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During the past two decades, research on ceramic scaffolds for bone regeneration has progressed rapidly;
however, currently available porous scaffolds remain unsuitable for load-bearing applications. The key to
success is to apply microstructural design strategies to develop ceramic scaffolds with mechanical prop-
erties approaching those of bone. Here we report on the development of a unique microstructurally
designed ceramic scaffold, strontium-hardystonite-gahnite (Sr-HT-gahnite), with 85% porosity,
500 um pore size, a competitive compressive strength of 4.1 £ 0.3 MPa and a compressive modulus of

Keywords: ) 170 + 20 MPa. The in vitro biocompatibility of the scaffolds was studied using primary human bone-
Bone regeneratlon . ot . . .. . .

Scaffold derived cells. The ability of Sr-HT-gahnite scaffolds to repair critical-sized bone defects was also inves-
Osteoconduction tigated in a rabbit radius under normal load, with p-tricalcium phosphate/hydroxyapatite scaffolds used
In vivo test in the control group. Studies with primary human osteoblast cultures confirmed the bioactivity of these
In vitro test scaffolds, and regeneration of rabbit radial critical defects demonstrated that this material induces new

bone defect bridging, with clear evidence of regeneration of original radial architecture and bone marrow
environment.
© 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The gold standard for bone defect repair - bone grafting with
autologous bone - has significant drawbacks, such as limited avail-
ability, second site surgery and donor site morbidity, leading to
prolonged hospitalization [1]. Allografting also has several disad-
vantages which limit its use, including reduced bioactivity and in-
creased risk of disease transmission. Consequently, the search for
an alternative bone graft substitute that reproduces bone’s struc-
tural properties combined with the necessary porosity, intercon-
nectivity, bioactivity and mechanical strength is one of the key
challenges facing scientists in the field [2,3]. A critical limitation
in almost any biomaterial approach to the repair and regeneration
of large bone defects in load-bearing applications is the balance be-
tween material properties, implant architecture and bioactivity to
satisfy requirements for strength and toughness, as well as osteo-
conductivity and osteoinductivity. During the past 30 years, a
variety of synthetic bone graft substitutes based on ceramics and
glasses have become available, composed of materials such as
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bioactive glasses (modified and unmodified, beta-tricalcium phos-
phate (B-TCP), hydroxyapatite (HA) and TCP/HA). While they have
excellent properties for bone regeneration and bioactivity, their
mechanical properties are inadequate for load-bearing applications
in the highly porous form (porosity >80%, pore size >300 um and
100% interconnectivity between the pores) necessary for vascular-
ization and bone ingrowth [4-8]. The composition and degradation
of bioactive glasses are easily controlled, making them attractive
scaffolds for use in bone regeneration. However, their lack of
microstructure and long-range order contributes to their very
low resistance to crack propagation and an extreme sensitivity to
flaws, leading to catastrophic failure of the scaffolds under load
[5,9-12]. Ceramics, on the other hand, exhibit ordered structures
with micromorphological features (i.e. grains) that promote in-
creased toughness compared to glasses. The fracture toughness
(Kqc) for glass materials is inherently low (K;c =0.5-1) compared
to crystalline ceramic materials, with typical K;c values ranging
from 0.5 to 5 (and from 6 to 15 for stabilized zirconia) [5,11,12].
However, ceramic scaffolds are inherently brittle, and are fabri-
cated by sintering low-efficiency-packed powders, which is a
contributing factor to their low strength [13-15]. This leads to
the formation of a poorly sintered and weak scaffold. During the
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past two decades, much effort has been directed towards improv-
ing the toughness and strength of dense ceramics, in order to pre-
vent crack growth and formation of flaws [5,10,16-18]. The
unsolved problem is that toughness is usually inversely propor-
tional to strength, such that the design of a strong and tough cera-
mic material is inevitably compromised [10]. We believe that the
key for producing a ceramic scaffold with optimal strength and
toughness lies in the application of microstructural design strate-
gies which can promote crack-tip shielding mechanisms, such as
crack deflection and, most importantly, crack bridging [19]. The
other main issue with current materials is their limited innate bio-
activity relative to autologous bone grafts. Attempts to address this
have included the addition of biologics such as bone morphoge-
netic protein or mesenchymal stem cells to enhance their bioactiv-
ity, both strategies substantially increasing the cost and
complexity of their clinical development and use [20-22].

In the present study, we introduce a new ceramic with a de-
vised microstructural design produced with the aim of developing
a mechanically strong and tough material for use in highly porous
scaffolds. We incorporated Ca, Sr, Zn and Si ions in this material
with the added aim of enhancing its bioactivity [23,24]. In this
study we assessed the mechanical properties of this scaffold and
evaluated its in vitro and in vivo bioactivity.

