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Abstract

Calcium titanate-hydroxyapatite composites (CT-HAp) were synthesized using a conventional sintering process. The calcium
source was derived from cockle shell waste. The combustion synthesis of CT (CaTiO;) produced fine, irregular, sub-micron
size particles. The precipitation synthesis of HAp (Cas(PO,);OH) produced rod-like nanoparticles. The obtained powders
were used to fabricate CT-HAp bioceramic composites sintered at 1250 °C for 2 h. The phase formation, microstructure,
and physical and mechanical properties of HAp and various CT-HAp composites were investigated. A CT-HAp composite
with 8%wt of CT, having a density of 3.00+0.01 g/cm® and a grain size of 0.90 +0.06 pm, produced the highest values
for flexural strength, Vickers hardness and fracture toughness: 56.67 +1.122 MPa, 6.03 +£0.02 GPa, and 7.77 MPa.m'?,
respectively. The chemical solubility of the CT-HAp composites was very low, showing an average weight loss of 0.24%
in a simulated body fluid solution. The properties of the CT-HAp composites were controlled by CT content and porosity.
In-vitro biological studies demonstrated the growth and proliferation of MC3T3-E1 osteoblast cells on all composites after
three days of culture. The highest cell viability was exhibited on a CT-HAp composite with a CT content of 8%wt. The
expression of alkaline phosphatase (ALP) activity on the composite surface promoted cellular osteoinduction, indicating
the potential of the developed composite for bone formation and repair.
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Introduction

Calcium phosphate-based materials, especially hydroxyapa-
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charge which resembles the surface electrical property of natu-
ral bone [14]. CT is a good substrate for apatite growth, and
promotes the osseointegration that plays an important role in
connecting the surfaces of the living bone and the implant. CT
hydrolyzes in simulated body fluid (SBF), producing numer-
ous Ti—OH groups. During the incubation process, contact
between the implant surface and osteoblast cells is enhanced,
and the exchange of Ca’* and (PO4)3_ ions is activated. In
addition, TiO;>~ from CT attracts calcium and phosphorus
ions from surrounding bone tissue and body fluids to promote
nucleation. CT also enhances interfacial bonding within bioce-
ramics. These physical and chemical changes have been shown
to induce apatite formation, and enhance regeneration and inte-
gration during repairing bone defect rehabilitation [1, 3—13].

The cockle is an edible marine bivalve mollusk that it
has an economic value as seafood and is widely consumed
in Southeast Asia. In 2021, the Department of Fisheries,
Ministry of Agriculture and Cooperatives reported that
there were 1,637 cockle farms in Thailand that produced
33,526.27 tons of cockles. A large volume of waste cockle
shells from processing is produced, causing an environmen-
tal problem. Recycling this waste could contribute to the
more sustainable development of marine resources. Previ-
ous studies demonstrated that cockle shells contain calcium
carbonate (CaCOs;) in the crystal form of aragonite, consist-
ing of 97% calcium (Ca) [15—17]. The proportion of CaO
in commercial calcium carbonate is 99.10%wt [18], and the
yield of CaO powder obtained from cockle shell after calci-
nation is higher than that yielded by mussel and oyster shells
[19]. Furthermore, cockle shells are used as a raw material
in the synthesis of HAp by various methods [20-28]. How-
ever, the only shell that has been used to produce CT is the
scallop shell [29]. Therefore, cockle shell is a potentially
attractive, untapped, calcium source for the preparation of
CT as well as HAp.

The present work aims to fabricate CT-HAp composites and
improve their properties for biomedical applications. CT was
synthesized by an energy-saving combustion synthesis method
and HAp was prepared by a precipitation process. Reactant
powders for both components were produced from waste cockle
shell. The phase formation and morphology of the reactant pow-
ders and the fabricated CT-HAp composites were investigated.
The CT-HAp composites were characterized and discussed in
terms of physical, mechanical and biological properties.

Experimental procedures
Preparation of powders as a calcium source
Raw cockle shell for the present work was supplied by a

seafood farm in Samut Songkhram Province on the Gulf of
Thailand. X-ray fluorescence (XRF) analysis of the chemical
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Table 1 The chemical

e Compound Concentration
composition of raw waste (%wt)
cockle shell

AlLO4 0.059
CaO 98.280
Cl 0.041
Fe,04 0.248
MgO 0.061
Na,O 0.578
P,05 0.041
SiO, 0.295
SO, 0.133
SrO 0.264

Note: The result was normal-
ized to 100% (LOI-free)

* : CaCO3 (PDF no. 01-075-9987)
':) (A) : Aragonite (C) : Calcite
+:8i0, (PDF no. 01-070-3755)
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Fig. 1 XRD pattern of raw waste cockle shell used in this work

composition of the cockle shell (Table 1) showed that CaO
was a major component in coexistence with other trace oxides.

The XRF analysis was confirmed by X-ray diffraction
(XRD) analysis (Fig. 1), which indicated that the cockle shell
was mainly composed of CaCO; and contained aragonite as
a major crystalline form along with a minor phase of calcite.
The XRD analysis detected SiO,, but not Na,O, Fe,0; and
SrO that were detected by XRF analysis. Although Na,O and
Si0, were both detected in trace amounts, only the peak of
Si0O, was detected by XRD. Possibly the crystallinity of SiO,
was more perfect than the crystallinity of Na,O.

Since biomaterials are implanted in the living body, any
toxic impurities must be identified. Therefore, arsenic (As),
cadmium (Cd) and lead (Pb) contents were determined
by inductively coupled mass spectrometry (ICP-MS), and
mercury (Hg) content was determined by direct mercury
analysis. No Hg and Cd were found, and although As
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Table2 The table compares the found contents of heavy metal ele-
ments in raw waste cockle shell with the relevant standards

Element Concentration (ppm)

ASTM F1185-88 ISO 3779-1:2008  This work
As 3 <3 0.117+0.012
Cd 5 <5 Undetected
Pb 30 <30 <0.100
Hg 5 <5 Undetected

(0.117+0.012 ppm) and Pb (<0.100 ppm) were detected,
the detected levels were below the maximum limit permitted
by the relevant standards (ASTM F1185-88 and ISO 3779-
1:2008) (Table 2). Therefore, the raw cockle shell was con-
sidered suitable for use in biomedical applications.

