fig. 7c).

In terms of SS/TV, all three tip diameter groups tested
in the present study were significantly (p <0.001) dif-
ferent: the group printed with the 400 um tip diameter had
the highest (9.73 £0.60 1/mm) and the 200 um group the
lowest (6.42 +=0.30 1/mm) observed values. The 1.8 mm
print spacing displayed significantly (p <0.001) lower
SS/TV (7.03+0.56 1/mm) compared to the results
(9.33+0.70 1/mm) obtained from the 1.2 mm group
(Fig. 7d).

The connectivity density significantly (p <0.04)
increased with increasing tip diameter specifically, 2.4 x
107°+1.8x107°,48x10°+1.8x107°, and 8.3x 107>
+1.7x107° for the 200, 250, and 400um groups,
respectively. In addition, the 1.2 mm print spacing groups
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Fig. 7 a Microcomputed tomography cross-sections of the 75% B-
TCP + CMC scaffolds printed with varying tip diameters and strut
spacing. b Representative 3D reconstruction of the volume of interest
(VOI) of a scaffold with TipD 200 um, PrSp 1.4 mm, and VOI=
4.05 x4.05 x4.05 mm3). In the 3D reconstruction, StSp and StTh are
displayed in a color map based on sphere filling, specifically, Left:
printed pore size distribution where the pore size is uniform and Right:
strut thickness uniformity, except for the intersections of perpendicular
struts. ¢ The percent scaffold volume (SV/TV) increased as TipD
increased and decreased as PrSp increased. The 200 um TipD group
had significantly (*p <0.001) lower SV/TV compared to the other two
tip diameter groups tested. Within each TipD group, the SV/TV
decreased as the PrSp increased; this trend was significantly (¥p <
0.001) different within the scaffolds in the 1.8 mm PrSp group, printed

exhibited significantly (p <0.007) higher connectivity
density (7.8 x107°+3.7x 107°) compared to pertinent
results obtained for the 1.4 mm (4.3 x 109+ 1.4% 10’5)
and 1.8mm print spacing (3.5x107°+1.2x107°)
(Fig. 7e).
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with the 250 and 400 pum tip diameters. d The scaffold surface density
increased as TipD increased and decreased as PrSp decreased. All
TipD tested groups were significantly (*p <0.001) different from each
other. e The connectivity density of all TipD groups tested were sig-
nificantly (**p <0.05) different from each other. The 400 um group
exhibited the highest and the 200 um the lowest connectivity density,
respectively. The connectivity density also decreased as PrSp
increased (**p <0.05). f All TipD groups displayed significantly (*p <
0.001) different strut spacing from each other. The groups printed with
200 um TipD had the greatest strut spacing and those printed with
400 um tip diameter displayed the lowest strut spacing. CMC car-
boxymethy] cellulose, TCP B-tricalcium phosphate, TipD tip diameter,
PrSp print spacing

Post-sintering strut spacing significantly (p <0.001)
decreased with increasing tip diameter, specifically 0.55 +
0.04 mm, 0.42 +0.04 mm, 0.37 £ 0.03 mm for the 200, 250,
and 400 um scaffolds, respectively. Strut spacing also sig-
nificantly (p<0.001) increased with increased print
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Fig. 8 Mechanical properties of the 3D-printed cylindrical scaffolds
using various tip diameters and print spacing. a The ultimate strength
of the scaffolds printed with 200 um TipD had significantly (*p < 0.05)
lower ultimate strength compared to the results obtained from the other
two groups tested; the 1.4 mm PrSp exhibited the lowest strength (*p
<0.05) compared to the other two PrSps tested in the present study. b
The elastic moduli of the scaffolds printed with the 200 um TipD were
significantly (*p <0.05) lower than those printed with 250 and 400 um

spacing: 0.35+0.03 mm, 0.41 +£0.02 mm, and 0.58 £0.03
for the 1.2, 1.4, and 1.8 mm print spacing groups, respec-
tively (Fig. 7f). Strut thickness was similar for all print
spacing and tip diameter combinations tested in the present
study (mean thickness for all groups 0.18 + 0.01 mm).

