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Abstract

Hydroxyapatite (HA) is commonly used as a bone substitute material, but it lacks

mechanical strength when compared to native bone tissues. To improve the efficacy

of HA as a bone substitute by improving the mechanical strength and cell growth attri-

butes, porous composite scaffolds of HA and titania (HA-TiO2) were fabricated through

a freeze-casting process. Three different compositions by weight percent, 25–75

HA-TiO2, 50–50 HA-TiO2, and 75–25 HA-TiO2, were custom-made for testing. After

sintering at 1250�C, these composite scaffolds exhibited improved mechanical proper-

ties compared to porous HA scaffolds. Substrate mixing was observed, which helped

reduce crystal size and introduced new phases such as β-TCP and CaTiO3, which also

led to improved mechanical properties. The composition of 50–50 HA-TiO2 had

the highest ultimate compressive strength of 3.12 ± 0.36 MPa and elastic modulus

63.29 ± 28.75 MPa. Human osteoblast cell proliferation assay also increased on all three

different compositions when compared to porous HA at 14 days. These results highlight

the potential of freeze casting composites for the fabrication of bone substitutes, which

provide enhanced mechanical strength and biocompatibility while maintaining porosity.
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1 | INTRODUCTION

With a rise in orthopedic and dental implant procedures, effective

bone grafts are needed to support the growing demand.1 While auto-

grafts remain the gold standard mainly for their osteoinductivity, com-

plications still arise from limited donor availability.2,3 Allografts and

xenografts remain viable alternatives but lack osteoinductive proper-

ties as they must be sterilized to prevent immunogenic responses.3

Synthetic alloplasts have therefore been developed thanks to research

combining biocompatible materials with innovative fabrication pro-

cesses providing bone-like scaffolds.4,5 These alloplasts can thus be

tailored to have specific pore structures and mechanical properties

and can be made from a wide variety of materials.6 These benefits

have led to an increase in artificial bone substitutes in recent years.7

As such, much of bone tissue engineering has examined different

combinations of materials and structures to improve the state of

the art of bone substitutes. Bone tissue engineering aims to create

a scaffold capable of matching the extracellular matrix, providing

adequate mechanical strength for load-bearing sites, material com-

patibility required for biological signaling, and porosity needed for

neo-vascularization, supporting cell adhesion, proliferation, and

differentiation.4,8,9

Current challenges for artificial bone substitutes stem from the

limited number of biomaterials with both adequate mechanical

strength and chemical composition capable of meeting clinical stan-

dards.1 Common ceramics used to create bone substitutes include

hydroxyapatite (HA, Ca10(PO4)6(OH)2) and other calcium phosphate

ceramics like tricalcium phosphate due to their similarity to the min-

eral phase in bone and their affordance for resorption.8–12 These

materials currently appear in a variety of forms, such as cements,13

Received: 27 July 2023 Revised: 27 September 2023 Accepted: 25 October 2023

DOI: 10.1002/jbm.a.37645

J Biomed Mater Res. 2024;112:473–483. wileyonlinelibrary.com/journal/jbma © 2023 Wiley Periodicals LLC. 473

https://orcid.org/0000-0001-9413-0399
mailto:steven.naleway@mech.utah.edu
http://wileyonlinelibrary.com/journal/jbma
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbm.a.37645&domain=pdf&date_stamp=2023-11-14