Raw cockle shell was washed several times with distilled
water and then immersed in hydrogen peroxide (H,0,, 30%,
Chem-Supply) solution for 24 h to eliminate soluble inor-
ganic contaminants. The cleaned cockle shell was dried in
an oven at 110 °C for 24 h. The dry cockle shell was then
preheated at 200 °C to increase brittleness and simplify
preliminary crushing into a coarse powder with an adapted
crushing machine. The obtained coarse powder was milled
for 1 h into a finer powder using a planetary ball mill (Fritsch
GMBH, Pulverisette 6) with a silicon nitride (Si;N,) ball and
jar at a rotation speed of 350 rpm. The milled powder was
passed through a 325 mesh with a vibrating sieve machine
(Nitto, ANF-30) to obtain particles of less than 45 pm. This
powder was used as the calcium source for the synthesis of
CT. Some of the milled and sieved cockle shell powder was
then heated in air in a muffle furnace (Carbolite, RHF 16/8)
at 900 °C for 2 h to transform CaCOj; into CaO as a source of
calcium for the synthesis of HAp. The calcined CaO powder
was analyzed by XRD (Fig. 2). The minor phase of calcium
hydroxide (Ca(OH),) present in the sample was due to the
absorption of moisture from the air [30].

Preparation of reactant powders
Combustion synthesis of calcium titanate (CT) powder

Cockle shell powder with a particle size of 45 pm was
mixed to homogeneity with anatase titanium dioxide powder
(A-TiO,, 99.5%, <45 pm, Degussa AG), by ball milling for
2 h using zirconia (ZrO,) balls and a nylon bottle. The molar
ratio of cockle shell powder to A-TiO, was 1.2: 1. In order
to activate the solid-state reaction, the mixed powder was
high-energy milled at 400 rpm for 30 min. The high-energy
milled powder was then mixed at a molar ratio of 1:2 with
magnesium powder fuel (Mg, 99%, ~45 pm, Riedel-Detlaen)
by ball milling for 60 min. Using a hydraulic press (Huat

¢ ¢ : CaO (PDF no. 01-077-2010)

Intensity (a.u)

a(OH),

ca(OH):

2-Theta (Degree)

Fig.2 XRD pattern of cockle shell powder calcined at 900 °C

Seng, 1939-15 T), 20 g of the obtained reactant powder
were uniaxially pressed at 5 psi (0.03 MPa) into a cylindri-
cal steel mold with a diameter of 25.4 mm. To provide the
high heat necessary for combustion, a 5 g thermite compact
was prepared from iron oxide (Fe,O5, 99%, <5 pm, Sigma-
Aldrich) and aluminium (Al, 93%, 45 pm, Himedia Labora-
tories) powders mixed at a molar ratio of 1: 2. The thermite
compact was placed on top of the reactant compact and
ignited. The combustion synthesis of CT took place under
a controlled Ar atmosphere at a pressure of 0.5 MPa. The
as-combusted product was separated from the by-product of
thermite (Fe 4+ Al,0;) and mechanically pestled into friable
powder in an alumina (Al,O5) mortar. The by-product of
magnesium oxide (MgO) was then leached from the powder
product in 2 M hydrochloric acid (HCI, 37%, RCI Labscan)
solution. Leaching was performed under moderate magnetic
stirring for 180 min with a powder product-HCI solution
ratio of 10 g: 100 mL. The as-leached sediment was captured
with filter paper and washed several times with deionized
(DI) water to neutralize pH. The washed as-leached powder
was dried at 80 °C for 24 h and CT powder was obtained.
The experimental procedures were adapted from and fol-
lowed previous works [31, 32].

Precipitation of hydroxyapatite (HAp) powder

As-prepared CaO powder was suspended in DI water at a
solid-liquid ratio of 20 g: 500 mL under constant magnetic
stirring at 90 °C for 1 h. A suspension of 0.5 M Ca(OH),
was obtained with a pH of 13.0. The pH of the suspension
was then adjusted to 7.0 with orthophosphoric acid (H;PO,,
85%, RCI Labscan) solution under constant stirring at 90 °C
for 1 h. After cooling the mixture down to room temperature,
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ammonium hydroxide (NH,OH, 30%, J.T.Baker) solution
was added to the suspension under stirring to achieve a pH
of 10.0. The suspension was then aged for 48 h at room tem-
perature in a covered beaker while precipitation occurred.
The precipitated powder was recovered with a filter paper
attached to a suction pump. The recovered powder was
washed repeatedly with DI water to remove the NH,* ion
until pH was 7.0. The powder was then dried in an oven at
80 °C for 24 h, ground, and finally calcined in air at 700 °C
for 2 h at a heating rate of 5 °C/min.

Conventional solid-state sintering of CT-HAp
composites

Various contents of CT powder (0-20%wt) were ball milled
with HAp powder for 24 h in a wet medium (ethanol, 99.9%,
RCI Labscan) using ZrO, milling balls. Wet milling was
used to ensure a homogenous mixture of the two differ-
ent ceramic powders. Ethanol was removed by drying the
powder mixture in an oven at 80 °C. The dried powder was
mechanically ground in an agate mortar and 0.5 g of the
powder was mixed with 0.1 mL of 3 wt% polyvinyl alco-
hol (PVA, 99%, Gohsenol) solution. The obtained mix-
ture was uniaxially pressed (Krumor, HP-900) at 50 MPa
to form a disc-shaped green pellet 15 mm in diameter and
approximately 1.5 mm thick. The green composite pellet
was sintered by a conventional solid-state route in air in a
muffle furnace (Carbolite, RHF 16/8). The PVA binder was
eliminated by heating for 1 h at 500 °C, and the composite
pellet was further heated at 5 °C/min to 1250 °C and held at
this temperature for 2 h. Sintering at 1250 °C was reported
in a previous study to produce HAp ceramics with accept-
able properties and without any phase transformation into

Fig.3 Temperature profile A
for the fabrication of CT-HAp
composites by conventional

tricalcium phosphate [33]. The sintering profile is depicted
in Fig. 3.

