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Graded Hydroxyapatite Triply Periodic Minimal Surface
Structures for Bone Tissue Engineering Applications

Tejas M. Koushik, Catherine M. Miller, and Elsa Antunes*

Porous scaffolds in bone tissue engineering (BTE) play a crucial role in
facilitating osteointegration with host tissues and providing nutrients to cells
involved in bone healing. Scaffold architecture influences osteointegration,
biofunctionality and mechanical strength, necessitating a clear understanding
of its impact. In this study, hydroxyapatite scaffolds are 3D printed with three
types of triply periodic minimal surface (TPMS) structures: gyroid, lidinoid,
and split-P, at porosities ranging from 50% to 80%. Split-P architecture
exhibits the highest compression strength, between 15 and 25 MPa, but
provides the least surface area for bone apatite precipitation. Conversely,
gyroid and lidinoid structures demonstrate the highest levels of bone apatite
precipitation across all porosities when immersed in simulated body fluid. To
optimise scaffold design, graded structures were designed with multiple
TPMS structures arranged in a core-shell configuration. A structure featuring
a solid core and a 70% gyroid shell achieves the highest compression strength
of 120 MPa, while also supporting cell attachment and differentiation
comparable to that of a fully porous structure. This combination of
compression strength similar to cancellous bone and ability for positive
interaction with osteoblast cells makes it an ideal candidate for load-bearing

vascularization of bone tissues, to achieve
high levels of permeability previous studies
have recommended porosities >60%.12]
This requires increasing pore sizes, re-
distribution of pore size variations, and
modifying scaffold geometry. However,
these modifications reduce compres-
sion strength and, consequently, the load
bearing ability of the scaffold. This rigid
dichotomy of BTE scaffold requirements
makes it extremely challenging to develop
scaffolds that encourages osseointegration
while still having the necessary mechanical
strength suitable for the application.[>3]
Zhang et al.ll showed that a hierarchically
structured poly caprolactone surrounded
with a hydrogel matrix (containing de-
feroxamine nanoparticles and MnCO
nanosheets) can produce a positive effect
in bone healing and produce compression
strengths of 50-56 MPa. Jia et al.l’! showed
that magnesium-based scaffolds with bet-

applications in BTE.

1. Introduction

Bone tissue engineering (BTE) involves the design and man-
ufacturing of interconnected porous scaffolds to provide a
suitable microenvironment for the growth of bone tissues and
mechanical support. Permeability of the BTE scaffolds allows
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ter interconnectivity and high porosities

(>70%) showed very low compression

strength (<3 MPa) but showed greater

cell migration through the scaffold. These
observations further confirm the challenge of satisfying the
rigid dichotomy of BTE scaffolds.%’] Hydroxyapatite (HAp)
is a commonly used bone replacement material. Due to its
biocompatibility and chemical similarity to the mineral phase
of natural bone tissue. Although these materials are resorbable,
resorption is an extremely slow process.[8] Other calcium-based
compounds such as tricalcium phosphates (TCP) and biphasic
calcium phosphate (BCP) have been shown to undergo faster
resorption. While the faster resorption can be beneficial, it could
also result in a local pH change. Previous studies have shown
that prolonged acidification can cause a reduction fibroblast
proliferation and hence prevent would closures.l! Alkaline envi-
ronments on the other hand can exert positive cellular benefits
suited for bone healing. Alkalinization can release of Ca’* ions
which influence intracellular events; release of growth factors
and stimulation of glycolysis or a rise in ATP generation.l1%11]
Collagen production is usually an energy intensive process,
hence higher ATP generation can contribute to its effect on bone
formation.['?] Resorption of these calcium-based compounds
(HAp, TCP and BCP) has been shown to occur through two
pathways; osteoclastic resorption during bone remodeling and
chemical or physical delamination.['*] This process will only
occur when the full surface of the scaffold is vascularized and
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in contact with the surrounding medium. Surface area available
for the resorption to occur on the BTE scaffolds will depend on
their permeability and porosity. Resorption of calcium-based
compounds (HAp, TCP, and BCP) over time will lead to a
reduction in mechanical strength and making them unable to
provide long-term mechanical support to a recovering patient.

High strength BTE scaffolds are commonly made from
Ti6Al4 'V, yttria partially stabilized zirconia, or other materials
having mechanical strength >100 MPa are bioinert in nature.
This lack of interaction makes them unsuitable to increase the
efficacy of synthetic BTE scaffolds. Ceramic composites in the
past decade (bioceramics) are increasingly being used as syn-
thetic bone replacements. Knabe et.al'* showed that silica con-
taining calcium alkali orthophosphate used in critical sized de-
fects in in vivo rat models produced higher bone fractions and os-
teoblast vascularization. Pierantozzi et al.'>! showed that HAp or
strontium-substituted HAp (Sr-HAp) used along with poly capro-
lactone (PCL) stimulated higher levels of alkaline phosphatase
(ALP) activity when compared to the PCL polymer. While the
ALP activity generally declines with the formation of calcium de-
posits, the Sr-HAp PCL scaffold was able to retain ALP activity
until the 14-day mark indicating a delay in osteogenesis. Man-
cuso et al.['®! showed that up to 10 wt,% inclusion of barium ti-
tanate (BaTiO;) in PCL composite scaffolds showed an increase
in mechanical strength while supporting cell growth and viabil-
ity when cultured with human osteoblast cells. Further the in-
clusion of ceramic particles (HAp and BaTiO;) in the scaffold
showed the retention of the osteoblastic phenotype and deposi-
tion of bone-like extracellular matrix onto the scaffold surface.
This bone apatite formation in vitro has been a crucial consid-
eration in the choice of biomaterials for BTE applications as
they provide an indication of the bone healing ability of scaf-
folds within a short time frame.['”!8] Simulated body fluid (SBF)
tests have commonly been used for the measurement of bone
apatite formation, and, while the conditions differ significantly
from in vivo experiments, they can be used to predict perfor-
mance of HAp ceramics.['!?] Ca-P phases in aqueous solutions
that have precipitated during the SBF test have been known to
include dicalcium phosphate [CaHPO,.2H,0] (DCPD), octacal-
cium phosphate [Caz(HPO,),(PO,),.5H,0] (OCP) and hydroxya-
patite [Ca,,(OH),(PO,)¢] (HAp). OCP and the DCPD are the pre-
cursors of HAp during the SBF test, but HAp is thermodynami-
cally favorable to exist in the SBF solution.*”) During the course
of immersion, there are multiple association and dissociation re-
actions that help drive the precipitation of Ca-P phases on the
scaffold surface; previous studies?*-23] have only considered the
chemical properties of the SBF fluid and substrate. However, the
nucleation rate of the Ca-P on the surface of a scaffold will also
depend on the extent of SBF intrusion. In this study, we intend
to assess the effect of scaffold geometry and porosity on the Ca-P
phase precipitation.