2. Materials and method
2.1. Preparation of solid and porous ceramics

Sr-Ca,ZnSi,0; powders were prepared by the sol-gel process
using tetraethyl orthosilicate ((C;Hs0)4Si, TEOS), zinc nitrate hexa-
hydrate (Zn(NOs),-6H,0), calcium nitrate tetrahydrate (Ca(NOs),.
-4H,0) and strontium nitrate (Sr(NOs),) as raw materials (all
from Sigma-Aldrich, USA). The TEOS was mixed with water and
2 M HNOs (mol ratio: TEOS/H,O/HNOs3 = 1:8:0.16) and hydrolyzed
for 30 min under stirring. Then, the Zn(NOs),-6H,0, Ca(NO3),-4H,0
and Sr(NOs), (5 wt.%) solutions were added into the mixture (mol
ratio: TEOS/Zn(NOs),-6H,0/Ca(NOs),-4H,0 = 2:1:2), and reactants
were stirred for 5 h at room temperature. After the reaction, the
solution was maintained at 60 °C for 1 day and dried at 120 °C
for 2 days to obtain the dry gel. The dry gel was calcined at
1200 °C for 3 h. The resulting powders consisted mainly of Ca
(25.55 wt.%), Si (17.90 wt.%) and O (35.69 wt.%). The ternary phase
diagram of the Al,03-Ca0O-SiO, system displays a number of
invariant compositions with low melting points. The lowest is
1170 °C for the eutectic composition of 62.0% SiO,, 23.3% CaO
and 14.7% Al,Os. In order to provide a glass phase at the grain
boundaries by forming a liquid phase during sintering, an optimum
amount of aluminum oxide powder (15 wt.%) was added to the Sr—
Ca,ZnSi,0; powder, and the powders were mixed and ground by a
ball mill machine before preparation the scaffolds and disks for 2 h
at 150 rpm. TCP/HA powder and scaffolds were prepared based on
previous published work [25]. A polymer sponge replication tech-
nique was used for fabrication of Sr-HT-gahnite scaffolds accord-
ing to a previous report [25]. For preparing the Sr-HT-gahnite
disk samples, the powders were pressed by a steel die and sintered
at 1250 °C for 3 h.

2.2. Physical and chemical properties of the scaffolds

The microstructure and fracture surface of the scaffolds and
disks were evaluated by field emission scanning electron micros-
copy (FE-SEM; Carl Zeiss, Germany). Three-dimensional architec-
ture of porous scaffolds was assessed by micro-computed
tomography (UCT; SkyScan 1072, Belgium) (reconstructed images
not shown). Chemical composition of the prepared scaffolds was

analyzed by elemental analysis and mapping (EDS) and X-ray dif-
fraction (XRD).

2.3. Degradation of scaffolds in simulated body fluid

In vitro biodegradation of the scaffolds was investigated by
soaking the scaffolds in simulated body fluid (SBF). The SBF solu-
tion was prepared according to the procedure described by Kokubo
and Takadama [26]. Cubic scaffolds (8 x 8 x 8 mm) were im-
mersed in SBF solution at 37 °C for 1, 7, 14, 21 and 28 days at a so-
lid/liquid ratio of 150 mg1~'. All scaffolds were held in plastic
flasks and sealed. At each time point the scaffolds were removed,
rinsed with Milli-Q water and dried at 100 °C for 2 days, after
which the final weight of each scaffold was measured. The concen-
tration of ions in the SBF after soaking the scaffolds was tested
using inductive coupled plasma atomic emission spectroscopy
(ICP-AES; Perkin Elmer, Optima 3000DV, USA). The weight loss
was calculated as a percentage of the initial scaffold weight. Three
scaffolds from each sample group were used to measure the weight
loss and pH changes and the results are expressed as means + SD.

2.4. Mechanical properties of the scaffolds

Mechanical properties of the scaffolds were determined in both
dry and wet conditions on five identical specimens from each sam-
ple group. For wet conditions, the scaffolds were first soaked in SBF
for different time periods and excess liquid was carefully removed
with filter paper prior to testing. Compressive strength was deter-
mined by crushing cubic scaffolds (7 mm x 7 mm x 7 mm) be-
tween two flat plates using a computer-controlled universal
testing machine (Instron 8874, UK) with a ramp rate of
0.5 mm min~'. Compressive strength and modulus of solid sam-
ples were determined according to ASTM C1424. Toughness value
(amount of the energy per volume that a material can absorb be-
fore fracture (in unit of ] m—3)) was determined by integrating
the area under the stress-strain curve from zero to the point of
maximum stress [27]. Vickers hardness values were calculated by
use of the ASTM C1327. Fracture toughness was measured using
two methods; the Anstis [28] and the single-edge notched beam
(SENB) methods [29-31]. For the Anstis method, a radial crack
from the corners of indentation was induced on the polished sur-
face of the ceramics (n=10). The crack lengths were measured in
order to calculate the toughness value according to the following
equation:

E 1/2 ,0
KC=O.16<E> <@> (1)

H is the measured hardness using an applied load (p) of 9.8 N.
Measurement of crack length (Cy) was achieved by creating repro-
ducible radial cracks by applying a load of 98 N. E is the compres-
sive modulus which was derived from the linear region of the
stress—strain curve of solid samples. Fracture toughness was evalu-
ated by the SENB method with a 31 mm span and cross-head speed
of 0.05 mm min~! using 3 mm x 4 mm x 40 mm test bars on a jig
used for three-point bending tests. Each specimen was ground
and polished down to 1um finish and its sharp edges were
chamfered. The notches of the specimen were cut with a 0.2 mm
diamond. The saw depth was nearly half of the specimen’s height.