coatings,14 and implant hardware.15 However, calcium phosphate

ceramics are intrinsically mechanically weak.10,11 The low mechanical

strengths and stiffnesses prevent their use in load-bearing bone

regions.16 Additionally, the necessity for porosity for oxygen, nutrient,

and waste transportation further reduces the mechanical stability.8–12

Focus on ceramic–ceramic composites, or composites that consist

of two or more different ceramic chemical compounds, has led to

improving this mechanical stability through the inclusion of mechani-

cally stronger compatible counterparts that also further assist in load-

bearing bone regeneration.17,18 Titania (TiO2) is one such material. It is

commonly used in conjunction with HA because TiO2 acts as an inter-

mediary between HA coatings and titanium implants, and it is also a

known osteoconductive material.19,20 This capability helps it perform a

major role as the intermediate layer between titanium alloy implants

and the calcium phosphate coatings.14,21 TiO2 also has a higher

mechanical strength than HA and has been shown to improve mechani-

cal strength without worsening biocompatibility when added to calcium

phosphate ceramics.22,23 Past investigations on these composites have

also shown increases in fracture strength, toughness, and stiffness in

comparison to only HA.24,25 As stated, HA and TiO2 are both biocom-

patible ceramics with suitable properties to be used as bone

substitute.8–10 These two ceramics have been studied because of their

complementary properties. Both ceramics remain thermally stable up to

1250�C.24,25 They also provide unique benefits not seen in the partner

material, with HA providing greater osteoconductivity and TiO2 provid-

ing greater mechanical strength.8–10 To expand on the previous knowl-

edge of porous bioceramic composites, HA-TiO2 scaffolds were made

through freeze casting and tested for the uniaxial mechanical properties

and in vitro osteoblast adhesion properties. Notably, freeze casting has

not been used for HA-TiO2 composite fabrication before.

In this article, we have fabricated porous HA-TiO2 composite scaf-

folds using the freeze-casting method.9,26–28 This technique involves the

mixture of an aqueous slurry of ceramic powders, polymeric binders, and

a dispersant. The slurry is directionally frozen to generate ice crystals

with the ceramic particles pushed into the gaps between the crystal

growths. By freeze-drying the structure and subsequently sintering the

ceramic green body, a negative of the ice crystals is formed, yielding a

ceramic scaffold with an interconnected directional pore structure and

mechanical stability. This porous structure was achieved across multiple

combinations of HA and TiO2, showing compatibility between the two

materials in meeting physical and biological needs. Chemical, structural,

mechanical, and in vitro characterizations showed that HA-TiO2 freeze-

cast composite scaffolds have great potential as future bone substitutes

because of their strength and biocompatibility.

2 | MATERIALS AND METHODS

2.1 | Scaffold fabrication

Freeze-cast scaffolds were prepared by first making aqueous slurries

with four different solid loadings of HA and TiO2 (referred to herein

as composite loadings) of 10 volume percent (vol%) (Table 1) and

mixed with water. Four composite loadings were made with HA in

10, 7.5, 5, and 2.5 vol% and TiO2 in 0, 2.5, 5, and 7.5 vol% composi-

tions. Samples with these composite loadings are referred to as HA

(100% HA, 0% TiO2), HT-25 (75% HA, 25% TiO2), HT-50 (50% HA,

50% TiO2), and HT-75 (25% HA, 75% TiO2), respectively based on

percentage TiO2 content. To maintain structural integrity

before sintering, both 1 weight percent (wt%) polyvinyl alcohol of

88,000–97,000 g/mol (Alfa Aesar, Ward Hill, MA, USA) and 1 wt%

polyethylene glycol of 10,000 g/mol (Alfa Aesar, Ward Hill, MA, USA)

were added to each slurry as binders. Weight percents were relative

to composite loadings. To maintain a homogenous mixture during mix-

ing, 1 wt% Dynol 604 (Evonik Industries, Essen, Germany) was added

as a dispersant.29 Lastly, 5 vol% of 97% isopropyl alcohol (Sigma–

Aldrich, St. Louis, MO, USA) was added to increase pore size.30,31

Slurries were prepared in 15 mL batches, which were used to fab-

ricate one scaffold each. The solid loading, water, and additives were

sealed in a 40 mL plastic bag and then ultrasonicated at 42 kHz for

24 min, creating a colloidal suspension. Ultrasonication has success-

fully proven effective in mixing slurries for freeze casting.30,32–35

After sonication, slurries were freeze cast with a cooling rate of

10�C/min.30 To remove the ice from the freeze-cast slurries, each

slurry was freeze-dried at 0.03 mBar and �51�C for 96 h. The weak

porous structure obtained after the freeze drying was sintered in air

for 3 h at 1250�C at a ramp rate of 3�C/min. The resulting product

was a porous, freeze-cast scaffold measuring approximately 14 mm in

diameter and 20 mm in height. In total, 6 scaffolds were made for

each composite loading, totaling 24 scaffolds.