Periodic lattice structures have been popularly used in tis-
sue engineering applications due to their ability to be engi-
neered based on the required porosity, structure and load bearing
capacity.?*l Examples of these lattices used specifically for bone
tissue engineering application include voronoi, cubes, octets, and
honeycomb lattices.[?*! Triply periodic minimal surfaces (TPMS)
have recently become a popular choice for use in BTE applica-
tions due to their ability to mimic the internal geometry of nat-
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ural bone tissues along with an optimal combination of strength
and porosity.?! Gyroids have been a popular choice for use in
BTE applications due to the unique combination of permeabil-
ity and strength offered by the structure.’l Germain et al.l?¢]
showed that gyroid-based scaffolds exhibited an isotropic stress
response under compression and also showed high structural re-
tention (up to 64 weeks) during aging in suitable physiological
conditions. This was attributed to the greater contact area be-
tween layers and interconnectivity compared to strut-based lat-
tice structures. Zhang et al.l?’l showed that non gyroid-based
structures such as split-P, diamond, and schwarz structures of-
fered high compressive strength across all pore sizes when com-
pared to gyroids. The split-P structure showed the highest en-
ergy absorption across all pore sizes (300-900 pm) and concave
surfaces of the split-P structure promoted osteogenic cell dif-
ferentiation compared to the flat surfaces of a cross-hatch lat-
tice. Lidinoid structures tended to show higher porosity com-
pared to other TPMS structures for the same pore sizes (300—
900 pm).[?’l Feng et al.l?®] showed that combining IWP and P
surface, a 30-55% improvement in stiffness could be achieved.
Mechanical strength and permeability which are critical features
of BTE scaffolds depend on scaffold architecture and porosity.
While each of these TPMS structures have their unique advan-
tages and disadvantages, a hierarchical arrangement of these
multiple structures with varying porosities can be used to opti-
mize the scaffold design for any requirement.[7] However, there
are limited studies exploring the effect of porosity and geometry
on the mechanical strength and bone apatite formation in TPMS
structures.

In this study, stereolithography-based ceramic 3D printing was
used to explore the effect of scaffold porosity and geometry of
TPMS structures on their performance as BTE scaffolds. Me-
chanical strength of these different scaffold geometries (split-
P, gyroid, and lidinoid) at different porosities (50-80%) was ex-
plored. In vitro testing was performed to assess bone apatite
precipitation of the TPMS scaffold as function of scaffold struc-
ture and porosity. This study demonstrates the functionality of
different TPMS structure for bone tissue engineering applica-
tions, providing a framework for creating hierarchical or com-
posite structures for BTE scaffolds. Lastly, we have explored
two different strategies for graded composite TPMS structures
and examined their effect on cell proliferation and compression
strength.

2. Experimental Section
2.1. TPMS Structures

Surfaces of the gyroid (GY), split-P (SP), and lidinoid (LI) TPMS
structures used in this study can be defined using the equations
in Table 1. From the previous work!?*] it was identified that gyroid-
based structures are known to provide high material efficiency
providing superior mechanical strength at high porosities, simi-
lar to natural bone tissue. Lidinoid-based TPMS structures were
chosen as they provide the maximum surface areas for cellular
interaction. Lastly, split-P structures were chosen for their high
compression strengths and stiffness.[?”]

TPMS structures derived from the equations in Table 1 were
mapped onto a cylindrical volume using nTopology. A cylindrical
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Table 1. Surface functions of different (gyroid, split-P, and lidinoid) TPMS structures. Equations for the TPMS lattice were obtained from nTopology

official website.

TPMS structure Equation References
Gyroid sin(x) cos(y) + sin(y) cos(z) + sin(z) cos(x) —t [29]
Split—P 1.7%(sin(2*x) *sin (z) *cos (y) +sin (2*y) *sin (x) *cos (z) +sin (2*z) *sin(y) *cos (x))-
0.27(cos (2*x) *cos (2*y) +cos (2*y) *cos (2*z) +cos (2*z) *cos (2%x))-0.4" (cos (2*x)
+ cos(2*y) +cos(2*%z)) -t
Lidinoid sin(2*x) *cos(y) * sin(z) + sin(2*y) * cos(z) * sin(x) + sin(2*z) * cos(x) * sin(y) —

COS(2%*x) * cos(2*y) — cos(2*y) * cos(2*z) — cos(2*z) * cos(2*x) +.3

volume was chosen to reduce stress concentration due to shrink-
age during the sintering process. To produce different volume
porosities (50-80%) within the cylindrical volume the wall thick-
ness and mid-surface offset (shown in Figure 1) of each TPMS
lattice type was modified using the values in Table 2. Wall thick-
nesses of lidinoid and split-P TPMS structures at porosities of
80% were <0.20 mm (recommended minimum thickness) and
thus were excluded from the experimental analysis. Thickness
<0.4 mm are easily damaged when excess slurry is cleaned from
the green parts obtained after 3D printing.

2.2. 3D Printing of Scaffolds

All parts were 3D printed through stereolithography of ceramic
slurries on the C100 EasyFab (3DCeram, France).[**] The parts
were manufactured using photocurable HAp ceramic slurry sup-
plied by 3DCeram. Processing parameters provided by the manu-
facturer were used for 3D printing the parts using the HAp feed-
stock. Excess slurry was cleaned using an air brush prior to de-
binding at conditions recommended by the manufacturer. Fur-
ther the debinded samples were sintered at 1280 °C with dwell of

60 min and a heating rate of 3 °C min~'. The sintered samples
were cooled to room temperature at 3 °C min~!. In addition to
the TPMS scaffolds described in Table 2, solid cylinders (diam-
eter = 10 mm and height = 3 mm) were fabricated for further
characterization of the sintered HAp.

2.3. Characterization of Sintered Parts

Scanning electron microscopy (SEM, Hitachi SU5000) was used
to characterize surface morphology and grain sizes. Discs for
SEM were prepared using a series of grinding papers (180, 320,
600, 800, 1200, and 2500 grit) followed by polishing using a
1 pm diamond suspension and OP-S solution for up to 10 min
each. The polished samples were thermally etched at 1180 °C for
60 min. Crystalline phases of the sintered HAp pellet were char-
acterized using X-ray diffraction (XRD, Bruker D2 Phaser). The
XRD scan was set between 10° and 80° with a step size of 0.02°
and dwell of 1 sec/step. The density of the sintered samples was
measured according to the procedure described in ISO 18 754
and compared with the theoretical density of HAp.