Materials characterization

The chemical composition of raw cockle shell was analyzed
using XRF (PANalytical, Zetium). Different phases in the
raw materials, reactant powders and sintered composites
were identified by XRD analysis (PANalytical, Empyrean),
carried out using Cu-K, radiation. The crystal structures of
identified phases were analyzed and matched by HighScore
Plus software version 4.7. The heavy metal content of raw
cockle shell was determined by ICP-MS (PerkinElmer, Nex-
ION2000). The elements present in the SBF solution that was
used to test chemical solubility were identified by inductively
coupled plasma optical emission spectroscopy (ICP-OES,
PerkinElmer, AVIO 500). Hg content in raw cockle shell
was determined by direct mercury analysis (NIC, MA3000).
A scanning electron microscope (SEM, FEI, Quanta 400)
was used to study the morphology and measure the particle
size of as-prepared CT and HAp powders and to observe
the microstructure of sintered composites. The average grain
size of sintered composite samples was measured from SEM
images by the mean linear intercept method, using Imagel
software version 1.53e. Prior to SEM observation, samples
were sputter-coated (SPI, 12157Q-AB) with a thin layer of
gold to enhance electrical conductivity. The particle size of
as-prepared HAp was precisely evaluated by transmission
electron microscopy (TEM, JEOL, JSM-2010). Energy dis-
persive X-Ray spectroscopy (EDX, X-Max, Oxford) was used
to analyze the elemental distribution in sintered composites
and to measure the content of Ca and P in HAp.

Sintering, 1250 °C, 2 h

solid-state sintering

Temperature

3 °C/min

5 °C/min

Furnace cooling

Debinding,/ 500 °C, 1 h
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Y =(1+v) 1+ln<r—1> +(1—v)<r—1> (4.2)
Physical properties 3 3

Ceramic composites were then hydrostatically weighed
with a precision analytical balance (Sartorious, BSA224S-
CW). In accordance with the ASTM C373-72 standard,
CT-HAp specimens were first soaked in boiling distilled
water for 5 h and then left immersed in distilled water at
room temperature for 8 h. The sintered density and appar-
ent porosity of ceramic composites were calculated using
Egs. (1) and (2) [33]:

3 W,
psinlered(g/cm ) = W2 _ Wl X Pwater D
P (%) =2 " Vo 00
w0 Sy, —w, @

where pgpereq 18 the sintered density and P, is the appar-
ent porosity; Wy, W, and W, are the specimen dry weight,
weight in water of the water-saturated specimen, and weight
in air of the water-saturated specimen, respectively, and
Pwater 1S the density of water (1 g/cm?). The linear shrinkage
of the ceramic composites was calculated using Eq. (3) [33]:

D, - D,
b2 % 100% (3)
Db

Linear shrinkage (%) =

where Dy and D, denote the diameter of specimens before
and after sintering.

Mechanical properties

The strength of CT-HAp composites was tested by determin-
ing biaxial flexure in accordance with the ISO/DIS 6872:
2013(E) standards, using a universal testing machine (Shi-
madzu, AGX-V). Disc-shaped specimens were prepared to
the stipulated minimum thickness of 1.2 +2 mm and diameter
of 12 mm. Specimens were placed on three hardened steel
ball supports and the load was applied by a flat punch with
a diameter of 1.5 mm at a crosshead speed of 0.5 mm/min.
Biaxial flexural strength was calculated using Eq. (4) [33]:

_0.2387P(X - Y)

o(MPa) = o

“

where o is biaxial flexural strength, P is the load to failure
and b is the specimen thickness at the fracture origin. X and
Y were determined using the following formulas [33]:

x=aeom(2) 4 [z (2)
=asun(2) +[57(2)

“.1n

where, v is Poisson’s ratio (0.25 for ceramic), r, is the radius
of the support circle (1.6 mm), r, is the radius of the loaded
area (0.8 mm) and r; is the radius of the specimen.

The hardness of samples was determined using the Vick-
ers micro-hardness test (Innovatest, NOVA 130/240) by
indenting a diamond pyramid tip on a smooth polished sur-
face with a load of 1 kg; (9.81 N) and dwell time of 10 s.
The obtained Vickers hardness numbers were converted to
GPa in SI units. In addition, the lengths of cracks emanating
from the vertices of the diamond indentation were scaled
by SEM and used to estimate the fracture toughness (K;¢)
of specimens in radial-median and any other crack systems,
using Egs. (5) and (6) [34]:

E

y F /2
K,c«(MPam /2) = 0.016x03—/2x<m) (5)

. . Ve -1.56
K,c«(MPa.m /2) = 0.0782x(HVxa h)x(%) / x(;)
(6)

where, K¢ is fracture toughness, F is the applied load (N),
E is Young's modulus (GPa), HV is Vickers hardness (GPa),
c is the longest lateral extension of a crack from the centre
of the indentation (m), and a is the half of the indentation
diagonal (m). The Young's modulus (assumed EXE,) of the
particulate composite was estimated from the rule of mixture
in Eq. (7) [35]:

E.(GPa) =E, V, +E,V, )

where, E, and E,, denote the elastic modulus for the matrix
(HAp =79 GPa) and reinforcing material (CT=161 GPa),
respectively, and V, and V,, denote the volume fractions of
the matrix and reinforced particle, respectively.