For cell culture controls, 6 additional nonporous HA discs were

fabricated by mixing 300 mg of the HA with 0.7 μL of sterile

water.30,36 This mixture was then inserted into a 10 mm diameter die

on a hydraulic press and compacted at 20 kPa under vacuum for

2 min36 before sintering with the same procedure as above.

2.2 | Experimental sample preparation

The freeze-cast scaffolds were cut into smaller sections for the test-

ing.30 Scaffolds were cut 5 mm from the bottom to avoid dense

regions.37 The top 5 mm of each scaffold was also cut to avoid surface

defects and potentially be used for structural imaging of the interior

surface. The remaining middle section was bisected into two discs of

5 mm in thickness to be used for either mechanical testing or cell cul-

turing studies. Samples that were intended for compression testing

were further prepared by cutting the disc into quarter circles 5 mm in

height and 6 mm in radius. Also, powder samples for x-ray diffraction

TABLE 1 Composite loadings by volume percentage of HA and
TiO2 in initial slurries.

Name HA HT-25 HT-50 HT-75 npHA

vol% HA 100 75 50 25 100

vol% TiO2 0 25 50 75 0
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were collected from these crushed compression samples post-

testing. Cell culture samples consisted of the porous freeze-cast

scaffold discs, nonporous HA (npHA) discs 10 mm in diameter and

2 mm in height and cell-drop controls with cells added directly to a

well-plate.

For imaging, all six top sections of the freeze-cast scaffold per

composite loading were used. For compression testing, three discs

from three randomly selected scaffolds were used. For cell culturing,

one disc per scaffold was used per composite loading.

2.3 | Microstructural characterization

Images of scaffold microstructures perpendicular to the freezing direc-

tion were observed through scanning electron microscopy (SEM; FEI

Quanta 600 FG, Hillsboro, OR, USA) with a 4 nm spot size and

20 kV accelerating voltage. These samples were initially coated

with a 20-nm layer of gold–palladium prior to imaging. Images

from three samples per composite loading were used for analysis.

Five distinct regions of each SEM sample were imaged, with

15 images of each composite loading being used in total. Image-J

and the DiameterJ plugin38 were used to measure the total poros-

ity, wall thickness, and equivalent pore diameter from the SEM

images. The porosity was measured as the percentage area of

pores relative to the whole imaged area (n = 15 per composite

loading, 60 total). Because of the elliptical pore shape, equivalent

pore diameters were evaluated based on the mathematical relation

of the ellipse perimeter to area for the elliptical pores.30 Eighty

pores per image were measured, resulting in 1200 measurements

per composite loading and 4800 measurements in total. Wall thick-

ness was measured as the average width along the length of the

walls (n = 80 measurements per SEM image, 1200 measurements

per composite loading, 4800 total).

2.4 | Material characterization

Element analysis using energy-dispersive x-ray spectroscopy (EDX)

was performed to observe the presence and interaction of HA and

TiO2 after sintering. The elements of calcium and titanium were

specifically examined as they represented regions of HA and TiO2,

respectively. These elements were also mapped to imaged regions

for qualitative analysis. The presence, location, and arrangement of

calcium and titanium in the different composite loadings were

noted using three images from different scaffolds per composite

loading.

To identify any crystallographic and phase composition changes,

powder x-ray diffraction (XRD) of the different composite loadings

was performed using a SmartLab (Rigaku, Tokyo, Japan). Powder sam-

ples were prepared from crushed, freeze-cast scaffolds with scans

performed over a range of 10–70� 2θ with a step size of 0.05� 2θ at

0.5� 2θ/min. Four scans were performed for each composite loading

from a single scaffold, resulting in 16 total scans.

2.5 | Mechanical testing

Mechanical properties of the freeze-cast scaffolds were determined

through uniaxial compression testing performed using an Instron

Model 5967 load frame (Instron, Norwood, MA, USA) with a 30 kN

load cell. Using samples from three scaffolds, compression tests

(n = 11 per composite loading, 44 total) were performed at a constant

1 mm/min crosshead speed along the freezing direction. The ultimate

compressive strength (UCS) and elastic modulus (E) were calculated

from the peak stress value and the linear region of the stress–strain

curve, respectively.

