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In this study, the direct ink write (DIW) additive manufacturing technique is employed to print
“self-fitting"” shape memory polymer (SMP) scaffolds with requisite porosity from biodegradable poly(e-
caprolactone)-diacrylate (PCL-DA)-based polymers. In contrast to cast systems, printing gives flexibility
to produce scaffolds with macropores through print design, as well as bespoke geometry. Notably, the
efficiency of bone scaffold implants in treating critically sized bone defects is highly dependent on conformal
fit for osseointegration, and pore features for osteoinductivity. To create a suitable DIW ink, ~40 wt% of salt
particles (NaCl, <38 microns in diameter) were added to a polymer solution, endowing rheological
properties required for printing- i.e., shear thinning behavior and thixotropy. The prepared ink exhibited a
drop in viscosity by 2 orders of magnitude with a shear rate increase of 3 orders of magnitude, alongside
thixotropy evidenced by a 50% drop in viscosity upon a 100% shear rate change, reverting upon rate
normalization. After printing, inks were cured via UV light-induced cross-linking of the polymer, then the
structures washed with water to remove the salt and impart microporosity; thus, the salt particles served as
sacrificial rheological modifiers. The final printed structures consisted of macropores that ranged from 200-
300 microns with uniformly distributed ~10-30 micron sized micropores. Notably, degradation studies
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polymers, as relevant to customizable bone scaffolds, and examines the ink composition to understand the
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1. Introduction

Scaffolds useful for the treatment of bone defects require con-
formal fitting for osseointegration with surrounding bone tissue,
as well as osteoinductivity imparted by requisite porosity and
biodegradability."™ The irregular geometries of bone defects
necessitate tedious (and sometimes unsuccessful) fitting processes
of harvested autografts, or the use of in situ curing fillers (e.g,
brittle bone cements).” In a regenerative approach, biodegradable,
thermoresponsive shape memory polymer (SMP) scaffolds®® with
the capacity to self-fit within irregular bone defects’ have been
used. Macroporous SMP scaffolds (average pore size ~200 pm)
were previously prepared from poly(e-caprolactone)-diacrylate
(PCL-DA) via a solvent cast particulate leaching (SCPL)
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effects of different factors on the properties of the printed objects.

technique.'® In this process, a solution containing PCL-DA
and photoinitiator were cast via centrifugation over a fused salt
template, and subsequently UV-cured. The solvent was then
evaporated, and the salt was extracted by soaking in a water/
EtOH solution. When the scaffold was heated above its transi-
tion temperature (T > Tians) (i.€., the melt transition [Ty,] of the
PCL; ~ 55 °C), it became malleable. Thus, the scaffold could be
press-fit into an irregularly shaped defect, with shape recovery
driving its expansion to the defect perimeter. Upon cooling to
body temperature (37 °C, T < Tyuans), the scaffold undergoes
shape fixity within the defect. These SMP scaffolds have demon-
strated utility in bone tissue regeneration,** both in vitro®'* and
in vivo."> However, the SCPL technique is limited by lengthy
fabrication times, as well as the inability to create scaffolds of
larger and various sizes or control pore features."* Thus, a
fabrication process that is inherently more flexible in creating
desirable SMP scaffolds would be immensely useful.

Direct ink writing (DIW) is a widely utilized method of 3D
printing based on the room temperature extrusion of an
‘ink’.">'® The requirements for a suitable ink include thixotro-
pic behavior, and the ability to be cured after printing. DIW
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does not necessitate added heat, extending its suitability to
temperature-sensitive materials,"””*° including some that can
provide desirable rheological modification®**" as well as induced
porosity.?>** For example, Cipriani et al. created a DIW ink based
on paraffin wax beads and a photocurable resin wherein the wax
could be removed after printing/curing by washing with ethyl
acetate, thereby generating pores.”**> Wei et al. showcased DIW
inks based on sodium chloride (NaCl) particles combined with
solvent-based solutions of triblock copolycarbonates, with poros-
ity created upon washing with water to both cure the ink and
remove the salt.?® Thus, DIW with sacrificial fillers within the ink
provides an opportunity to achieve both requisite rheology, and
printed structures with multi-level porosity.>”