Hardness and fracture toughness were used to determine
the brittleness (B) of specimens, defined as [6]:

_1 HV
B(pm /2>:K—IC (8)

Chemical solubility

The chemical solubility of the CT-HAp composites was
investigated in a simulated human extracellular fluid using
a solution of SBF. The SBF solution was prepared accord-
ing to the method of Kokubo and Takadama [36] by mix-
ing sodium chloride (NaCl, 7.996 g), sodium bicarbonate
(NaHCO;, 0.350 g), potassium chloride (KCI, 0.224 g),
potassium biphosphate trihydrate (K,HPO,.3H,O,
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0.228 g), magnesium chloride hexahydrate (MgCl,.6H,0,
0.305 g), calcium chloride (CaCl,, 0.278 g), sodium sul-
fate (Na,SO,, 0.071 g), tris(hydroxymethyl)aminomethane
((CH,0OH);CNH,, 6.057 g), 1 M hydrochloric acid solution
(HCI, 1 43 mL), and DI water. The pH of the SBF solution
was adjusted to 7.2. Samples for analysis were soaked in
500 mL of SBF solution for 7, 15, 21, and 28 days at a con-
trolled temperature of 37 °C in a universal oven (Memmert,
UN 55 PA 115 V). After soaking, the pH of samples was
measured with a pH meter (Thermo-Orion, A111). Samples
were then washed thoroughly with DI water and dried in an
oven at 60 °C for 24 h. The chemical solubility of the ceramic
composites was estimated from the weight remaining [37],
calculated based on the weight before (W) and after (W)
soaking, using Eq. (9):

W
Weight remaining (%) = VTZ x 100% )
1
Furthermore, Ca, P and Ti in the SBF solution were deter-
mined by ICP-OES and the chemical composition of sample
surfaces was investigated by EDX analysis.

In-vitro biological properties

Cell culture MC3T3-El osteoblastic cells from the Ameri-
can Type Culture Collection (ATCC) were cultured in 75
cm? cell culture flasks containing alpha minimum essen-
tial medium (Alpha MEM, Gibco). A standard incubator
(Eppendorf, Cellxpert) was operated at 37 °C with 5% CO,
and 95% relative humidity. The Alpha MEM was supple-
mented with a solution of 10% fetal bovine serum (FBS),
100 L.U./mL penicillin and 100 pg/mL streptomycin. The
medium was replaced every 2—3 days, until cell densification
remained at 80-90% for 3 days.

WST-1 assay to measure cell viability The viability of cul-
tured MC3T3-E1 cells was investigated on HAp and CT-
HAp composite samples. Samples were placed in 24-well
plates and cells were seeded (using Alpha MEM), as
described in the previous subsection. After incubation, the
medium was aspirated, composite samples were washed
with phosphate buffered saline (PBS) solution, and 2 mL of
0.25% trypsin—EDTA solution were added to each well. The
plates were then placed in the incubator for 5 min at 37 °C
in 5% CO,. After that, 10 mL of medium were twice added
by pipette into a 50 mL test tube, and centrifuged for 5 min
(TOMY, MDX-310). Four milliliters of medium were added.
Then, 10 pL of cells were sampled, stained with trypan blue
dye (C3,HygN¢O,,4S,, Thermo Fisher Scientific) and micro-
pipetted into a hemocytometer. Cytotoxicity was evaluated
by counting viable cells under a phase contrast microscope

@ Springer

(Olympus, CKKS53). The number of cells was determined
using Eq. (10) [38]:

Averagecellcount
Averagecercount xDilutionfactorsx10*

(10)

Numberofcells(cells/mL.)=

*Dilution factor is usually 2.

In addition, approximately 1.5x 10* MC3T3E-1 cells,
counted with the hemocytometer, were seeded on compos-
ite samples, which were then washed twice with 1 mL of
PBS solution containing 500 pL of Alpha MEM. The cells
in each well were treated with 50 pL. of WST-1 solution and
incubated for 2 h. The optical density (OD) or absorbance
of the solution was measured at 450 nm using an automated
microplate reader (BioTek, Epoch). The percentage of cell
viability was calculated from Eq. (11) [39]:

OD 450 sample

Cell viability (%) = X 100% an

D450 control

where, ODys4 sampie s the optical density obtained in the
presence of WST-1 and ODy s oniro1 18 the optical density
obtained in the absence of WST-1, measured at 450 nm.

Osteogenic induction and alkaline phosphatase stain-
ing MC3T3E-1 cells were seeded in wells of a 24-well plate
at a density of 1.5x 10* cells per sample and incubated for
two days in a complete growth medium (CGM), which was
supplemented with 0.1 pM dexamethasone (Sigma-Aldrich),
50 pM L-ascorbic acid (Sigma-Aldrich), and 10 mM
B-glycerolphosphate disodium salt hydrate (Sigma-Aldrich).
Subsequently, the cells were osteogenically induced for 24 h
using osteogenic induction medium (ODM). The induced
cells were then cultured in CGM for an additional seven
days. Alkaline phosphatase (ALP) staining was performed as
previously described [40]. Briefly, the cells were fixed with
70% ethanol for 30 min and stained with a 0.2% (v/v) solu-
tion of 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro
blue tetrazolium (NBT) (Sigma-Aldrich). The intensity of
ALP staining was assessed using a stereomicroscope (Nikon,
SM2745T). The number of blue-stained pixels was analyzed
as a ratio to the total sample surface area. The percentage
changes in ALP activity was calculated by comparison to the
sample without CT (0 wt%).

Cell fixation for SEM observation Osteoblastic cell growths
on composite samples were washed with 0.1 M PBS solu-
tion, to remove soluble proteins in the medium. Cells were
fixed with 2.5% glutaraldehyde (CsHgO,, Sigma-Aldrich)
diluted in 0.2 M PBS at room temperature for 1-2 h, and
then washed 2-3 times with 0.1 M PBS solution for 1-2 min,
then with distilled water for 1-2 min. Cells adhering to sur-
faces were dehydrated using a series of ethanol solutions
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(50, 60, 70, 80 and 90%). Adhering cells were soaked twice
in each concentration for 15 min and then for 30 min in
100% ethanol solution. Finally, dehydration was completed
in a critical-point dryer (CPD, Toursimis, Autosamdri 931).

Results and discussion

Characteristics of as-prepared reactant powders
for CT-HAp composites

The XRD pattern of CT powder (Fig. 4(a)) indicated a major
phase of orthorhombic CaTiO; (space group: Pbnm) and a
secondary phase of titanium dioxide (TiO,) at a very low
concentration. The XRD pattern of HAp powder (Fig. 4(b))
showed only a pure Cas(PO,);OH phase (space group:
P63/m) with a hexagonal crystal system. The crystal sys-
tem and crystalline parameters of CaTiO; and Cas(PO,);O0H
phases were referenced in the powder diffraction file data-
bases (according to the referenced PDF numbers).