2.6 | In vitro cell culturing

All cell culturing was performed aseptically to prevent contamination.

Human osteoblast (hOB) cells were obtained from American Type

Culture Collection (ATCC, Manassas, VA, USA) and cultured in com-

plete hOB media composed of Dulbecco's modified Eagle's medium

(DMEM), 10 vol% fetal bovine serum, and 0.3 mg/mL Geneticin-418

antibiotic for 4 days at 34�C and 5% CO2. Phosphate buffered saline

(1� PBS) was used to wash the samples every time before moving

samples or changing media. The hOB cells were from passage 9 to

prevent issues with cell health and gene expression.

Procedures for hOB cell culturing were performed as previously

reported in Reference 30. Cell culture samples were sterilized by

autoclave, followed by seeding of 60,000 hOB cells in 200 μL of

media per sample.30,36 Additional cell-drop control samples consisting

of cells seeded directly into a 12-well plate were used. Cells were

incubated for 2 h to allow cell attachment to the samples.30,36 After

the cell attachment period, samples were submerged in 2 mL of com-

plete OB media. Cells were incubated in standard growth media for

7 or 14 days, with media replaced every 3 days.30,36

2.7 | Osteoblast cell activity

To quantify in vitro biological properties, hOB cell activity was moni-

tored at 7 and 14 days using an alamarBlue (Bio-Rad, Hercules, CA,

USA) assay. The alamarBlue solution is a resazurin salt solution that

changes color based on metabolized proteins released by active

cells.39 A greater change in color from blue to magenta indicates a

reduction of alamarBlue and hence the increased presence of live/

active cells. The sample size for all composite loadings, npHA, and

cell-drop control was n = 3 at both 7 and 14 days. Separate samples

were monitored at 7 and 14 days to prevent any errors from addi-

tional alamarBlue reduction, resulting in 36 samples total. Composite

loading samples were randomly selected for the 7 or 14 day timepoint

from the six scaffold samples.

At 7 and 14 days, samples were aspirated of media, flushed with

1� PBS, and then aseptically transferred to a new sterile well plate.

This well plate contained 5 vol% alamarBlue solution in 2 mL of com-

plete hOB media. Cell-drop controls were aspirated of media, flushed
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with 1� PBS, and then filled with 2 mL of 5% alamarBlue hOB media.

Next the samples were incubated for 24 h to ensure a measurable

change in alamarBlue reduction. In triplicate, 100 μL of the assay

media was transferred to a 96-well plate, and fluorescence was mea-

sured through a spectrophotometer (SpectraMax M3, Molecular

Devices, San Jose, CA, USA) at 560 and 590 nm wavelengths with an

incident wavelength of 590 nm. The fluorescence data were subse-

quently normalized to the npHA control after 7 days of incubation to

compare growth rates to a set baseline.40

2.8 | Statistical analysis

All data analyses were performed using MATLAB 2021b (MathWorks,

Natick, MA, USA). Between-group comparisons were performed using

analysis of variance (ANOVA). If data was found to be non-normal

through a Shapiro–Wilks test or heteroscedastic through Levene's

test (for normal data) or Bartlett's test (for non-normal data), a

Kruskal–Wallis test was performed instead as the nonparametric

counterpart to the ANOVA. Tukey's honest significant difference

(HSD) tests or Dunn's tests were used for pair-wise comparisons

given a statistically significant result (α = .05) from the ANOVA or

Kruskal–Wallis test, respectively. Bonferroni's correction was used to

further reduce Type I errors by dividing α by the number of pair-wise

comparisons.