Mid=surfdeg offset
® L) ®
" I “

* *
Thiekness

X

Figure 1. An example of a TPMS mapped onto a rectangular volume on nToplogy. Input variables such as mid-surface offset and thickness shown in the
figure were modified to achieve the required volume porosity. Thickening the TPMS surface involves moving the surface by fixed distance. Mid-surface
offset involves the movement of the mid-surface of the wall (shown in yellow) inward (+ve) or outward (—ve).
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Table 2. TPMS lattice parameters used to obtain different porosity values
in the mapped cylinder volume. Pore size of the produced lattices vary
between 0.9 and 1.2 mm.
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Table 3. Volume of SBF fluid required for immersion of all TPMS scaffold
structures.

Unit cell type Porosity Surface area Volume of
Unit cell Porosity Mid-surface Wall thickness [Vol%] [mm?] SBF fluid
type? [Vol%] offset [mm] [mm] [mL]
GY 50 0.1 0.98 GY 50 623.1 112
GY 60 0.2 0.78 Gy 60 621 112
Gy 70 0.2 0.58 Gy 70 617.2 112
Gy 80 0.25 0.38 GY 80 611 112
LI 50 0.4 0.73 LI 50 1065.4 160
LI 60 0.41 0.6 LI 60 1079 160
LI 70 0.4 0.45 LI 70 1104.4 160
SP 50 0.19 0.79 SP 50 790 130
SP 60 0.22 0.63 SP 60 796.4 130
SP 70 0.2 0.62 SP 70 889.3 170

? Note gyroid (GY), lidinoid (LI), and split-P (SP). Unit cell sizes were selected (4—
5 mm) to achieve the required porosity at a suitable wall thickness.

2.4. Finite Element Modeling

ANSYS workbench 2023 was used to perform finite element anal-
ysis and determine the stress-strain response of the HAp scaf-
folds under uniaxial compression. The Youngs modulus and the
Poisson’s ratio of the HAp material was defined to be 10 GPa and
0.3, respectively.l?’”] A deformation of 0.01 mm (compressive) was
applied to the cylinder keeping the bottom face fixed similar to a
compression test. The stress, strain, and deformation along prin-
cipal axis were recorded.

2.5. Compression Test

Compression test samples had a cylindrical shape with a height of
7 mm and a diameter of 7 mm. Ceramic parts were compressed
at a crosshead speed of 0.1 mm min~! to determine the com-
pression strength and an average value was calculated from three
tests.

2.6. Simulated Body Fluid

HAp parts of cylindrical shape with a height and diameter of
5 mm were fabricated as described in Section 2.2. The structures
detailed in Table 3 were soaked in a simulated body fluid (SBF)
for a period of 5 weeks, change in concentration of Ca?*, PO,*~
along with Mg?* was measured every week using ICP-MS. Oy-
ane et al. showed that conventional SBF mimics the ion concen-
tration and pH of human blood plasma, however, the solution
deteriorates with time and hence is not suitable for long term in
vitro assessment. Therefore, in this study ion concentrations of
the SBF were modified as shown to prepare a stable solution suit-
able for in vitro assessment. Ion concentrations of the prepared
solution compared to human blood plasma is shown in Table S1
(Supporting Information). The detailed process of preparation
for this modified SBF has been described in Oyane et al.’! To
ensure that the ion concentration was similar to the values re-
ported in literature, ICP-MS and pH electrode analysis was used
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to determine the ion concentrations of the prepared SBF solu-
tion.

The minimum volume of SBF fluid required for soaking the
samples is shown to be equal to half the surface area of the
sample.??] An additional 10 mL of SBF was added to account for
the loss in volume during sampling done every week for 5 weeks.
At the end of 5 weeks the TPMS scaffolds were weighed to deter-
mine the change in mass and the presence of the precipitates was
investigated using SEM-EDS.

2.7. Proliferation Assay

Hydroxyapatite scaffolds of diameter 5 mm and height 3 mm
were prepared using the 3D printing technique described in Sec-
tion 2.2 for the proliferation assay. Based on the results from the
compression testing and simulated body fluid tests, four struc-
tures were identified to create graded structures. The outer diam-
eter of the scaffold is the section that is in direct contact with the
surrounding tissue, therefore structures that showed maximum
interaction with SBF were chosen (G70, L70, and G80). However,
these structures showed the least compression strength com-
pared to the other TPMS structures that were tested. S50 was
chosen, therefore, to form the internal core with a diameter of
up to 50% of the outer diameter (2.5 mm), as it showed the high-
est compression strength compared to all TPMS structures an-
alyzed (shown in Section 3.2). To compare the performance of
these graded structures, the chosen external geometries (G70,
L70, and G80) were placed with a solid core of 50% diameter to
the outer cylinder.

Seven structures shown in Table 4 were 3D printed to
determining cell attachment and proliferation of Human os-
teoblast cells (hOB; CRL-3602 ATCC, Manassas, VA, USA). Cells
were expanded in culture flasks with complete media (CM)
consisting of Dulbecco’s modified Eagle medium (DMEM),
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin—streptomycin solution (Sigma-Aldrich, Castle Hill,
NSW, Australia) incubated at 37 °C, 5% CO,, and 90% humidity.
Media was refreshed every 3 days, and the cells were passaged
at 95% confluence as confirmed using conventional microscopy
(Nikon Eclipse TS100, Nikon Instruments, Tokyo, Japan). For
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Table 4. Hierarchical TPMS structures for cellular assay and compression
testing.

Hierarchical Internal External Surface Area
structure geometry geometry [mm?]
S50-G70 S50 G70 686
S50-L70 S50 L70 934.2
S50 - G8&0 S50 G80 680.4
Solid - G70 Solid G70 523
Solid - L70 Solid L70 818.7
Solid — G80 Solid G&0 525.7

experiments assessing cellular response, cells were lifted with
trypsin (Sigma-Aldrich, Darmstadt, Germany) and seeded di-
luted to 1.7 x 10° cells per mL onto the structures. Cells were
used between passages 5 and 6.

The hydroxyapatite scaffolds were placed in wells of a 48-well
plate and 0.2 mL (containing 3.5 x 10° cells) of the cell suspen-
sion was added to each well to completely immerse the scaffolds.
Further, 0.2 mL of the cell suspension was added in triplicate to
wells without a scaffold to assess the effect of the scaffold ma-
terial on cell attachment and proliferation. The well plates were
then incubated at 37 °C at 5% CO, for 10 days.