The SEM image of CT powder (Fig. 5(a)) revealed irregular
agglomerations with a particle size of less than 1 pm. The HAp
powder (Fig. 5(b)) comprised clusters of small particles. TEM
observation confirmed HAp particles were rod-like with a par-
ticle size in the nanometer range (Fig. 5(c) and (d)). The Ca/P
ratio of hydroxyapatite used in this work, determined by EDX,
was close to the Ca/P ratio of adult human bone (1.71) [41].

Characteristics and properties
of conventional-sintered CT-HAp composites

HAp and CT-HAp composite samples, sintered at 1250 °C
for 2 h, were analyzed using XRD. The XRD pattern of the

HAp sample (0%wt) (Fig. 6) presented single peaks of HAp
with the chemical formula Cas(PO,);OH. The XRD patterns of
CT-HAp composites (2-20%wt of CT) presented major peaks
of HAp and minor peaks of CT. The intensity of the CT peaks
(~47.5°) increased with increments of CT content. These
findings confirmed that HAp and CT-HAp composites had
been synthesized without any phase dissociation or new phase
formation. Unreacted TiO,, originally present in CT powder
(Fig. 4(a)), was presented in very low amounts compared with
HAp and CT, and therefore the peak of TiO, was not recorded.

SEM images of HAp and CT-HAp composites showed
that the surface microstructure of all specimens (Fig. 7)
comprised a bimodal grain size distribution of HAp particles
smaller than 2 pm. The microstructures were homogenous
and CT particles were evenly distributed in the HAp matrix
at CT contents of 2 to 8%wt. In addition, the average grain
size of the CT-HAp composites decreased from 1.14 +0.20
to 0.90+0.06 pm with increments of CT content from 2 to
8%wt. The reduction of grain size was due to the effective
inhibition of grain boundaries by CT particles. At 10%wt
of CT and above, the microstructure of the CT-HAp com-
posites became less homogenous, developing many pores,
including large pores, and CT particles tended to agglomer-
ate more and adhere to HAp. Also, more abnormal grain
growth was observed and the average grain size increased
from 0.98 +0.10 to 1.44+0.35 pm as CT contents increased
from 10 to 20%wt.

In addition, SEM images of cross-sections of HAp and
the composites (Fig. 8) showed that composites with higher
CT contents, in addition to increasing agglomeration of CT
particles, exhibited greater porosity, displaying pores clus-
tered around agglomerated particles of CT. Dubey et al. [6]
in a study of CT-HAp composites containing high amounts
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Fig.4 XRD pattern of reactant powders (a) calcium titanate and (b) hydroxyapatite
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Fig.5 The micrographs show SEM images of calcium titanate (a) and hydroxyapatite (b), and TEM images (c) and (d) of hydroxyapatite parti-

cles at different magnifications

of CT, reported that the number of CT/CT contacts increased
with increments of CT content. In the present work, CT-HAp
composites containing more than 8%wt of CT exhibited
increased agglomerations of CT. Also, this result might be
affected by contacts between CT particles. In another work
[1] more clusters of CT particles were observed at high CT
contents.

To identify phase distributions, SEM-EDX elemental
mapping was performed of HAp, CT and CT-HAp com-
posites containing 10 and 20%wt of CT. HAp presented Ca,
P and O (Fig. 9(a)), while CT and both CT-HAp compos-
ites presented Ca, P, Ti and O (Fig. 9(b) and (c)). CT has a
higher density than HAp, and thus was visible as a brighter
area. To confirm the findings, two different areas on the sur-
face of CT-HAp with 20%wt of CT were scanned and EDX
spectra were recorded (Fig. 9(d)). The darker area (marked
*) presented Ca, O, and P with a small amount of Ti, indi-
cating hydroxyapatite as the major phase. In contrast, the
brighter area (marked e) revealed the presence of Ca, Ti
and O contents of 22.82, 20.84 and 56.34 at%, respectively,
which were close to the relevant references [42] shown in the
enclosed table. This result indicated that the composition of
the brighter area of the composite was CT.

@ Springer

Physical and mechanical properties
of conventional-sintered CT-HAp composites

The sintered density and apparent porosity of the synthe-
sized materials were plotted as functions of CT content
(Fig. 10). The density of HAp in this work was 2.97 +0.08 g/
cm?® (94% of theoretical density). The density of CT-HAp
composites with less than 8%wt of CT slightly increased as
a function of CT content from 2.98 at Owt% to 3.01+0.02 g/
cm? at 6%wt of CT. The increasing density of CT-HAp com-
posites with less than 8%wt of CT was in agreement with
the rule of mixture for composites and the greater theoretical
density of CT (3.98 g/cm?) than HA (3.16 g/cm?) [1, 35]
but the density of 8%wt CT-HAp was very slightly lower
at 3.00+0.01 g/cm®. Above 8%wt of CT, the density of the
composite slightly decreased, reaching its lowest value of
2.91+0.02 g/cm? at 20%wt of CT. The reduced density of
the composite at CT contents of 8wt% and above was related
to the increased porosity of the material. CT was denser than
HAp, therefore, when CT particles were added to HAp pow-
der in the consolidation process, the compressibility of the
green sample was reduced and the porosity of the obtained
CT-HAp composites increased as a function of CT content.



Journal of the Australian Ceramic Society (2024) 60:65-87

73

Fig.6 XRD patterns of
hydroxyapatite and calcium
titanate-hydroxyapatite compos-
ites at different calcium titanate
contents

Intensity (a.u)
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Also, the higher melting point of CT particles (> 1900 °C
for CT and = 1500-1600 °C for HAp) [42-44], higher sin-
tering temperature (1450 °C) [3] and great resistance to
deformation (E=161 MPa) [45] inhibited microstructural
rearrangement during sintering. The reduced deformation
and diffusion of the particles further promoted porosity, and
higher contents of CT possibly increased the porosity of the
composite due to the more uniform grain growth.