3 | RESULTS AND DISCUSSION

3.1 | Microstructural characterization

The microstructures of the freeze-cast HA-TiO2 scaffolds perpendicu-

lar to the ice growth direction are shown in Figure 1. No significant

differences were found between composite loadings for pore size

(p = .518), porosity (p = .832), or wall thickness (p = .685), with

values shown in Table 2. These properties are reflected in the SEM

images as the structures remained consistent between composite

loadings. The major and minor axes of the pores are also provided in

Table 2. The pore size (as calculated by the equivalent diameter) of

�30 μm matched past records of freeze-cast HA.41 While the equiva-

lent diameter is used as the main comparison for pore size, the major

and minor axes help represent the geometry of the pores. The

major axis averaged above 110 μm in all scaffolds with a minor axis of

around 16.5 μm, which would allow cells to propagate through the

pores.3,42,43 This microstructure matches previous HA scaffolds made

through freeze casting with water.44–46 While Haugen et al.3 sug-

gested that the ideal pore size for human bone growth should be at

least 100 μm, successful bone growth has been observed in freeze-

cast scaffolds with pores less than 100 μm.47–51 The oriented pore

structure gained from freeze casting has also shown potential benefits

over an isotropic pore structure.51,52 In general, the open porosity of

these scaffolds would allow for nutrient and waste transportation as

well as cell migration and proliferation throughout the scaffold.

3.2 | Material characterization

Electron dispersive x-ray spectroscopy (Figure 2) was performed to

understand how the HA and TiO2 particles interacted during the

freeze-casting process. Regions of HA and TiO2 were identified by

comparing the presence of calcium and titanium, respectively, within

observed regions. With increasing TiO2 content, the HA scaffold walls

shifted from a substrate with distributed TiO2 particles embedded in

it to the distributed HA particles themselves embedded in a TiO2 sub-

strate. Phase segregation was minor, given the even distribution of

HA and TiO2 particles through the structure, as seen in all images. This

mixing could likely be attributed to the use of ultrasonication53,54 and

the use of the Dynol 604 dispersant29,41 to ensure particles are prop-

erly dispersed. Initial particle sizes before sintering would have caused

the larger grains that are present in the scaffold walls. The addition of

Dynol 604 as the dispersant also likely played a role to prevent floccu-

lation and phase separation between the HA and TiO2.
29

Other ceramic–ceramic composites have been made through

freeze casting, but these reports lack element distribution analyses

within the microstructure. Dong et al. fabricated alumina-mullite

composites through freeze casting that successfully mimics the

hierarchical structure of bone.55 Liu and Button have also created

alumina-zirconia composites and found that the differences in density

and particle size could lead to phase segregation within a mixed

slurry.56 As the particle size and density were relatively similar

between HA and TiO2, this may have helped reduce phase segrega-

tion during freeze casting. As mentioned earlier, both materials are

thermally stable of up to 1250�C, likely leading to a stable composite

structure. This stability may not have been observed if materials such

as alumina or zirconia, which need sintering above 1400�C, had been

mixed with the HA instead of TiO2.
57–59 As such, proper mixing, slurry

composition, and thermal stability led to a stable and well-mixed

ceramic composite fabrication using the freeze casting process.

Looking at the phase compositions of the composites using XRD

(Figure 3), all composites showed high crystallinity indicated by the multi-

ple sharp peaks, but differences in intensity were observed between the

different HA-TiO2 sintered composites. Compared to HA with a peak at

the 30� angle, peaks have shifted to the 35� angle in composite loading

samples, indicating new phase development in the samples likely to be in

the forms of β-tricalcium phosphate (β-TCP) [Ca3(PO4)2] and calcium tita-

nate [CaTiO3]. These shifts were interpreted as the reaction that occurs

at the interfaces between HA and TiO2 as the transformation of HA into

β-TCP and the formation of CaTiO3 as shown in (1).60,61

Ca10 PO4ð Þ6 OHð Þ2þTiO2 !3Ca3 PO4ð Þ2þCaTiO3þH2O ð1Þ

Other potential phases may have been present, but their peaks

may have been hidden by the more prevalent phases, especially with

increasing TiO2 content. Sintering above 1300�C is known to cause

HA to change into β-TCP.37,62,63 While the HA scaffolds did not

undergo this phase change when sintering at 1250�C, the presence of

TiO2 perhaps helped catalyze the reaction at a lower temperature in

the composite scaffolds through dehydration which explains the
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transformation of HA into β-TCP.60 This data agrees with past XRD

data on HA-TiO2 composites from Lee et al.64 and Nath et al.65 found

β-TCP, CaTiO3, and rutile TiO2 phases, which are also present in our

composite loading samples. The presence of β-TCP can be beneficial

for bone substitutes due to its higher biodegradability despite its

lower mechanical strength than HA.9,11,15 CaTiO3 has also been

reported to improve biocompatibility and osseointegration when used

as a coating on titanium implants.66,67 Even though most of the HA

has been transformed into β-TCP and CaTiO3 has been observed,

HA will continue to be used for simplicity.