The use of a DIW ink based on a SMP introduces a fourth
dimension to conventional 3D printing techniques.>® Referred
to as ‘4D printing,” these printed objects undergo transforma-
tive changes over time.”® For instance, Chen et al. produced 4D
printed SMP structures via UV-assisted DIW printing of thermally
cured epoxy composites.®® Porous 4D printing systems have also
been reported as dynamically evolving structures.>* In a study by
Kashyap et al., 4D printing was employed to create shape memory
polyurethanes (SMPUs) as self-deploying endovascular emboliza-
tion devices by a combination of extrusion, fused filament fabrica-
tion, and salt leaching methods.®® Herein, we report the
development of an ink for DIW and printing to create 4D printed,
biodegradable SMP structures with multi-level porosity. The ink
was comprised of a solution of UV-curable PCL-DA and NaCl
particles (Fig. 1). The ink displayed thixotropic behavior, permit-
ting extrusion from a nozzle, and retention of filament shape
which could undergo crosslinking via UV-curing. Subsequent
washing with water removed both the solvent and salt particles,
thereby imparting porosity. In this way, the salt particles served as
both a rheology modifier and a sacrificial porogen. The composi-
tion, mechanical properties, shape memory behavior, and degra-
dation of the printed SMP structures are reported and will guide
further studies on the application of these bespoke structures.

2. Experimental details
Materials

PCL-DA (10k g mol ") was synthesized as previously reported.’
The following chemicals were used as received, without further
purification: N,N-dimethylformamide (DMF, Fisher), 2,2-dimethoxy-
2-phenylacetophenone (DMP, TCI chemicals), chloroform (Supelco),
dichloromethane (DCM, Sigma-Aldrich), and tetrahydrofuran (THF,
JT Baker). Sodium chloride (NaCl, Fisher) was ground into small
particles using an electric coffee grinder for ~3 min. To ensure
uniform particle size, the ground powder was sieved using a 400 US
mesh number sieve and the particles that passed through were
collected and used for ink development (<38 pm).

Instrumentation

DIW printing was conducted using a Hyrel 3D Engine SR
equipped with an SDS-10 syringe extrusion head. Fourier trans-
form infrared spectroscopy (FTIR) measurements were performed
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Fig. 1 DIW process to prepare biodegradable, SMP 4D printed structures
using a cross-linkable polyester-based ink in which salt particles were used
as a rheology modifier and sacrificial porogen.

using a Jasco FT/IR-4600 Spectrometer with a diamond crystal on
ZnSe ATR accessory. Scanning electron microscopy (SEM) images
were captured using a TESCAN VEGA SEM at an accelerating
voltage of 10 kV. Prior to imaging, SEM samples were sputter
coated with 5 nm of Au. Energy dispersive X-ray spectroscopy (EDS)
measurements were obtained using a JEOL JSM-7500F microscope
equipped with an Oxford EDS system, which allowed for X-ray
mapping and digital imaging. Thermogravimetric analysis (TGA)
was conducted using a TA Instruments TGA 5500 instrument
under a nitrogen (N,) atmosphere. Differential scanning calorime-
try (DSC) was performed using a TA Instruments DSC 2500 with a
heating ramp of 5 °C min~" over a temperature range of 0 °C to
100 °C. Tzero Aluminum pans were utilized for the DSC measure-
ments. Rheological properties were analyzed using a TA Instru-
ments DHR-2 Rheometer with a 25 mm parallel plate. Degradation
studies were conducted with the help of VWR Benchtop Shaking
Incubator Model 1570.