The linear shrinkage of samples (Fig. 11) decreased with
increments of CT content. The reduction in shrinkage of

IIIIIIIII|l|ll|lll|]lll||llll|lIIIIIIIIIIIIIIIIIIIII|||II|I

40 45 50 55 60 65 70 75 80
2-Theta (Degree)

the composite was mainly due to the non-densifying inclu-
sion, namely CT, introduced into the HAp matrix. When
the amount of CT in the composite was high, the contact
between CT particles was excessive and led to the develop-
ment of pores that hindered densification [6-8].

The biaxial flexural strength of the CT-HAp composite was
affected by CT content. At CT contents from 2 to 8%wt, the
flexural strength of the composite increased (Fig. 12). The
flexural strength of 8%wt CT-HAp was 56.67 +1.12 MPa,
compared to 45.56+2.71 MPa for pure HAp-an increase of
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Fig.7 SEM images of the
surface morphology of
hydroxyapatite and calcium
titanate-hydroxyapatite compos-
ites at different calcium titanate
contents

24%. In contrast, flexural strength decreased at CT contents
from 10 to 20%wt. CT has greater flexural strength than HAp
[7, 8] and therefore, CT-HAp composites with an optimal
microstructure and specific mechanical and physical proper-
ties can be achieved by controlling the CT content. In the
discussion of microstructural evolution in “Characteristics of
as-prepared reactant powders for CT-HAp composites” sec-
tion, the grain size, porosity, pore size and pore distribution
were related to CT content (Figs. 7 and 8). Composites con-
taining 8%wt of CT or less displayed smaller grain sizes than
composites containing 10%wt of CT or more, as well as lower
porosity and smaller pores that were more homogenously dis-
tributed in the HAp matrix.

@ Springer

Figure 13 shows the microhardness of HAp and the CT-
HAp composites. The hardness of the composite increased
with increments of CT content from 2 to 8%wt. The
8%wtCT-HAp composite exhibited the greatest hardness and
the microhardness of composites with 10wt% or more of CT
was considerably lower, showing a similar trend to flexural
strength (Fig. 12). The results indicated that the mechanical
properties of the CT-HAp composite (including hardness)
depended on the CT content. Ramirez et al., [45] suggested
that the formation of hard CT particles (HV~5 GPa) sup-
ported the reduction of HAp deformation. The hardness of
the composite, like its flexural strength, was significantly
impacted by porosity.
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Fig.8 SEM cross-sectional
images of hydroxyapatite and
calcium titanate-hydroxyapatite
composites at different calcium
titanate contents

Figure 14(a) shows a sketch of a radial-median crack
and the imprint of the diamond tip on the specimen
surface after Vickers hardness testing. SEM images
(Fig. 14(b)—(e)) show the impact areas on HAp and CT-
HAp composite samples after Vickers hardness testing.
The images on the right-hand side are at higher magnifica-
tion and show the opening of the crack after unloading.
The cracks formed on the surface of pure HAp and 2 and
8%wtCT-HAp (Fig. 14(b)-(d)) were of the radial-median
type. The cracks diffused along the specimen surface, and
the Vickers indent also caused regions of plastic deforma-
tion due to residual stresses at the point of the indent [46,
47]. However, no crack system could be clearly identified
on the 20%wtCT-HAp composite (Fig. 14(e)), and the

residual imprint was larger than the imprint in the other
composites. The SEM micrograph of the indented surface
of the pure HAp sample (Fig. 14(b)) shows a mainly trans-
granular mechanism of fracture, but the fracture mecha-
nism observed in all the composites (Fig. 14(c)—(e)) was
less transgranular and the crack openings were narrower.
The 2 and 8%wtCT-HAp composites exhibited greater
fracture toughness (K;c) than the HAp sample, with val-
ues of 5.75 and 7.77 MPa.m'?, respectively, compared to
4.66 MPa.m"2. This enhanced toughness contributed to the
resistance to crack-growth of the composites. Moreover, to
confirm the resistance to cracking, the brittleness (B) of the
materials was determined by considering hardness and Kjc.
The calculated B values of HAp and 2 and 8%wtCT-HAp
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«Fig.9 Typical SEM-EDX mapping of hydroxyapatite (a) 0%wt cal-
cium titanate, and calcium titanate-hydroxyapatite composites with
calcium titanate contents of (b) 10%wt and (¢) 20%wt, and (d) mag-
nified SEM-EDX point scan of a calcium titanate-hydroxyapatite
composite with 20%wt of calcium titanate

composites were 0.94, 0.88 and 0.75 pm~"2, respectively.
According to a previous study [48], ceramics with low B
and high K. values were less brittle because the concen-
tration of stresses was insufficient to cause cracking. The
8%wt-CT-HAp sample demonstrated the largest K;.. Crack
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Fig. 11 Linear shrinkage of

hydroxyapatite and calcium
titanate-hydroxyapatite compos-
ites at different calcium titanate
contents

Linear shrinkage (%)

6 8 10 12 14 16 18 20
CT content (% wt)

@ Springer



78 Journal of the Australian Ceramic Society (2024) 60:65-87

Fig. 12 Biaxial fractural 60.00 -
strength of hydroxyapatite and ] 56.67+1.12
calcium titanate-hydroxyapatite 55.00 1
composites at different calcium A 53.3040.74
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propagation in this composite was restricted by homog-  was increased by the presence of CT. On the other hand,

enously dispersed CT agglomerations in the HAp matrix,  the 20%wt-CT-HAp sample had a lower K- (2.11 MPa.
while the crack opening was very narrow (Fig. 15). This ~ m'"?) and higher B (2.35 pm~"?) than the other samples.
finding was consistent with the finding of J.G. Miranda-  These poor properties were attributed to high porosity, low
Hernandez et al. [49], who reported that fracture toughness  hardness and uneven distribution of CT particles.
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Chemical solubility of CT-HAp composites

Figure 16 shows the weight remaining of HAp and CT-
HAp composites soaked in SBF solution for various time
periods. It can be seen from Fig. 16 that weight was not
lost in a consistent pattern. After 28 days in SBF solution,
the remaining weight of some samples was 99.97 +0.11%
of the initial weight. The very low weight loss (< 0.50%)
of the samples was due to the high crystallinity and strong
negative surface potential produced by sintering [50]. Also,
the hexagonal HAp obtained in this work is highly stable in
biological environments. The results indicated that CT-HAp
composites degrade slowly and may be best used to repair
bone defects which need a slow degradation rate. However,
certain samples, 8%wt CT-HAp, for example, showed a
greater average weight loss than others in the case of 8%wt
CT-HAp, 0.32% compared to 0.08-0.20%. It is possible that
the as-sintered sample set contained more surface defects
such as micro-cracks, small pores and roughness [51, 52],
which increased solubility by increasing the area exposed
to SBF [53, 54].