While the presented data has been normalized, the peak intensi-

ties were observed to have decreased with increasing TiO2,

suggesting a higher crystallinity compared to HA. These results are

similar to those found by Khattab et al.,68 who fabricated HA-TiO2

composites using freeze gel casting and starch consolidation. They

noted that lower peaks in the composite samples indicate the pres-

ence of calcium phosphate either in the form of HA or other

phases such as, β-TCP, which may have occurred due to sintering.

Through the EDX and XRD data, it can be determined that the sin-

tering of HA-TiO2 at 1250�C provided a well-mixed and stable

composite structure. In future studies, it is worth investigating the

XRD data for differing sintering temperatures on freeze-cast

HA-TiO2 composites to understand the role of temperature in the

β-TCP phase transformation.

F IGURE 1 SEM images of
microstructure at lower and higher
magnifications for HA (A, B), HT-25 (C, D),
HT-50 (E, F), and HT-75 (G, H).
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3.3 | Mechanical response

Figure 4 shows the results for UCS and E for each composite loading

(n = 11 per composite loading). All composite ultimate compressive

strengths were greater than the HA UCS (1.57 ± 0.37 MPa) with sta-

tistical significance (p < .006). HT-50 showed the greatest UCS of

3.12 ± 0.36 MPa with a significant difference from HT-75 with a UCS

2.32 ± 0.67 MPa (p = .017), but no significant differences were

observed in UCS when compared to HT-25 with a UCS of 2.79 ± 0.58

(p = .734). No significant difference was observed between HT-25

and HT-75 UCS as well (p = .171). The stiffness also increased

by adding TiO2 when compared to only HA. HT-25 with an E of

62.63 ± 21.33 MPa and HT-50 with an E of 63.29 ± 28.75 had a stiff-

ness greater than that of HA with E 32.49 ± 14.36 (p < .001).

TABLE 2 Microstructural properties
by composite loading.

Property HA HT-25 HT-50 HT-75

Porosity (%) 55.2 ± 11.0 53.0 ± 7.1 54.0 ± 6.5 52.7 ± 6.6

Equivalent diameter (μm) 30.5 ± 13.4 30.9 ± 12.0 31.8 ± 13.4 31.4 ± 14.3

Wall thickness (μm) 10.8 ± 2.7 9.8 ± 2.3 10.7 ± 3.0 10.7 ± 2.3

Major axis (μm) 113 ± 72.7 117 ± 73.1 119 ± 78.5 118 ± 80.4

Minor axis (μm) 16.7 ± 10.0 16.4 ± 6.9 16.6 ± 6.7 16.7 ± 7.5

Note: Data is displayed as mean ± standard deviation. For porosity: n = 15 per composite loading. For all

other properties: n = 1200 per composite loading.

F IGURE 2 EDX images at lower and
higher magnifications for HT-25 (A, B),
HT-50, (C, D), and HT-75 (E, F). Calcium
is shown in orange. Titanium is shown
in blue.
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However, no significant difference was found between stiffness for

HT-75 with an E of 49.45 ± 19.10 and HA (p = .541). The composite

ultimate compressive strengths are comparable to the trabecular bone

where UCS is 2–12 MPa, while the elastic moduli are just below the

lower limit of trabecular bone (0.1–5 GPa).69

From sintering at 1250�C, the composite loadings showed greater

strength and stiffness when compared to HA. Because pore size

remained the same, the increase in mechanical properties can most

likely be attributed to the addition of TiO2 due to its greater strength

compared to HA.9,10,70,71 However, it is interesting to note that the

properties did not increase linearly with increasing TiO2 content,

instead reaching the highest observed strength in HT-50 samples. We

believe that there are a few interconnected factors that have influ-

enced these mechanical properties of the composite loadings—namely

doping, interfacial bonding, and grain/crystal size. Doping of weaker

materials like HA with stronger materials like TiO2 and other ceramics

or metals has been shown to improve the mechanical strength of

HA.72–75 This doping effect for increased mechanical properties was

observed in all composite loadings since they had greater mechanical

properties than HA.