3.9 Impact of scaffold architecture on the
compressive stress and toughness

The mechanical properties of the scaffolds tested in the
present study were affected more by varying the tip
diameter than by variations in the print spacing. Speci-
fically, the scaffold groups printed using the 200 um tip
diameter exhibited significantly (p < 0.05) lower ultimate
compressive strength (7.72+0.96 MPa) and elastic
modulus (545.82 +72.93 MPa) than the scaffolds printed
using the 250pm (11.12+0.89 MPa and 924.05+
66.40 MPa for compressive strength and modulus,
respectively) and the 400 um (11.95+0.77 MPa and
794.56 + 61.37 MPa for compressive strength and mod-
ulus, respectively) tip diameters (Fig. 8a, b). Scaffolds
printed with a 200 um tip also resulted in significantly
(»<0.004) lower toughness (0.11+0.027 MJ/m3)
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TipD. ¢ The toughness of the scaffolds printed with 200 um TipD was
significantly (**p <0.005) lower than those printed with a TipD of
400 pm. d Among the scaffolds printed with a PrSp of 1.8 mm, the
ones printed with a TipD of 200 um had significantly (*p <0.05)
higher ultimate strain than those printed with 250 um TipD. Within the
200 um TipD group, the scaffolds printed with a PrSp of 1.8 mm had
significantly (*p < 0.05) higher ultimate strain than those printed with a
PrSp of either 1.2 or 1.4 mm. TipD tip diameter, PrSp print spacing

compared to the results obtained with the 400 um (0.20 +
0.019 MJ/m?) but not with the 250 um cohort (0.13 =
0.017 MJ/m3) (Fig. 8c). Scaffolds printed with the
200 ym tip diameter and 1.8 mm print spacing displayed
the highest ultimate strain compared to all other archi-
tectures tested in the present study; with this strain value
being significantly (p <0.02) higher than the ultimate
strain for the scaffolds printed using the 1.2 and 1.4 mm
print spacing and 200 um tip diameter as well as from the
ultimate strain for the scaffolds printed using the 1.8 mm
print spacing and 250 ym tip diameter (Fig. 8d).

3.10 Cell proliferation and gene expression

There was a significant (p <0.001) increase in cell pro-
liferation across all timepoints (Fig. 9A). Cell prolifera-
tion from scaffolds printed with a 250 um tip diameter
were significantly (p <0.001) different when compared to
the other tip diameters (Fig. 9A). There were significant
differences (p <0.05) in Runx2 expression across print
spacing (not shown) with Runx2 expression on scaffolds
printed with a tip diameter of 400 pm different (p <0.05)
than tip diameters of 200 or 250 um (Fig. 9B).
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Fig. 9 A Cell proliferation of MSCs on scaffolds printed with varying
inner spacings and tip diameters. All groups were significantly dif-
ferent (p <0.001) across all time points (not shown). Scaffolds printed
using a tip diameter of 250 um yielded cell proliferation that was
significantly (**p <0.001) than scaffolds printed with the other tip
diameters. B Runx2 expression of MSCs on scaffolds printed with
varying inner spacing and tip diameters. Gene expression was sig-
nificantly different (p <0.05) between all inner spacings (not shown).
Runx2 expression of cells seeded on scaffolds printed with a 400 um
tip diameter were significantly higher (*p < 0.05) than those scaffolds
printed with other tip diameters

4 Discussion

The primary objectives of the present study were (1) to
develop B-TCP-based bioinks which maximized ceramic
content while ensuring handleability (in order to print the
green body) and post-sintering structural stability and (2) to
evaluate the mechanical strength of the porous scaffold
architectures printed using the optimized bioink formulation.
A ceramic-based ink for direct writing or robocasting-type 3D
printing (designed to print macroporous architectures without
additional support material) has to meet two primary criteria:
(1) suitable binders and high ceramic content (to ensure grain
fusion during post-processing and sintering); and (2) ink
solutions conducive to extrusion through a nozzle that either
dries rapidly or has a phase transition near room temperature
and also maintains sufficient cohesion to hold its shape
immediately after deposition.