Ink formulation

PCL-DA was dissolved in a mixture of DMF and CHCI; to create
the ink (see Table 1). A photoinitiator, DMP, was added to the
mixture at an equivalent weight ratio of 5% of the polymer.
Then, NaCl particles were incorporated into the mixture using a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Ink composition for DIW of PCL-DA Table 2 DIW print parameters

PCL-DA 05¢g Nozzle 22G (0.413 £ 0.019 mm diameter)
NaCl 1.25¢ Layer height 0.2 mm

DMF 0.6 mL Skirt 1 layer, 1 loop, 4 mm from object
CHCl, 0.3 mL Perimeter 1 layer

DMP 25 mg Horizontal/vertical shells 5

Thinky mixer, which operated at the maximum rotational speed
for 2 min at ambient temperature. The expected porosity in the
printed structures was calculated by dividing the weight of NaCl
by the combined weight of NaCl and PCL-DA. The solvents used
in the ink formulation process were not included in the
porosity calculation, as they were expected to be completely
removed. From Table 1, this accounts for 1.25 grams in
1.5 grams, leading to an expected porosity of ~71%.*° This
expected porosity matches cancellous bone which has a poros-
ity between 70-85%, and can facilitate cell infiltration into the
scaffold post-implantation.®®*°

Direct ink writing (DIW)

The G-code for printing and curing operations was generated
using Prusaslicer, which incorporates various parameters to
determine the print output and design. The specific parameters
employed for printing the optimal scaffold are shown in
Table 2. To ensure smooth printing and eliminate initial
extrusion irregularities, a skirt is first printed around the
desired design. The skirt is later detached from the actual
design and discarded. To minimize ink waste, the skirt is only
printed in the first 1-2 layers and was omitted in subsequent
runs. The printing process began with the puck’s perimeter,
followed by the infill pattern. The G-code takes care of curing
each layer post-printing before moving on to subsequent layers.
Next, to remove NaCl, the pucks were immersed in a beaker
filled with 200 mL of deionized (DI) water containing ~2 mL
of THF, and then stirred with a Teflon-covered stir bar at 300-
400 rpm. The addition of THF to the DI water was found to
expedite this salt removal. To validate the successful curing of the
prints, each printed structure was immersed in a sealed vial
containing 10 ml of DCM for 48 h at 200 rpm using a tabletop
shaker. In this way, printed structures were generated with macro-
pores sized 200-300 pm (distance between struts) and micropores
sized 20-30 pm (i.e., pore size created by salt porogen).

Rheometry

Rheology measurements were conducted to analyze the viscos-
ity, modulus, and thixotropy properties of both the polymer
solution (without salt) and the ink (with salt). Viscosity mea-
surements were performed at shear rates from 107> to 10° s~ .
Initial data points obtained at lower shear rates were excluded
from the analysis as they represented the time required for the
instrument to stabilize and generate consistent data. Modulus
measurements involved subjecting the samples to oscillation
stress ranging from 107> to 10° Pa to evaluate variations in
storage (G’) and loss (G”) modulus with increasing strain.
Thixotropy measurements involved monitoring the viscosity

© 2024 The Author(s). Published by the Royal Society of Chemistry

2 mm min !
6 min 58 s
Rectilinear, 15%
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of the samples over time while varying the shear rate in three
steps: 0.5 s~ for 720 s, followed by 1.0 s™* for 60 s, and then
returning to 0.5 s~ ' for 240 s. To conduct the rheology mea-
surements, the upper parallel plate of the rheometer was raised
to a loading height of 8 cm, and approximately 1.2 mL of the
polymer solution or ink was dispensed onto the lower plate.
The upper plate was then lowered to a height equivalent to
1020 pm, and any excess sample was carefully removed from
the plate’s sides using a cotton swab. The upper plate was then
lowered to establish a consistent 1000 um gap, which was
maintained throughout all experiments. The presented results
represent the average data obtained from three sets that
exhibited agreement with each other.

Degradation studies

The degradation of the printed and cured structures was assessed
under base-catalyzed conditions by immersing them in a 0.2 M
NaOH aqueous solution according to ASTM F1635. Printed
structures (each weighing between 11 to 16 mg) were each
submerged in 10 mL of the basic solution in a sealed glass vial
and maintained in an incubator (37 °C and 60 rpm) for varying
amounts of time. A total of 15 samples were used for the study, an
average of 3 specimen mass reported for 5 different time points.
At designated time points, the samples were taken out of the
solution, dried under reduced pressure, and weighed to deter-
mine the extent of degradation. The presented weight measure-
ment results were used to calculate the degradation percentage.