As observed through XRD, the HA in the composite loading sam-

ples had mostly been transformed into β-TCP which by itself is

weaker compared to HA.9,15,76 However, by also providing strong

interfacial bonding through phases like CaTiO3, toughness and

strength could increase due to greater crack deflection and energy

absorption at the Ca-Ti interfaces.60,77 Composite HA-TiO2 porous

scaffolds made through direct foaming method resulted in a UCS and

E within the range of trabecular bone.60 Similarly, Sprio et al.24

observed increases in flexural strength and fracture toughness in non-

porous HA samples containing up to 30% TiO2 sintered at 1250�C

when compared to just HA. The current results further our under-

standing of improving the mechanical properties with up to 50% TiO2

added to HA.

It is widely known that larger grain sizes lead to weaker materials

because a crack can propagate through a single grain more easily than

if it is deflected at a grain boundary.78 The grain size of rutile TiO2 has

been found to increase with sintering temperature from 500 to

900�C, which would also mean further grain growth at higher sinter-

ing temperatures like that used in this study (1250�C).79,80 For HA

which is naturally brittle,10,81 doping is often used to mitigate this less

desirable trait.75 Doping of TiO2 with calcium and strontium ions was

also reported to both reduce grain size and provide interfacial bonding

F IGURE 3 XRD spectra of HA, HT-25, HT-50, and HT-75. HA
markers (▲) from ICDD-01-080-6199. β-TCP markers (*) from ICDD-
01-086-1585. CaTiO3 markers (■) from ICDD-01-079-5792. TiO2

rutile markers (●) from ICDD-01-094-1284. n = 4 per composite
loading.

F IGURE 4 UCS (A) and E (B) by composite loading. Data is displayed as the mean ± standard deviation of n = 11 per composite loading.
Statistical significance (p < .05) between groups is noted by p-values above brackets corresponding to pairwise comparisons. Trabecular bone
lower limits for UCS (2 MPa) and E (0.1 GPa) are shown as dashed lines.64
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at grain boundaries which increased mechanical strength.82,83

Through the combined HA and TiO2 solid loading, smaller grain size

and the presence of interfacial bonding are occurring in the composite

scaffolds. Combined with the EDX analysis which showed more

evenly distributed regions of calcium and titanium in HT-50 samples,

lower mechanical properties in HT-25 and HT-75 were thus attrib-

uted to larger grain sizes79,80,82 from sintering and fewer interfacial

boundaries83,84 from the composite loading as previously reported. In

contrast, the better balance of HA and TiO2 in HT-50 led to a more

optimal combination of the factors that resulted in stronger scaffold

when sintered at 1250�C.82–84

As suggested, the TiO2 content therefore increased the UCS

and E compared to HA alone and reached an experimental

maximum in HT-50 with a UCS of 3.12 ± 0.36 MPa and an E of

63.29 ± 28.75 MPa. These HA-TiO2 composite scaffolds showed

greater mechanical properties compared to HA scaffolds, possibly

related to a combination of interconnected factors of doping, interfa-

cial bonding, and grain size. Notably, sintering temperature may have

also caused larger grains to form, and, while outside the scope of this

research, different sintering parameters could cause different proper-

ties. These properties need further focus in future studies.