Osteoblast cell proliferation is critically dependant on its en-
vironmental, mechanical, and chemical changes therefore pro-
viding an insight on the effects of scaffold geometry on the
survival of the cells. Proliferation of the cells were assessed on
days 1, 3, and 10 by measuring the reduction of resazurin to
resofurin. Media from each of the specimens was transferred
to a 96-well plate (in triplicate: 3 wells of 100 pl each), and
the absorbance of resorufin (reduction product of resazurin) at
570 and 600 nm wavelengths was recorded using a microplate
absorbance reader (iMark Microplate Absorbance Reader, Bio-
Rad Laboratories, Hercules, CA, USA). The percentage of re-
sorufin was calculated using the values obtained for stock so-
lution (without cells). Measuring the reduction of resazurin to
resofurin provides a direct and more sensitive measurement of
cell viability compared to conventionally used MTT assay. Low
toxicity and stability of the redox changes to the resazurin dye
enables its use in long term cell viability studies.?>*] Due to
the permeability of the scaffold structures and low surface ten-
sion, seeded cells do not have sufficient time to undergo attach-
ment. Hence to ensure that proliferation of the cells attached
to the scaffold surface are measured, the structures were trans-
ferred into new wells 24 h after they were seeded with osteoblast
cells.

Microscopy of the osteoblast cells present on the scaffold sur-
face was carried to observe the extent of cell penetration and at-
tachment on days 1, 3, and 10. The cell medium was drawn out
and washed with PBS 2-3 times. The cells were then fixed using
3% paraformaldehyde (PFA) solution and set aside for 20 min at
room temperature. The working solution for Abcam ifluor 594
was prepared using the manufacturer’s protocol. The wells were
then washed with PBS to remove any remaining PFA. Following
which 100 pl of the previously prepared working solution along
with 10 pl of DAPi were added and covered to prevent light expo-
sure for 90 min. The cells were then imaged using an Olympus
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IX53 microscope with blue, green, and red fluorescence channels
with a 10X objective.

2.8. Alkaline Phosphatase Assay

Alkaline phosphatase (ALP) activity of the osteoblast cells cul-
tured on the structures described in Table 4 was measured using
an ALP kit (ABCAM, Cambridge, United Kingdom). The struc-
tures were placed in a 24-well plate and seeded with osteoblast
cells maintaining a cell density of 7 x 10* and incubated for 10
days. After day 10, cell lysates were collected according to the pro-
tocol specified by the manufacturer. Collected cell lysates were
stored at —80 °C prior to measurement of ALP activity using a
microplate absorbance reader (FLUOStar Omega, BMG Labtech
(Offenburg, Germany)) at 405 nm.

3. Results and Discussion

3.1. Characterization of Sintered Parts

Average grain size of the sample was determined using the proce-
dure highlighted in ASTM E112 -13 and was found to be 1.16 um
with a standard deviation of 0.03 um. Density of the sintered
samples was measured using the procedure highlighted in ISO
18 754 and samples were found to have a solid density of 94%
+ 2% compared to the theoretical density of the HAp. The lack
of full densification can be observed in the SEM image shown in
Figure 2a, with an average pore size <2 pm. XRD results shown
in Figure 2b showed peaks at 25.9°, 31.8°, 32.2° 39.6°, and 46.6°
which are typically of HAp.

The stiffness matrix of each TPMS structure at different
porosities (50-80%) was analyzed using nTopology and their dis-
tribution along the principle axis is shown in Figure 3. Elastic
modulus of solid HAp has been reported to be in the range of
125-140 GPa, however, the 3D printed HAp sample was found
to have an elastic modulus of 81.8 GPa.3**] Difference in elastic
modulus arise from defects introduced during the sintering and
microporosities (as shown in Figure 2a). At 50% porosity, differ-
ences between the highest and lowest stiffness values across all
structures is <15% of the peak value, therefore stiffness distribu-
tion can be assumed to be close to uniform. This indicates lower
chances of stress concentration during loading and hence higher
compression strength across all TPMS structures at 50% poros-
ity. The distribution of stiffness values becomes more anisotropic
when increasing porosities from 50% to 80%, i.e., the difference
between the lowest and the highest stiffness values increases up
to 50% of peak value. Further, the maximum stiffness values lie
along the principal directions leading to stress concentration and
crack formation which can cause early failure in brittle materials
such as HAp. Feng et al.[?8] showed that material density distribu-
tion played a direct role in improving stiffness of a given TPMS
surface. TPMS structures fabricated in Section 2.2, show a re-
ducing lattice wall thickness as the porosity increases, leading to
a reduction in material distribution density. Thus, making their
responses more anisotropic when porosities increase from 50%
to 80%. Khaleghi et al.?] showed that this stiffness anisotropy
could be minimized by appropriate selection of multiple TPMS
structures in different ratios.
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Figure 2. a) Microstructure of the sintered HAp parts shows the presence of pores <2 um (b) Major XRD peaks observed at 25.9°, 31.8°, 32.2° 39.6°,

and 46.6° are indicating typical HAp (based on ICDD 9-432).

Split-P structures tended to have the highest stiffness value
[2-0.7 GPa] across all porosities indicating higher compres-
sion strengths, which is similar to results reported in previous
studies.!?’”] Gyroid and lidinoid structures showed similar stiff-
ness values at porosities 50-70%. At 80% porosity, stiffness of-
fered by lidinoid is lower and anisotropic compared to the gyroid
structure. Zhang et al.[?’] showed that compression strengths of
the gyroid and lidinoid structure were similar with increasing
pore size from 300 to 900 pm.

Compression stresses are the primary forces experienced by
BTE scaffolds, the above mentioned TPMS structures behave
differently under compressive load. Finite element analysis of
the different structures shown in Figure S6a (Supporting Infor-
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mation), gyroid structures undergo a combination of bend and
stretch dominated failure at different regions of the same struc-
ture. As the deflections along x and y axis increase with applied
compression forces, indicative of stretching along the X-Y plane.
Some regions of the lattice undergo deflection along either x or
y axis which is indicative of bending. In Figure S6b,d (Support-
ing Information) with lidinoid and split-p structures respectively,
only undergo bend dominated failure. The bending or stretch-
ing of the lattice sections creates tensile forces leading to failure
due to the brittle nature of HAp ceramics. Therefore, reduction
of stiffness with increasing porosities leads to excessive bending
or stretching of the lattices during compression causing it to un-
dergo early failure.
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Figure 3. Effective Youngs modulus of gyroid, lidinoid, and split-P TPMS structures as a function of porosity.
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Figure 4. Maximum principal stress distribution observed in a) G60 b) L60 and c) S60. d) Compression strengths observed across all TPMS structures

and porosities.