3. Results and discussion

Ink composition

The optimized ink for DIW of PCL-DA SMPs was developed
through trial-and-error approach by varying solvent, polymer
concentration, and loading of salt particles (<38 pm), using
prior reports as guidance (Table 1).">>*?® We identified that
salt particle loading should be ~40 wt% to impart thixotropic
rheological behavior within a shear rate of 10° to 10° s~1.2*
DMF and chloroform were selected as solvents as they fulfilled
a number of criteria, including insolubility of salt and sufficient
resistance to evaporation. At the desired PCL-DA concentration,
we identified that a 1:2 ratio of chloroform to DMF could
completely dissolve the polymer. Another critical component of
the ink is incorporation of a photoinitiator for subsequent UV
curing; loading of the photoinitiator (DMP) was varied, and
5 wt% (relative to polymer) was identified as giving appropriate
shape memory properties, as lower concentrations led to
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polymer dissolution after curing, and higher concentrations led
to rigid structures via overcuring.

Rheology measurements

A DIW ink must exhibit thixotropic behavior, ensuring fluidifica-
tion through a syringe yet stiffening at rest to maintain printed
shape.”™*® The rheological properties of the polymer solution
(without salt) and ink (with salt) were assessed. As expected, the
polymer solution exhibited Newtonian behavior, maintaining a
consistent viscosity (100-200 mPa s) across different shear rates. In
contrast, owing to the NaCl particles, the ink demonstrated shear-
thinning behavior, with a decrease in viscosity from 10° to 10° mPa
s as shear rate increased from 10° to 10° s™* (Fig. 2a). This is
consistent with our previous studies which showed that upon
addition of an appropriate amount of filler, the ink exhibits a
viscosity in the range of 10> to 10° at 10° shear rate.”* The stress-
dependent modulus analysis further confirmed the suitability of
the ink for DIW printing (Fig. 2b). The polymer solution exhibited
liquid-like behavior, with the loss modulus (G") exceeding the
storage modulus (G’) at all stresses. In contrast, the ink exhibited a
higher storage modulus (G') versus the loss modulus (G”) at low
stresses, but a cross-over point occurred at ~100 Pa. This observed
yield stress suggests that the viscoelastic ink would favorably
transition from a solid-like state at rest (ie., in the syringe and
post-extrusion) to a liquid-like state upon extrusion. Finally, a
thixotropic analysis was conducted (Fig. 2c). The viscosity of the
polymer solution remained constant (~500 mPa s) regardless of
shear rate, similar to its inherent viscosity. However, the ink
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exhibited a viscosity of ~8 x 10 mPa s at a shear rate of
0.5 s ', which decreased to 4 x 10* mPa s when the shear rate
was increased to 1.0 s !, then promptly returns to its original
viscosity value when returned to a lower shear rate. Thus, the ink
transitions from a solid-like state in the syringe, to a temporary
liquid-like state during printing, then again to a solid-like state
after leaving the nozzle. Overall, these results confirm that addi-
tion of salt particles are essential and effective in obtaining
desirable rheological properties and a “printable” ink.

DIW printing

The print design was selected to represent a generalized scaf-
fold that could be used to embed into and treat a bone defect.
Printed specimens were prepared with a cylindrical base struc-
ture (~6 mm diameter), and a 15% rectilinear infill pattern
that may provide better distribution of mechanical stress. The
nozzle distance governed macroporosity (i.e., space between
struts), and microporosity was imparted by the salt porogen.
Such multi-level porosity was expected to aid in cellular and
neotissue infiltration prior to degradation, critical to bone
regeneration.”’™** The optimal print design was generated
using PrusaSlicer software (Fig. 3a). By optimizing the infill
percentage and nozzle size parameters, macropores with a size
of 200-300 pm were achieved.