Table 3 shows concentrations of Ca** and PO,*~ ions
found in SBF solution after soaking HAp and CT-HAp
samples for various time periods. The Ti** ion was not
detected in any condition. It can be seen that concentra-
tions of Ca** and PO,>~ ions were lower after 7 days of
soaking compared to the concentration of both ions found
in fresh SBF. Concentrations were higher at 15 days and
higher still at 21 days, increasing from 67.75 +1.1.13
to 78.51 +0.28 ppm for Ca**, and from 51.82+ 1.21 to
59.15+0.09 for PO,*~. Concentrations of both ions were
lower at 28 days than at 21 days since the ions precipitated
onto the samples. Indeed, the dissolution of Ca** from the
CT-HAp composite promoted the exchange of ions on its
surface. The exchange between Ca?* ion from the com-
posite and PO,>~ ion from the SBF solution induced the
surface precipitation of apatite [50, 55, 56].

The elemental compositions of sample surfaces
after soaking in SBF solution were determined by EDX
analysis. The results showed that Ca and P concentrations
and the Ca/P ratio on sample surfaces tended to increase
with soaking time (Table 4). However, little fluctuation
was noticed in the case of Ti. The increases in Ca and P
concentrations were mainly attributed to the precipitation
of titanate (Ti032_) and phosphate to form apatite by a
dissolution-precipitation reaction [57, 58]. When the
samples were soaked in SBF solution, the negatively
charged OH™ and HPO,>~ ions combined with positively
charged Ca*" ions to form Ca-rich calcium phosphate.
With the accumulation of Ca ions, the surfaces were
positively charged, and PO,*" ions could easily attach
[59]. The Ca/P ratio was up to 2.26 times higher than the
theoretical value (1.67) of HAp due to the initial high Ca

(a) Radius
» Deformation

Top view

a : Half diagonal
¢ : Half crack length
Y

o3
1

f—- Crack prbpaga,te,

-5 um’
0,000

5 um
10,000

Eral @

Agglomerate® ¢

4 \c'|( Li & rack propaat'g
“'— \ ¢ »/ -

'}

i /(— Crat-:-k propagate

—i
‘vgl =365nm. &
)

& 5um *
10,000x

Fig. 14 The sketch (a) shows the imprint of the diamond tip and a
radial-median crack formed after hardness testing. Images (b), (c),
(d), and (e) show residual imprints (left) with crack openings (right)
of hydroxyapatite and calcium titanate-hydroxyapatite composites
with calcium titanate contents of 2, 8 and 20%wt

concentration in both CT and HAp. Furthermore, the large
Ca content was ascribed to the initial adsorption of Ca ions
from CaCl, in SBF solution through ionic interaction with
negatively charged phosphate groups. The high Ca/P ratio
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Fig. 15 SEM-EDX mapping of
calcium titanate-hydroxyapatite
composite with 8%wt of cal-
cium titanate

on the sample surface was a result of bioactivity that was
proposed as a positive development [60]. In addition, minor
elements such as Mg, Na, Cl and K, were found on the
specimen surface in some conditions. These elements were
present in the fresh SBF solution and could precipitate on
sample surfaces as Mg(OH), and NaCl [61, 62].

Dubey et al. [4] proposed that bone formation on the
negatively charged surface of HAp (negative hydroxyl and
phosphate groups) [11] was enhanced by osteoconductivity
and that the accumulation of positively charged Ca’*
ions depended on electrical conductivity. Other studies
of CT-HAp composites [7, 63] reported that the higher
electrical conductivity of CT particles (3.2 x 107> S/m
compared to 2.4 x 1071 S/m for HAp) enhanced the
electrical conductivity of the composite. The enhancement

of electrical conductivity has been attributed to ionic
polarization caused by the displacement between Ti**
and O%~ in CT [4] and supports the osseointegration and
osteoconductivity of bone tissue. Therefore, CT-HAp
composites that contain the optimal CT content can
promote electrical conductivity to generate better bioactive
properties than are exhibited by pure HAp.

In-vitro biological properties of CT-HAp composites

WST-1 assay results were obtained after growing
MC3T3-E1 osteoblast cells on CT-HAp composites for
three days. The 8%wtCT-HAp composite produced the
highest cell viability (Fig. 17). Perhaps the microstructure
of this composite was more compatible for cellular

Fig. 16 The weight remaining 100.5
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Table 3 The ions released from calcium titanate-hydroxyapatite com-
posites into simulated body fluid solution after soaking for different
time periods were detected by ICP-OES

Soaking period (Day) Ion and concentration (ppm) pH
Ca* PO~ Ti**

Fresh SBF 85.21+1.63 65.80+0.19 Not found 7.20

7 64.50+1.29 50.11+0.40 Not found 7.11

15 67.75+1.13 51.82+1.21 Notfound 7.16

21 78.51+0.28 59.15+0.09 Notfound 7.17

28 75.73+1.43 57.53+0.52 Not found 7.16

survival. SEM observation of 8%wtCT-HAp revealed
a better distribution of CT particles in the HAp matrix.
Other factors also influenced cell viability. The grain
size and porosity of the composites were involved. The

8%wtCT-HAp composite had a small grain size and low
porosity compared to 10-20%wtCT-HAp composites.
Contact between the osteoblastic cells and the material
surface was better and the levels of calcium and phosphate
ions for apatite formation were higher [11, 12]. Moreover,
the surface roughness of the material was correlated with
the enhancement of polar components and cell attachment
[64]. The surface morphology of 8%wtCT-HAp was
perhaps more suitable for cell adherence and therefore
cell survival.