The novel bioink formulations designed, developed, and
tested in the present study used gelatin and carboxymethyl
cellulose (CMC) to meet the aforementioned objectives.
Gelatin [28], formed by denaturing collagen at elevated
temperatures, is frequently used to prepare hydrogels in
aqueous solutions [28] to obtain injectable calcium phos-
phate cements for orthopedic applications [29-32].
Depending on the aqueous dilution, gelatin has a phase
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transition from sol-to-gel states between 30 and 40 °C [29];
in the present study heating the ink to 37 °C enabled 3D
printing in a continuous manner when the ceramic fraction
of the ink was greater than 50% (Table 1). Additionally,
during the ink formulation, a final liquid-to-powder ratio of
0.45 was chosen because it enabled rapid thermosetting of
the bioink, without interrupting the printing process
between layers, and prevented settling of the bioink on the
printing tip during holding intervals, thus avoiding clogging
of the nozzle.

A range of CMC and other cellulose-based additives
have been used as either binders or gelling agents to
maintain cohesion in calcium phosphate formulations
[33, 34]. In the present study, addition of 1-3% CMC
resulted in overall increase of the B-TCP fraction, while
maintaining ink consistency for continuous 3D printing;
furthermore, incorporation of 3% CMC proved optimal to
maintain ink cohesion. In comparison, the reported much
lower 1% CMC volume fraction [35], used to prepare cal-
cium phosphate slurries for template coating procedures,
was preferred in order to maintain a greater sol-like con-
sistency to obtain a dispersed, yet continuous coating.
Furthermore, use of both gelatin and CMC in the present
study, resulted in increased B-TCP fraction (75%) in the ink
(Fig. 1). In comparison, ceramic fractions in the 35-55%
range were reported in direct-ink writing and robocasting
methods, and were as high as 60% in fused deposition
modeling methods reported in the literature [13]. The effect
of 75% B-TCP fraction on the mechanical properties of the
bioinks tested in the present study was most evident in the
significantly increased elastic modulus (p <0.05) and ulti-
mate strength (p <0.05) under compression of the tested
3D-printed scaffolds (Fig. 3). We have successfully devel-
oped a bioink that allows for continuous printing, using a
standard commercial 3D pneumatic printer, that requires no
special curing process and, post-sintering, results in a
scaffold that contains intergranular porosity in addition to
the designed macropores while still retaining reasonable
mechanical properties for bone tissue engineering
applications.

Another contribution of the present study was optimi-
zation of the bioink and scaffold architectural parameters to
simultaneously achieve both increased porosity and
increased mechanical strength. It is established that the
mechanical properties of sintered materials correlate closely
with grain size [36]. As reported in the literature, -TCP
scaffolds prepared using robocasting methods and sintering
to 1300 °C, resulted in final grain sizes of 7.4 um with
scaffold strengths between 10 and 15 MPa and a total por-
osity of 40% [8]. Another study using compacted pure
B-TCP, which was densified at 1250 °C, reported a final
grain size of 4.6pum and compact material strength of
~75 MPa [37]. Moreover, f-TCP and phosphate-based glass
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composite scaffolds (prepared by extrusion spheronization
and then sintered at 1100 °C), resulted in both hexagonal
and tetragonal grains ranging from 1 to 20 pm in size;
compressive strength of 14 MPa was reported for such
scaffolds when the total porosity was 48% [38]. In com-
parison, by increasing the -TCP fraction in the ink, and by
sintering at 1240 °C, hexagonal grain sizes of 6.3 ym were
obtained in the present study (Fig. 1b). The mechanical
properties were optimized to achieve a compressive strength
of 13.6 MPa (Fig. 6a) for scaffolds that were 53% porous
(Fig. 8). In comparison to results reported when other 3D
printing approaches for biomaterial scaffolds were used, a
mesoporous, bioglass-poly vinyl alcohol, 3D-printed cera-
mic exhibited compressive strength of 16 MPa at 60%
porosity [39]; a compressive strength of 5.5-6.6 MPa was
achieved with 3D-printed B-TCP at 51-54% porosity
[2, 40]. These findings demonstrate that the 75% TCP +
CMC ink formulation developed in the current study can be
used for 3D plotting/direct writing applications and then
produce sintered macroporous B-TCP scaffolds with com-
parable, if not superior, mechanical properties compared to
results obtained using other available manufacturing
techniques.