A 22G nozzle with an inner diameter of 0.413 + 0.019 mm
was employed to print the ink (Fig. 3b). The printing process
involved alternating between ink extrusion and curing using a
UV pen (365 nm). After each layer was extruded, UV light was
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Fig. 2 Comparison of the properties of the polymer solution (no salt, black traces) and ink (with salt, red traces): (a) viscosity as a function of shear rate,
(b) storage (G’) and loss (G”) moduli variations versus applied stress, and (c) a three interval thixotropy test varying shear rate across time.
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Fig. 3 DIW printing of shape memory inks and characterization after
curing: (a) Prusaslicer design of scaffold, (b) DIW printed scaffold, (c) print
nozzle-size-dependent macropore variation, and (d) 50 mm x 50 mm
geometry print.

traced over the perimeter to initiate curing (i.e., crosslinking of
PCL-DA, Fig. S1, ESIt). The key parameters for the DIW prints
are summarized in Table 2. Variations in nozzle sizes and print
design sizes led to the production of different macropore sizes
(from ~100 pm to ~1000 um) (Fig. 3c). The scalability of the
print is shown in Fig. 3d, with 50 x 50 mm scaffolds readily
prepared.

Post-printing processes

After printing and UV-curing, the structures were annealed at
85 °C for an hour, as this step has previously been shown to
enhance the shape memory properties of the cast structures.
The printed parts were then submerged in water which
removed the solvent and salt particles, with the water replaced

View Article Online
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every 12 hours until a consistent mass was observed; we found
that ~2% tetrahydrofuran (THF) expedites removal of salt
particles from the inner pores by swelling the cross-linked
polymer. Comparing the weight of the dried printed pucks post
salt-removal to their weight pre-washing, the weight difference
matched the theoretical value for salt removal (Table 2). Less
than 10% shrinkage was observed in the printed samples upon
drying, annealing, and washing.

FTIR spectroscopy was used to characterize the ink, “as
printed” structures (i.e., with salt), and final structures (i.e.,
salt removed). The C—=C stretching peaks (1669 cm™') and
C=C bending peak (665 cm™ ') were present in the FTIR
spectrum of the ink, but not for the ‘“as printed” and final
structures (Fig. S2, ESIt). This supports that curing led to cross-
linking of the acrylate groups via consumption of the C=C.
Successful crosslinking of PCL-DA was further confirmed by
exposing final printed structures to DCM, which can solubilize
unreacted PCL-DA. Following immersion in DCM, samples lost
<15 wt%, which corresponds to the level of uncured PCL-DA in
these printed structures and indicating the reasonable efficacy
of UV-curing of the extruded inks.

Porosity

To confirm salt removal and the formation of pores within the
printed struts, scanning electron microscopy (SEM) imaging and
energy dispersive X-ray spectroscopy (EDS) analysis were con-
ducted. Printed cross-sectional samples were prepared before
and after salt removal. Cross-sectioned samples were prepared
by freezing the pucks in liquid nitrogen prior to slicing, thereby
avoid sample deformation. SEM images of the printed structures
before salt removal clearly showed uniformly distributed salt
particles tens of pm in size (Fig. 4a and b). After salt removal, the
cross-section contains consistent pores with similar diameters to
the salt particles (Fig. 4d and e). Complementary EDS results

100 pym

Fig. 4 SEM images of printed and cured samples: (a)—(c) before NaCl removal, and (d)-(f) after NaCl removal. (c) and (f) EDS mapping on SEM images

(green = chlorine).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Shape memory behavior of DIW printed PCL scaffolds: (a) sample after printing, curing, and washing; (b) shape fixity: sample in (a) after being
heated to and deformed at 53 °C, then cooled to ambient tempearture; and (c) shape recovery of sample in (b) after heating at 53 °C.

before and after salt removal (Fig. 4c and f) confirm the absence
of salt in the latter (i.e., no chloride).

Thermal and shape memory properties

The thermogravimentic analysis (TGA) weight loss profile of the
printed, cured, and washed structures reveals a single-step
decomposition occurring at ~400 °C, which aligns with the
expected thermal behavior of cross-linked PCL-DA (Fig. S3a,
ESIt). The printed structures were also subjected to differential
scanning calorimetry (DSC). The DSC analysis of the processed
printed structure revealed a melting point of 53 °C, depicted in
Fig. S3b (ESIY), consistent with that of PCL-DA. These findings
again support that the printing process does not significantly
alter the thermal stability or thermal properties of the polymer,
supporting that the shape memory properties will be possible.