3.4 | Osteoblast cell activity

In vitro hOB cell activity measured through alamarBlue assay is shown

in Figure 5. The measured fluorescence intensities were normalized to

the intensity of npHA scaffolds after 7 days of culturing to compare

cell proliferation after 7 and 14 days more easily. Cell-drop controls

are not shown as they showed much greater cell activity in compari-

son to the scaffold samples. Composite scaffolds had lower cell activ-

ity during the experiment compared to npHA samples. However, the

composite scaffolds showed greater relative cell growth from 7 to

14 days with mean ± standard deviation normalized intensity differ-

ences of 0.25 ± 0.10 for HT-25, 0.22 ± 0.09 for HT-50, and 0.24 ± 0.14

for HT-75. In comparison, the intensity change from 7 to 14 days for

the npHA was only 0.18 ± 0.13. These changes indicate up to a 50%

relative increase in cell growth between 7 and 14 days for composite

loadings compared to the 10% relative increase in npHA.

Cell activity was found to increase on composite loading scaffolds

when compared to porous HA scaffolds. Little to no cell activity was

observed on porous HA scaffolds cultured for 7 and 14 days. These

results are similar to those reported by Sprio et al.24 and Cunha

et al.,25 where greater cell activity up to 14 days was also observed on

calcium phosphate-titania composites compared to an HA control.

These studies noted the importance of this increased cell activity as

an important aspect of their materials as potential bone substitutes.

Despite the similar microstructure, this limited cell activity indicated

poor cell attachment or potentially cell differentiation on the HA scaf-

folds.85,86 Im et al.87 reported increased surface roughness through

TiO2 addition on HA, which positively correlated with increased cell

adhesion. Surface roughness on biocompatible materials has been

reported to affect cell adhesion, proliferation, and differentiation.82,88

Given the lower mechanical properties of HA, the HA-TiO2 compos-

ites offered a better substrate to which cells could attach and prolifer-

ate while providing the necessary structural strength for load-bearing

clinical application.

4 | CONCLUSIONS

In summary, porous HA-TiO2 scaffolds made through freeze casting

were fabricated and characterized. From the results, HA-TiO2 com-

posites show potential as bone substitutes with appropriate structural,

mechanical, and biological properties. Structural analysis indicated

similarities in macrostructure to porous HA freeze-cast scaffolds made

in the current and past studies.44–46 Elemental analysis through EDS

and XRD showed mixing of the HA and TiO2 phases during freeze

casting, with new phases of β-TCP and CaTiO3 emerging during sin-

tering. This mixing and phase transformation influenced the resultant

mechanical properties through doping, interfacial bonding, and crystal

size. These composite loading scaffolds increased the mechanical

strength and stiffness of the scaffold to the reported range of trabec-

ular bone, and greater than that of the strength and stiffness observed

in the HA scaffolds. Lastly, hOB cells proliferated better on composite

loading scaffolds and showed increased cell growth when compared

to porous HA after 7 days, with further growth in composite loading

scaffolds observed at 14 days.

Past research on HA-TiO2 has largely focused on the physical and

biological properties of the composite as a coating for an

implant.66,87,89 Here, we have successfully fabricated porous HA-TiO2

scaffolds through freeze casting and achieved improved mechanical

F IGURE 5 Cell activity measured through alamarBlue

fluorescence at 7 and 14 days for HA, HT-25, HT-50, HT-75, and
npHA. Data are normalized to 7-day fluorescence of npHA. Statistical
significance (p < .05) between 7 and 14 days is noted by p-values
above brackets corresponding to pairwise comparisons. All composite
loadings' fluorescences are statistically significantly different from
npHA fluorescence. Sample size for all composite loadings, npHA, and
cell-drop control was n = 3 at both 7 and 14 days.
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properties and greater in vitro cell activity compared to porous HA

scaffolds. Thus, freeze casting is a valuable tool in creating simple

and cost-effective porous scaffolds, but the possibilities to create

HA-TiO2 composites can also extend to other manufacturing tech-

niques like additive manufacturing and gel casting. Future research

may also lead to a better understanding of how the composites inter-

act at different sintering temperatures or structural orientations.

Studies on mechanical properties and surface roughness in a porous

composite scaffold with varying composition may prove especially

useful in understanding the subsequent biological attributes of the

scaffolds. While doping HA and bioactive glass composites have been

studied before, ceramic composites with HA as a substrate still require

more attention. Composites offer one solution to improving the flaws

of HA and calcium phosphates and can bring current bone substitute

options closer to natural bone.
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