Methods ranging from freeze-casting, to foam replica-
tion, particle leaching, or alternative additive manu-
facturing methods such as photopolymerization, direct
light processing, fused deposition modeling, and powder
binder jetting have all been used to create 3D calcium
phosphate scaffolds (reviewed and summarized in [1, 25]).
The porosity of structures typically falls in one of three
bands depending on process parameters: <40%, 50-60%,
and >80% with resultant mechanical strength ranging from
>50 MPa, to 5-20 MPa and ~2 MPa, respectively. In the
current study, the scaffolds generated had macroporosity
of 50-70% (Fig. 7) and compressive strength of
10-15 MPa (Fig. 8) which is relatively high for other
comparable architecture-strength combinations reported.
One possible explanation for this is that the primary failure
mode of the open cellular brittle foams created by the 3D
printing process is closely related to the flexure and suc-
cessive buckling fracture of the individual struts, and thus
the elastic modulus and compressive strength are both
proportional to exponents of the solid volume fraction of
the printed scaffolds and hence proportional to exponents
of (tip diameter/print spacing) following the model pro-
posed by Gibson and Ashby [41]. This is further supported
by the data in the current study where the ultimate com-
pressive strength of the porous foams (Fig. 8) is very
similar to the brittle flexural strength of a pure sintered
beam of the same bioink (Fig. 3). This further suggests
that polymer coating or infiltration methods are likely to
have a significant impact on improving the mechanical

properties of the scaffolds as reported for calcium phos-
phate scaffolds manufactured from other techniques.
While high strength and high porosity are essential for
various applications of microporous ceramics, biomedical-
related applications have unique additional requirements
regarding scaffold architecture. Specifically, for tissue
engineering applications, highly porous scaffolds are
required because they provide appropriate micro-structures
and environmental cues as well as mechanical support to
promote tissue regeneration [5, 6]. The open porosity and
pore organization of such scaffolds determines available
surface area (which promotes cell attachment), as well as
scaffold permeability (which controls oxygen, nutrient and
cell-metabolic waste transport) [42]. At the present time,
there is no clear consensus on either optimal pore size or
pore configuration for ideal bone tissue engineering scaf-
folds. While implanted scaffolds with minimum pore size of
100 um supported in-growth of only bone tissue in vivo,
scaffolds with a pore size of 500 um sustained in-growth of
both organized bone tissue and new blood vessels [43].
Moreover, scaffold pore size affects functions at both the
cellular- and molecular levels. For example, in an in vitro
study investigating differentiation of mesenchymal stem
cells cultured on 200 um pore size scaffolds reported
enhanced osteogenenic differentiation in comparison to
cells cultured on 500 pm pore size calcium phosphate
scaffolds [44]. An explanation for these observations is that
scaffolds with smaller pore sizes exhibit an increased
available surface area. The resultant biological effects stem
from increased pre-adsorption of select proteins [45] that
modulate consequent cell attachment [46] on scaffold sur-
faces. Pore size, porosity, and surface area are all inter-
dependent architectural variables in scaffold design. For
example, surface curvature, which is greater for smaller
pore sizes at the same porosity, provides increased surface
area pertinent to adhesion and thus survival of anchorage-
dependent cells, as well as dictates how bone cells organize
and function to produce extracellular matrix [47, 48]. From
the in vitro analysis in the current study, scaffolds com-
posed of 75% TCP + CMC a support cell attachment and
early osteogenic commitment. As cell proliferation is
determined by the surface area available, varying the tip
diameter allows for control of the level of cell proliferation
of 3D-printed scaffolds (Fig. 9). Additionally, pore size
influences the level of differentiation, which is affected by
the inner line spacing of scaffolds. The macropore channel
diameters of the scaffolds prepared in the present study
ranged between 800 and 1600 um (Fig. 5); after the 35%
sintering shrinkage, the mean pore diameters observed for
the scaffolds tested ranged between 250 and 700 um (Fig.
7f). These pore sizes span the 250 to >500 um range sug-
gested in the literature [9, 35, 43, 49] to support both new
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blood vessel and bone tissue in-growth within scaffolds
implanted in vivo.