SEM images of osteoblast cells cultured on the sintered
materials showed that all CT-HAp composites and pure
HAp (0% wt) exhibited good cell attachment, without
any sign of cytotoxicity. With increments of CT content
up to 6%wt, cells were elongated and attached with long
filopodia (Fig. 18). At CT contents from 8 to 20%wt,

Table 4 Elements detected on the surface of the calcium titanate-hydroxyapatite composites after soaking in SBF solution for different time peri-

ods

Soaking period (Day) Element and concentration (%wt)

Ca P Ca/P Ti (0] Mg Na Cl K
Unsoaked 2591+049 14.70+0.26 1.76 1.26+0.02 58.13+0.69 Undetected Undetected Undetected Undetected
7 3559+0.41 15.82+0.78 225 1.08+0.02 43.29+0.18 0.13+0.05 Undetected Undetected Undetected
15 37.39+0.19 17.26+0.12 2.17 2.69+1.04 44.79+0.13 0.71+0.26 0.21+0.03 0.12+0.03 0.08+0.04
21 38.85+0.39 17224041 226 1.38+0.08 4236+0.72 0.18+0.03 Undetected Undetected Undetected
28 38.34+034 17.15+0.21 223 1.29+0.08 43.38+0.21 0.10+£0.01 Undetected Undetected Undetected
Fig. 17 Cell viability of 300
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Fig. 18 SEM images of
MC3T3-El osteoblast cells
attached to hydroxyapatite and
calcium titanate-hydroxyapatite
composites at different calcium
titanate contents after three days
of culture

2um
20,000

cells proliferated and spread with extended lamellipodia
and filopodia. Cells could attach and form a cellular
network on the composite surfaces, which indicated the
biocompatibility of the composites and the promotion
of tissue formation and growth. Although both HAp and
the CT-HAp composites exhibited cell biocompatibility,
the CT-HAp composite was more biocompatible than
pure HAp since cellular proliferation and expansion were
greater. The positive ion content of the composite surface
and the surface morphology were factors that improved
biocompatibilty [6, 63]. The presence of highly conductive
CT particles in the HAp matrix activated bioaffinity and the
rougher and more irregular surface favored cell attachment.
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The surfaces of HAp and CT-HAp samples soaked in CGM
for seven days were observed by SEM. When compared to
the original surfaces (Fig. 7), certain changes were observed.
The surfaces of HAp and CT-HAp composites were covered
with rough layers that grew perpendicularly to the surfaces
and these layers were deposited with increasing thickness
as CT content increased (Fig. 19). EDX analysis indicated
that the Ca/P ratio of sample surfaces increased from 2.50 for
HAp to 3.63 for 20%wtCT-HAp. A previous report suggested
[65] that calcium and phosphate ions obtained from culture
medium and/or from the vicinity of degraded ceramics were
possibly precipitated as new calcium-phosphate onto the
material surface.
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Fig. 19 SEM images-EDX
profiles show the surface mor-
phologies and chemical com-
positions of calcium titanate-
hydroxyapatite composites with
different calcium titanate con-
tents. The images and analyses
were obtained after osteogenic
induction in osteogenic induc-
tion medium for 24 h followed
by soaking in complete growth
medium for seven days
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ALP, a common osteogenic marker, was used to evaluate the original blue color of the stain, labeled with NBT/
the growth of MC3T3-E1 osteoblast cells cultured in CGM BCIP, was unchanged in ODM alone, no secretion of ALP
for seven days after osteogenic induction (Fig. 20). Since ~ occurred from the cells to ODM. Purple ALP staining
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Fig.20 Alkaline phosphatase
activity in response to osteo-
genic induction in MC3T3-E1
osteoblast cells on hydroxyapa-
tite and calcium titanate-
hydroxyapatite composites

at different calcium titanate
contents was indicated by NBT/
BCIP staining

indicated the presence of MC3T3-El cells on all HAp and
CT-HAp samples. However, the adherence of the cells
varied at different contents of CT. The visual evidence
was consistent with the response to osteogenic induction
by ALP activity (Fig. 21). Zhang et al. [66] reported that
CT enhanced the attachment and induced the spread and
proliferation of MC3T3-E1 cells, and promoted ALP
activity. Extracellular Ca** ions from CaTiO; increased
intracellular Ca%* ions, which induced the proliferation and
differentiation of osteoblast cells [67, 68].

@ Springer

Conclusions

Calcium titanate-hydroxyapatite (CT-HAp) bioceramic
composites were synthesized with various CT contents
(0-20%wt) and sintered conventionally at 1250 °C for 2 h in
air. The phase formation, morphology, physical, mechanical
and biological properties of the fabricated composites were
examined. Based on XRD analysis, the composites formed a
stable phase of calcium titanate and hydroxyapatite without
any phase transformation. Microstructural observations
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Fig. 21 Alkaline phosphatase 220
(ALP) activity on hydroxyapa-

tite and calcium titanate- 200
hydroxyapatite composites

at different calcium titanate 180
contents and its variations in
response to osteogenic induc-
tion in MC3T3-E1 osteoblast
cells was assessed under a
stereomicroscope. *denotes a
statistically significant differ-
ence with respect to control
(0%wt of calcium titanate)
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revealed that increasing the CT content of the composite
promoted the agglomeration of CT. Differences in the
densification and porosity of composites with different
CT contents could be explained by the presence of a non-
densifying phase (CT). In addition, the grain size of the
composites was slightly affected by CT content. However,
the results showed that a CT-HAp composite containing
8%wt of CT exhibited the best mechanical properties
(flexural strength, hardness and fracture toughness). The
very low solubility of all composites after 28 days incubation
indicated that the proposed composite degraded very slowly.
In-vitro biological studies showed that osteoblast cells
were viable, adhered, spread, proliferated and expressed
alkaline phosphatase on the CT-HAp composites. Moreover,
the cells covered a greater surface area of the composite
with increments of CT. Thus, the mechanical properties,
biocompatibility and cellular osteoinduction of the proposed
CT-HAp composite are suitable properties for application in
bone tissue engineering.
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