3.2. Compression Strength of TPMS Structures

Bone tissue can be classified into two types, the trabecular and
cortical bones. The cortical bone segments are known to con-
tribute more toward bone strength.?”] While the low strength
of trabecular bone (2-12 MPa) helps in dissipating fracture en-
ergy during load transfer and the remaining spaces are filled with
bone marrow/ECM.*8] Compression strength of the TPMS struc-
tures (gyroid, lidinoid and split-P) shown in Figure 4d is within
a range of 2.5-25 MPa across all structures and porosities. This
is within the range expected for trabecular bone but is insufhi-
cient to mimic cortical bone structures. Zhang et al.l’”] showed
that TPMS structures with porosities between 30% and 80% were
able to achieve compression strength of 30-150 MPa through
stereolithography of ceramic slurry. However, these compression
strengths were achieved when the average pore size was less than
or equal to 0.6 mm. In this study pore sizes of all structures were
>1 mm reducing the achievable compression strength due to re-
duction in stiffness as discussed in Section 3.1. The presence of
pores and defects in the ceramic matrix, is known to initiate crack
formation and assist in crack propagation thereby reducing their
compression strengths.[*] Therefore, these structures would re-
quire reinforcement prior to be used in load bearing areas.

To understand the effect of compression forces on TPMS struc-
tures it was simulated on the individual unit cells and their defor-
mation response was observed in the principal directions. Gyroid
structures predominately underwent stretch dominated failure
with some amount of bending, causing the X and Y deflections to
simultaneously increase with the applied load. Structures under-
going stretch dominated failures have high strength and stiffness
but low energy absorption behaviour,*) explaining why gyroid
structures performed similarly to the split-P structures. Split-P

Adv. Healthcare Mater. 2025, 14, 2402953 2402953 (7 of 15)

and lidinoid structures shown in Figure S6 (Supporting Infor-
mation) show a bend dominated failure, where the struts buckle
when compressed. Under compressive loading, split-P structures
exhibit demonstrably enhanced compressive strength due to the
alignment of their constituent struts with the loading axis. Con-
trasting to this, lidinoid structures undergo premature failure
in compression. This susceptibility can be attributed to the mis-
alignment of their struts, which promotes catastrophic buckling
events and the subsequent propagation of cracks through pre-
existing porosity (shown in Figure S6b, Supporting Information),
leading to structural collapse. Propagation of these cracks can be
observed as large deflections on the stress-strain curves for the
TPMS structures shown in Figure S5 (Supporting Information).

Gyroid structures (shown in Figure 4a) showed similar com-
pression strength at porosities 50-70% due to the uniformly dis-
tributed stresses within the gyroid structures. Ceramics are gen-
erally brittle in nature therefore a plane stress condition can be
assumed during compression, Figure 4a shows the accumulation
of stresses at the struts in the gyroid structures. Therefore, local-
ized bending of the unit cell at the bottom of the structures be-
comes first point of fracture, which is shown to propagate along
the strut leading to final failure. Further the formation of X type
double shear band can be observed during the compression of
these structures. Compression strength of gyroid structures was
observed to be between 13 and 15 MPa.

Lidinoid structures (shown in Figure 4b) showed a decreasing
trend in compression strength with increasing porosities. Wall
thickness of lidinoid structures were progressively reduced from
0.8 to 0.5 mm to achieve higher porosities (60% and 70%), and
further the stiffness matrix shown in Figure 3 began to indicate
stress concentration in the principal directions at 60% and
70% porosities. Zhang et al.l?’! showed that lidinoid structures
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undergo large deformation at the surface in contact with the
applied load. The large deformation combined with thin-walled
structure in lidinoids lead to failure. Therefore, compression
strength of lidinoid structures remained between 3 and 11 MPa.

Lidinoid and gyroid structures at 50% and 60% porosity were
comparable but a 70% porous gyroid structures showed higher
compression strength than its similar lidinoid structure. As pre-
viously shown in Figure 3, anisotropy in lidinoid structures is
the highest at 70% porosity, making them weak in the direction
normal to the applied load. Therefore, any in-plane forces acting
on the lattice can cause damage which leads to failure. Further,
Downing et al.*!l showed that during uniaxial compression of
gyroid structures, helical substructures are responsible for trans-
mitting load along the principal axis accounting for a higher com-
pression strength. In case of the lidinoid structure, stresses are
locally concentrated on the thin walls of the structure as shown in
Figure 4c, leading to damage and hence failure. Further the mid-
surface offset required for achieving porosities between 50% and
70% are twice that of split-P and gyroid structures, which reduces
the effective thickness and material density distribution, leading
to lower compression strength.

Split-P structures at 50% porosity showed the highest com-
pression strength (22.7 + 4.9 MPa), while structures at 60 and
70% showed similar values of 11.0 + 1.2 MPa and 11.5 + 3 MPa
respectively. Distribution of maximum principal stresses (shown
in Figure 4b) appears to be a combination of helical pattern ob-
served in gyroid structures and also locally distributed within
the structure, making them capable of handling higher com-
pressive forces. Pore sizes in these structures were between 0.1
and 0.15 mm in both structures and further their predicted stiff-
ness matrix showed a similar response for both these structures
(shown in Figure 3). Rezapourian et al.l*?l showed that failure in
split-P structures begin at the highest layers (top/bottom) and ex-
perience stretching and shearing during compression load, but
extent of the stretching is a function of the relative density of
the lattice. Therefore, increasing porosity, reduces the strength
of these structures, allowing for easier stretching and bending
of the lattice. However, in case of brittle materials such as HAp,
small amounts of bending or stretching introduces defects within
the lattice leading to early failure.

Orientation of the lattice struts in split-P and gyroid structures
in the direction of an applied compressive load enables it to have
higher compression strength as previously mentioned. Whereas
to function as an effective BTE scaffold, compression strength
of the scaffold must be coupled with its ability to interact with
its surroundings. Interaction with the local niche enables a bone
healing cascade, triggering cells to repair damaged tissue and in-
tegrate the implanted scaffold. The simulated body fluid test de-
scribed in the next sections provides an indication of potential
osteoconductivty of the scaffold material. This test as described
in previous studies!*}! only measures the ability of the scaffold to
promote the deposition of bone-like apatite on its surface, which
is indicative of its potential to support bone regeneration in vivo.

3.3. Simulated Body Fluid Test

The simulated body fluid (SBF) solution used during this study, is
known to simulate the ionic conditions of human blood plasma.
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Previous studies have shown that in vivo apatite formation ob-
served in sintered hydroxyapatite can be closely replicated using
SBF.[#3#] The supersaturated solution consisting of calcium and
phosphates undergoes precipitation as a function of changes in
physiological conditions such as nucleation time, solution pH,
and interfacial energy.[?%) In Figure 5 shows the effect of scaffold
geometry and porosity on the concentration of calcium (Ca) and
Phosphorous (P) ions in the solution. The calcium in the SBF so-
lution is present in the form CaCl, and the phosphorus is mainly
present in the form of phosphates from K,PO,. Therefore, the
concentration of P and Ca of the solution were closely measured
using ICP-MS, finally after 5 weeks of immersion surface of the
structures were analyzed using SEM-EDS.