To assess the shape memory properties of the structures, a
printed lattice was heated above the melting transition tem-
perature of ~53 °C. Above this temperature, the sample
softened, was deformed, then immersed in cold water to fix
this new configuration. After removing the sample from cold
water, the altered structure was maintained; however, subse-
quent heating above 53 °C restored the original lattice struc-
ture. Fig. 5a and b illustrate the stretching and twisting applied
to a DIW PCL-DA lattice structure, as well as its subsequent
shape recovery when exposed to its transformation tempera-
ture. This demonstrates the ability of the structures to ‘“remem-
ber” an initial configuration and exhibit shape recovery under
the appropriate conditions.

Degradation studies

For bone scaffolds, the controlled degradation of implants is
essential as it promotes osteointegration and bone regenera-
tion with time. To assess the degradation behavior, nine scaf-
folds were immersed in an aqueous solution of 0.2 M NaOH.

Table 3 Degradation studies

Number of days Average deg. % Standard deviation

3 4.334 0.605
6 12.898 4.320
9 29.043 6.749
12 45.221 2.666
15 73.252 12.924

5768 | Mater. Adv, 2024, 5, 5763-5771

The alkaline nature of NaOH accelerates the hydrolysis of ester
bonds in the polymer network of the scaffolds, facilitating a
base-catalyzed mode of degradation. This degradation testing
method provides valuable insights into the scaffold’s perfor-
mance, aiding in the development of more effective biomater-
ials for regenerative engineering applications. The weight
difference at different immersion periods within each set was
used to calculate the degradation percentage for each sample.
The degradation studies revealed a progressive increase in
degradation over time, with degradation percentages of 4%
on day 3, 13% on day 6, 29% on day 9, 45% on day 12, and
reaching 73% on day 15. The average degradation percentages
for each sample at different time points are summarized in
Table 3, with the associated mass loss represented in Fig. 6 (raw
data for the calculations can be found in Table S1, ESIY).
Notably, previous studies of the degradation of porous PCL
structures under similar conditions demonstrated slightly fas-
ter degradation rates (e.g., ~50 wt% loss after 7 days**);
however, these were created using different fabrication meth-
ods which led to differences in pore structure and surface area.
For reference, degradation of solid PCL takes ~ 2 years in non-
accelerated conditions but for tissue engineering and ideal

100

80

60+

40

Mass Remaining (%)

20

0 | 1 1 1 1
0 3 6 9 12 15

time (days)
Fig. 6 Mass loss of accelerated degradation (0.2 M NaOH) study.
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scaffold would degrade at the same rate as bone tissue for-
mation (i.e., 3-6 months).*> These findings indicate that the
printed scaffolds could potentially degrade under conditions
appropriate for clinical efficacy.

4. Conclusions

In this study, we develop a composite ink and use direct ink
write printing to produce porous shape memory polymers with
potential applications as bone scaffolds. Sacrificial NaCl parti-
cles serve as porogens and were added to a solution of PCL-DA
and photoinitiator to create an ink that could be printed by
DIW then cured with UV light. The rheological properties of the
inks, as relevant to printing, were characterized (shear thinning,
yield stress, and thixotropy) and different gauged needs were
demonstrated useful. After printing, UV light was used to cross-
link the polymer, then the structure was washed with water to
remove solvent and salt, thereby producing a porous structure
with shape memory properties. Thus, salt particles are used to
access appropriate rheological behavior as well as to endow
porosity to the final structure. Processing by printing, rather
than casting, allows for cylindrical scaffolds with suitable filler
sizes and layer heights to be prepared which contain both
macropores (from printing) and micropores (from salt removal).
Future improvements in ink formulation will focus on using
“greener” solvents and evaluating osteoinductive properties.
Furthermore, more complex geometries could be explored to
achieve macropores or non-sacrificial fillers, such as liquid-
filled capsules which would enable delivery of nutrients or
biological reagents as the scaffold degrades within the body.*®
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