Porous architectures are necessary for successful tissue
engineering applications because they are the channels for
biological fluid conductance [50]. The importance of this
requirement cannot be overstated because survival first,
and subsequent functions of cells pertinent to new tissue
formation, critically depends on oxygen, nutrient and cell-
metabolic waste transport [51]. Permeability, a measure of
fluid transport through porous media, quantitatively
describes a scaffold property independent of scaffold size
and fluid used. In this respect, it was reported that (1)
porosity, (2) pore size and distribution, (3) pore inter-
connectivity or tortuosity, (4) fenestration size and dis-
tribution, and (5) pore orientation, all affect scaffold
permeability, emphasizing the strong correlation with
scaffold architecture [52, 53]. In the present study, the
permeability of the scaffold architectures tested ranged
from 1.77-11.3 x 107" m?. This result is comparable to
the 1.2-80.5 x 10~'"m? [54-56] range of permeability of
human trabecular bone in various anatomical locations as
well as to the permeability of coralline hydroxyapatite
(specifically, 5 x 10710 m2) [57] and calcium phosphate
scaffolds prepared by template coating (specifically, 4.8 x
10710 m2) [42]. Studies of animal models addressed the
impact of scaffold fluid conductance on both new bone
tissue formation and new blood vessel infiltration, a cru-
cial requirement for survival and function of vascularized
tissues [50]. A minimum threshold fluid conductance of
1.5x107 " m’%'Pa~! was reported as necessary to
achieve vascularized tissue formation within scaffolds
[50]. Since, in the present study, the conductance of the
B-TCP scaffolds (specifically, 4.82-31.19x 10~ '°m’
’1Pa’l) was well above the aforementioned threshold
values (Fig. 6b), these scaffolds have the potential to
promote, and sustain, new bone formation and regenera-
tion in vivo.

Multiple techniques reported in the literature have
attempted to enhance the mechanical properties as well as
the bioactivity of f-TCP-based materials, including doping
with other ceramics (such as magnesia, zinc oxide, and
silica) [37] and infiltration with various polymer solutions
[58, 59]. The approach of 3D printing by direct-ink writing
and then sintering the resultant scaffolds designed, devel-
oped, and tested in the present study lends itself well to
introducing dopants either during the preparation of the
bioink or during the printing process. Since the sintered
B-TCP scaffolds produced in the present study exhibited
intergranular microporosity (Fig. 2), they are also suitable
for introducing polymer infiltration after sintering to further
improve the mechanical strength and provide resistance to
brittle fracture. Furthermore, since macroporous p-TCP
scaffolds are excellent delivery platforms for growth factors

@ Springer

[60] and antibiotics [61], they are ideally suited for several
other biomedical applications [12].

5 Conclusion

The present study demonstrated that novel bioink for-
mulations with a high -TCP (75%) to gelatin (25%) ratio
were stabilized by the addition of 3% CMC for successful
3D printing of macroporous scaffolds. During printing, the
novel formulations had a cohesive structure, and after post-
processing sintering, the printed scaffolds retained their
shape and exhibited uniform volumetric shrinkage. The
final 3D architectures retained macroporosity and also
included microporosity within the sintered ceramic. Varying
the print nozzle thickness and the pore spacing enabled
printed scaffold architectures with a range of porosities and
strengths. The scaffolds prepared via direct 3D printing and
sintering achieved compressive strengths comparable, if not
superior, to B-TCP scaffolds with similar porosities pro-
duced using other reported manufacturing techniques. In
summary, the 3D printing using high content p-TCP ink
enables production of porous, structurally stable scaffolds
suitable for multiple applications including biomedical ones
in bone and craniomaxillofacial tissue engineering.
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