One of the indicators that determines the quantity of HAp pre-
cipitated on the scaffold surface is the calcium and phosphate
ions present in the solution containing the immersed TPMS
structures. Kim et al.’}! showed that after initial soaking of HAp
surfaces, the scaffold surface interacted with the surrounding
Ca’* ions in the SBF solution. Negative surface charges of the
HAp scaffolds attract the Ca?* ions forming the Ca-rich amor-
phous calcium phosphate (ACP). The formation of the ACP en-
ables the scaffold to interact with the negatively charged phos-
phate ions (PO,%") in SBF. Low stability of the amorphous phase
in aqueous solution causes the transformation to an apatite crys-
tal phase. After the formation of the apatite, the calcium, phos-
phate, magnesium, and sodium ions present in the SBF lead to
the growth of apatite crystal.2123]

The ICP-MS results showed that there is decline in Ca?" ion
concentration in the 1st week of immersion across all TPMS
structures and porosities (as shown in Figure 5b). The Ca?* con-
centration in the 1st week decreased with increasing porosity
across all TPMS structures. Previous studies using hydroxyap-
atite — 316 stainless steel composites showed an increase in Ca**
concentration due to dissolution of the surface hydroxyapatite
layer.?3] When immersion time was increased to 2 weeks, there
was a gradual increase in Ca?* ion concentration compared to the
reference value taken prior to the start of the test. A similar in-
crease in PO,* ion content is observed between weeks 1 and 2
across all TPMS structures (shown in Figure 5a). This increase
can be attributed toward the dissolution of calcium phosphates
into the SBF solution in form of Ca?* and PO,~ ions. As men-
tioned previously, rate of dissolution of HAp is higher than the
rate of precipitation at the initial stages leading to an increase
in ion concentration in the measured solution. Increase in Ca**
concentration observed in gyroid and lidinoid structures were
proportional to the porosity of the structure. However, the split-
P structure showed almost no change with increasing porosity.
Lidinoid structures shown in Figure 6a have the highest surface
area followed by split-P and gyroid structures, but this does not
have a direct impact on the dissolution of Ca** and PO,?" ions
into the SBF solution in week 2.

In weeks 3 and 4, the concentration of Ca?* is shown to plateau
across all structures but are still higher than the reference con-
centration of 90.9 ppm (as shown in Figure S1, Supporting In-
formation). The dissolution of surface HAp layer and the precip-
itation of HAp is a dynamic process that continues to occur un-
til equilibrium is reached. Initially, as shown, the dissolution of
the surface HAp layer outpaces the precipitation of HAp on the
scaffold surface. When the reaction approaches equilibrium, the
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Figure 5. Measured concentration of a) P & b) Ca?* ions in the SBF solution over 5 weeks as function of the TPMS structure porosity. The initial
concentration of P and Ca?* ions in the SBF solution has been indicated to be at 35.8 and 90.0 ppm, respectively.
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dissolution of Ca** ions decreases and therefore plateaus which
is observed across all porosities and geometries between week
2 and week 4. The gyroid and split-P structures showed a small
increase (5-10 ppm) and reached their highest values in week 3
before undergoing a gradual decrease from week 4. In week 5,
there was a decrease in Ca?* concentration in the SBF solution
across all structures and porosities, due to the calcium apatite
precipitation on the surface of these scaffolds (this is discussed
further in Section 3.3.1). As described previously, with the forma-
tion of the apatite crystals from the ACP there is a spontaneous
increase in the consumption of Ca?* ions, this is further extended
to Mg?* ions that undergo a gradual decrease in concentration in
the SBF solution from week 2 onward across all TPMS structures
and porosities (shown in Figure S3, Supporting Information).

Phosphorus content of the SBF solution shown in Figure 5a
showed an initial reduction in week 1 across all TPMS struc-
tures and porosities. Week 2 shows a slight increase (<5 ppm)
in P content, this could be attributed to the dissolution of the
hydroxyapatite into the SBF solution. A similar increase was ob-
served in Ca’* ions during the same time interval. Xin et al.l?!]
showed that the dissolution and precipitation of apatite on the
surface of the scaffold is a dynamic process, which involves the
dissolution of the surface layer increasing the Ca** ion concen-
tration and the pH of the solution (due to OH™ ions). Sponta-
neous apatite precipitation begins to occur when the pH is over
7.4, leading to the consumption of Ca** and PO,~ ions from the
SBF solution to form apatite precipitates.[?!] This study shows
a similar trend where the P ion content reduction began from
week 2 and reached a constant value by week 3. Indicating that
significant amount of apatite precipitation occurred during this
stage of the process. The next section describes the influence
of scaffold geometry on bone apatite precipitation during SBF
immersion.

3.3.1. Effect of TPMS Geometry on Apatite Precipitation

Surface area of the TPMS lattice structure is a function of scaf-
fold porosity and pore sizes. Figure 6a describes the variation
in the theoretical surface area (SA) of the TPMS structures (ex-
tracted from nToplogy software). Variation of the SA within each
TPMS structure (gyroid, lidinoid and split-P) are <2%. However,
variation across TPMS structures at the same porosities are be-
tween 40% and 80%. The internal architecture of the TPMS struc-
tures shown in Figure 6b, shows a reduction in closed porosity as
the overall porosity increases from 50% to 70%. Gyroid and lidi-
noid structures of porosities 60% and 70% showed the highest
increase (up to 2.5%) in mass after 5 weeks of immersion in the
SBF fluid. Whereas split-P structures showed the lowest quantity
of apatite precipitation.

Presence of closed porosities at the core of split-P structures
shown in Figure 6b reduces its interaction with SBF, hence re-
ducing quantity of apatite precipitation observed. For example,
in Figure 6D, the access to interior channels presents in the split-
P structure appear to be fewer in comparison to gyroid and lidi-
noid structures at 60% porosity. Therefore, ease intrusion into the
TPMS structure is a critical criterion for the selection of lattice
architecture for BTE scaffolds. Split-P structure showed low ap-
atite precipitation even though available surface area was higher
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than the gyroid structures. Primary reason for this is due to the
presence of closed porosities in the split-P structures (as shown
in Figure 6b) preventing interaction with the surrounding fluid
for precipitation to occur. Similarly, the same effect can be ob-
served in the lidinoid structures where the percentage mass in-
crease (shown in Figure 6¢) is identical to that of the gyroid struc-
ture while its surface area is significantly higher. This indicates
that interconnectivity of the scaffold structure and presence of
open porosities are a better indicator of apatite precipitation as
opposed to total surface area. Further, only surfaces fully exposed
to the SBF fluid underwent changed in surface morphology (as
shown in Figure 6e) indicating that interconnectivity that enables
higher contact area with the SBF fluid can provide a better surface
for precipitation to occur.

Figure 7a shows that precipitates along the surface of the HAp
appear in form of spherulites, aggregated masses, and fibers.
Ofkeli et al.l*! showed that porous chitosan/gelatin composite
cryogels when immersed in a SBF solution for 7 days, produced
a mineralized hydroxyapatite coating in the form of spherules.
These spherules are petal-like structures that are known to aggre-
gate over the surface. These spherules are observed in Figure 7
however they appear to be distributed and not as individual
masses as shown by Ofkeli et al.*] Hydroxyapatite/collagen
coated titanium scaffolds showed a uniform deposition of HAp
on the surface of the immersed structure. The rough surface of
the coated titanium scaffolds tended to have higher quantity of
apatite precipitation.[*?] A similar outcome was observed in our
study where the apatite precipitation was preferentially deposited
on the curved and rough edges as opposed to the flat surfaces
on the TPMS structure (as shown in Figure 8). Vargas-Becerril
et al.l¥’] showed that initial precipitation of apatite in the form
of plate or sheet-like morphology. These initial plates or sheet-
like structures functioned as nucleation sites producing thicker
layers of apatite precipitation with increasing immersion time.
Similarly, the TPMS structures show formation of small plate-
like structures as shown in Figure 7b, which eventually form
homogenous distribution of apatite precipitate or fibres. Pre-
cipitation was primarily observed along the curved surfaces of
the TPMS scaffold while flat surfaces of the scaffold show lit-
tle to no precipitation as shown in Figure 8. Surface texture of
the curved surfaces provide higher surface area to interact with
the surrounding medium, thus allowing for higher precipita-
tion. Furthermore, rough surfaces are known to promote the pre-
cipitation of HAp during SBF immersion which is indicated in
Figure 8.148]

Different types of precipitates on the surface of TPMS struc-
tures after 5 weeks of immersion in SBF are shown in Figure
S6 (Supporting Information). Formation of these precipitates are
driven by the reactions described previously (in Section 3.3); EDS
was used to confirm the chemical nature of these precipitates.
Ca/P ratio at the surface of the unsoaked sample (as shown in
Figure 9a) was 1.49 + 0.02 which is the typical value reported for
HAp with trace amounts of cationic impurities such as Mg.[*"]
Marques et al.*] showed that localized pH of the solution has
a major impact on the mineralization of HAp. EDS spectrum
collected at different precipitates showed that Ca/P ratio of the
precipitates were different depending on the local conditions.
For example, EDS spectrum measured and shown in Figure 9¢,d
showed an average Ca/P ratio of 1.4 + 0.02 (measured at 6 dif-
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Figure 7. a) Apatite precipitation observed in the form of spherules, fibers, and aggregated masses after 5 weeks of immersion. b) Nucleation sites for
further apatite precipitation.

Figure 8. Precipitation of bone apatite on the surface of a) gyroid b) lidinoid and c) split-P architectures. Apatite precipitation observed in all structures
show a tendency toward undergoing precipitation along the curved faces of the TPMS structures.
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(d)

Figure 9. a) SEM image of the unsoaked sample. b) SEM image of soaked samples with string-like precipitates. EDS mapping of the solid precipitates

observed across the surface of the sample (c) and (d).

ferent spots), which is similar to the Ca/P ratio reports for octa-
calciumphosphate (Cag(H,(PO,),.5H,0). Further, formation of
a calcium deficient phosphates can be observed is different ar-
eas of the surfaces, EDS mapping of the precipitates showed
a reduction in the intensity of Ca, indicating the precipitation
of octacalciumphosphates. Whereas string-like precipitates ob-
served in Figure 9b showed a higher Ca/P ratio of 1.63 + 0.06,
which is higher than the reported value for the unsoaked HAp
sample. Marques et.all*’] showed that a higher Ca/P ratio of 1.6
was observed during the formation of calcium-deficient carbon-
ate apatite. Substitution of PO,?~ ions by CO,%~ ions reduces the
amount atomic phosphorus leading to a higher Ca/P ratio. There-
fore, nature of the chemical nature of the precipitate is function of
the localized pH of the SBF fluid. There was no conclusive link
between the scaffold architecture and the chemistry of the pre-
cipitate as the local conditions of each precipitation site would be
unique.

3.4. Graded TPMS Structures

Graded TPMS structures provide significant advantage com-
pared to single architectures due to their multi-functionality.
Load bearing BTE applications require a compression strength
of at least 100 MPa while also providing sufficient porosity for
the infiltration of the extracellular matrix and bone in-growth.[>50]
Split-P structures at 50% porosity appeared to have the high-
est mechanical strengths (22.7 & 4.9) while G70, L70, and G80
structures showed the highest apatite precipitation on the scaf-
fold surface. Therefore, the core of the scaffold was designed us-
ing the structure with the highest compression strength while the
outer shell was designed with TPMS structures that provided the
highest apatite precipitation ability. Their compression strength
and cellular proliferation were compared with structures having
a solid core of diameter 3.5 mm while having an outer shell with
G70, G80 and L70 architectures.

Adv. Healthcare Mater. 2025, 14, 2402953 2402953 (12 Of15)

3.4.1. Compression Strength

The graded composite structures with porous cores (S50) show a
compression strength <10 MPa, which is significantly lower than
the previously analyzed TPMS structures (Section 3.2). Whereas
structures with solid cores show compression strengths in the
range of 50-120 MPa, which is close to the mechanical strength
required for load bearing application in BTE.[?] In this study the
G70 structure with a solid core showed the highest compression
strength of 122 MPa. Further the pore sizes of the outer shell were
in the range of 0.9-1.2 mm and had a porosity of 70% allowing
for cell penetration and bone in-growth during implantation.l>°!
Zhang et al.l?’] showed a mechanical strength of 150 MPa us-
ing the split-P structure but at an average pore size of 0.3 mm
and a porosity of 50%. Arabnejad et al.”®! achieved a compres-
sion strength of up to 120 MPa at a pore size of 0.5 mm and
porosity of 70% using tetrahedrons made from Ti6Al4 V alloy.
Furthermore, pore sizes of 0.77 mm in the octet trusses reduced
its compression strength to 31 MPa. In this study, the G80 struc-
tures with pore sizes between 0.9 and 1.8 mm produced a com-
pression strength of 73.8 + 3.8 MPa. TPMS structures with solid
cores are more suitable for load bearing BTE applications.
Porous cored structures shown in Figure 10a,b, were created
by blending a core with the split-P architecture with an outer shell
having lidinoid and gyroid architectures, respectively. Weak con-
tact observed between the two structures as seen in Figure 10a,b
indicates the relative ease in crack formation compared to the
structures with the solid core. The structures with solid cores,
show higher compression strength and offers higher contact area
with the outer shell. Thus, G70 structures with a solid core having
a compression strength of 122 MPa appears to the ideal configu-
ration for load bearing BTE applications. Compression strengths
obtained for solid cored samples are stronger or close to hu-
man cortical bone but significantly stronger than solid 3D printed
HAp (shown in Figure 10f). In the next section, their effect of the
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Figure 10. Graded TPMS structure having an inner core of S50 with a diameter of 3.5 mm and an outer shell made from structures a) L70 and b) G70.
TPMS structure with a solid core of diameter 3.5 mm and an outer shell made from structures c¢) G70, d) G80, and e) L70. f) Measured compression

strength of the solid cored TPMS and graded TPMS structures.

solid and porous core in proliferation of osteoblast cells will be
examined.

3.5. In Vitro Testing
3.5.1. Proliferation Assay

Proliferation of human osteoblasts on the TPMS structures was
determined by measuring the reduction of resazurin to resofu-
rin. The absorbance was measured against wells only with cells
at intervals of 1, 3, and 10 days (shown in Figure 11a). All scaf-
folds on day 1 showed similar cell viability compared to the well
plate. Day 3 showed the highest increase in cell activity across
all structures and reference wells. The osteoblast cells appeared
to have infiltrated the inner core of the structures as shown in
Figure 11c, whereas structures with solid cores only showed at-
tachment at the edge of the solid core and other areas as shown

(a) @

50

Absorbance (%)
B 8 &

5

§50_G70 $50_L70 G710 L7 G80 Cell only

Dayl ®Day3 ®Day 10

© =

in Figure 11d. This could be due to ease of nutrient availability
at the outer diameters of the porous sample,>!! while the core
structures do not receive sufficient nutrients resulting in a mi-
nor drop in for supporting cell proliferation after day 3. A stu-
dent t- test was used to compare the observed reduction values in
porous and solid core samples, the obtained p-value (0.3853) was
significantly larger than 0.05, indicating that cells show a similar
viability irrespective of the cores being porous or solid. Similarly,
when the percentage reduction in solid core samples were com-
pared with cell only reference values using a student t-test. The
obtained p-value (0.4815) was significantly larger than 0.05, in-
dicating that there is no statistical difference in the viability of
osteoblast cells. While the scaffolds tested did not produce any
statistically significant variation at the measured intervals, recent
studies have shown that micro and/or nanoscale features influ-
ence cell attachment and fate.[5>%3] Cell attachment being a mul-
tistep process, quality of each step influences the next resulting
in continuous proliferation or loss.>*l Therefore, future studies

®
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Figure 11. a) Cell proliferation of the composite TPMS structures compared to a cell only reference. b) ALP activity of osteoblast cells measured on day
10 cultured on the solid cored and porous cored scaffolds. Osteoblast cells attachment at the outer sheII and the inner sections of the scaffold for c)

S50-L70 structure and d) Solid core with G70 structure.
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must take into account the nanoscale features intentionally or un-
intentionally introduced during the manufacturing process while
analyzing cell proliferation in BTE scaffolds.

ALP activity of the cells measured at day 10 during culture in an
osteogenic medium is shown in Figure 11b. Structures show sim-
ilar levels of ALP activity with minor variations within the range
of their standard deviation. Observation of ALP activity in the
cultured osteoblast cells mark the different stages of osteoblast
maturation and help mediate deposition of hydroxyapatite.l>>¢
While there are other multiple regulatory factors that are respon-
sible for bone forming, expression of ALP has been a common
factor primarily because glycoproteins such as ALP help sepa-
rate inorganic phosphates that then combine with the available
Ca’* ions to form hydroxyapatite, thereby integrating the scaffold
structures to the damaged bone tissue.’”*8] Although ALP ac-
tivity cannot confirm bone in-growth, its presence alongside the
scaffold structures indicates that there is no barrier to the cells
forming bone tissues. Graded and solid core samples placed in
a differentiation medium after 10 days showed similar ALP ac-
tivity irrespective of their core design. Therefore, signals OF the
osteogenic potential of these TPMS lattice structures are not af-
fected by the core design.

Structures G70 and G80 with the solid core provide similar
performance when compared to the structures with a porous
core. Further the G70 solid core structure provides a compres-
sion strength over 100 MPa making it an ideal choice for load
bearing BTE applications.

4, Conclusion

This study shows the performance of TPMS structures (gyroid,
lidinoid, split-P) during apatite precipitation and determined
their mechanical properties at porosities (50%, 60%, and 70%)
and pore sizes (0.9-1.8 mm). Large pore sizes and high intercon-
nectivity of G70, G80, and L70 structures, showed the highest
increase in mass after 5 weeks of immersion in the SBF fluid.
Further their ability to interact or undergo apatite precipitation
was due to a combination of high porosity and interconnectivity,
enabling ions transfer between the fluid and the scaffold surface.
While this study showed the extent of apatite precipitation ob-
served in different

Mechanical performance of these TPMS structures were lower
than 30 MPa across all porosities and pore sizes, making them
unsuitable to be used for load bearing BTE applications, rather
only offering mechanical performance similar to trabecular bone.
Solid-cored TPMS structures, designed to leverage their ap-
atite precipitation capability and enhance compressive strength,
demonstrated mechanical performance (122 MPa) suitable for
load-bearing applications in bone tissue engineering (BTE) at
high porosities (70%) and large pore sizes (0.9-1.5 mm). Fur-
thermore, cellular assays showed that cytoxicity and ALP activity
of solid core samples (G70, L70, and G80) remained identical to
their porous cored alternatives. However, influences of nanoscale
features introduced during 3D printing and sintering on cell pro-
liferations need to be understood in future studies. In vivo stud-
ies on rodent models can provide an insight the scaffold ability
to assist the bone healing response. Large animal models can
help shed light on the biomechanical response during loading
and long-term effects on hydroxyapatite resorption.
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Cellular penetration in porous cores structures remained
marginally better as shown from the microscopic images cap-
tured, their poor compression strength makes them unsuitable
for use in load bearing BTE applications. The poor compression
strength of porous cored structures is (<20 MPa) due to insuf-
ficient contact area between the core and shell. Since the porous
cored structures can provide further bone in-growth and mechan-
ical interlocking to provide long term structural support for the
damaged bone tissue. Further work is required to identify suit-
able blending strategies between the TPMS structures to improve
mechanical performance. These blending strategies could be ap-
plied to the solid core samples, reducing the diameter of solid
core and increase the number of pores available for bone in-
growth. Lastly, scaffolds used in load bearing application are often
subject to multi-directional loading, therefore ability to prevent
fracture of the TPMS structures under loading could be a better
indicator of the mechanical performance as opposed to only com-
pression strength. These improvements will significantly con-
tribute toward building a truly multi-functional scaffold for load
bearing application in BTE.
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