2.5. In vitro evaluation by cell culture

2.5.1. Scaffold sterilization

Cubic scaffolds with dimensions of 5 mm x 5 mm x 5 mm were
sterilized by soaking twice in 70% ethanol for 30 min each time,
followed by rinsing three times with phosphate-buffered saline
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(PBS) for 15 min each time, after which the scaffolds were exposed
to UV light for 30 min.

2.5.2. Human osteoblast cell isolation, seeding and culture

Permission to use discarded human tissue was granted by the
Human Ethics Committee of the University of Sydney and informed
consent was obtained. An established method for culturing osteo-
blast cells was used as previously described. Human osteoblast
cells (HOBs) were isolated from normal human trabecular bone.
The bone was divided into 1 mm?> pieces, washed several times
in PBS and digested for 90 min at 37 °C with 0.02% (w/v) trypsin
(Sigma-Aldrich, USA) in PBS. Digested cells were cultured in com-
plete medium containing o-minimal essential medium (o-MEM)
(Gibco Laboratories, USA), supplemented with 10% (v/v) heat-inac-
tivated fetal calf serum (FCS) (Gibco Laboratories, USA), 2 mM I-
glutamine (Gibco Laboratories, USA), 25 mM Hepes buffer (Gibco
Laboratories, USA), 2 mM sodium pyruvate, 100 U ml~! penicillin,
100 ug ml~! streptomycin (Gibco Laboratories, USA) and 1 mM
lI-ascorbic acid phosphate magnesium salt (Wako Pure Chemicals,
Japan). The cells were cultured at 37 °C with 5% CO, and complete
medium changes were performed every 3 days. All HOBs used in
the experiments were at passage 3. After the cells reached
80-90% confluence, they were trypsinized with TrypLE™ Express
(Invitrogen, USA) and subsequently suspended in complete med-
ium. For HOB attachment and proliferation studies, cells were
seeded on the scaffolds at initial cell densities of 1.5 x 10° cells
per scaffold and 5 x 10% cells per scaffold, respectively, in 90 ul
of cell suspension. For the gene expression study, cells were seeded
on the scaffolds at an initial cell density of 2 x 10° cells per scaffold
in 100 pl of cell suspension. The seeding suspension of HOBs was
gently dropped onto each scaffold (n =4), placed in 24-well plates
(untreated, NUNC) and incubated for 90 min at 37 °C to allow cell
attachment. Each scaffold was then transferred to a new well and
1.5 ml of culture medium was added. At designated time points,
HOBs on the scaffolds were analyzed for attachment, viability
and gene expression. If HOBs were observed to have migrated from
the scaffold and grown on the well, the scaffold was transferred to
a new well for examinations.

2.5.3. HOB attachment, proliferation and differentiation

HOB attachment was evaluated after 2 and 24 h of culture. At
each time point, scaffolds were prepared for SEM examination.
Scaffolds with cells were fixed with 4% paraformaldehyde solution,
post-fixed with 1% osmium tetroxide in PBS for 1 h, dehydrated in
graded ethanol (30%, 50%, 70%, 95% and 100%), dried in hexame-
thyldisilizane for 3 min and then desiccated overnight. The scaf-
folds were gold sputtered prior to SEM examination. To evaluate
HOB proliferation, the CellTiter 96 Aqueous Assay (Promega,
USA) was used to determine the number of viable cells on the cul-
tured scaffolds via a colorimetric method. The assay solution is a
combination of tetrazolium compound (3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl-2H-tetrazo-
lium), MTS) with an electron coupling reagent (phenazine
methosulfate) at a volume ratio of 20:1. The former compound
can be bioreduced by viable cells into formazan, which is soluble
in cell culture medium, and the absorbance of formazan at
490 nm is directly proportional to the number of viable cells pres-
ent. HOB proliferation was evaluated after 1 and 7 days of culture.
At each time point, the culture medium was replaced by 1.5 ml of
the MTS working solution, which consisted of the CellTiter 96
Aqueous Assay solution diluted in PBS at a volume ratio of 1:5.
After 4 h of incubation at 37 °C, 100 pul of the working solution
was transferred to a 96-well cell culture plate, and the absorbance
at 490 nm was recorded using a microplate reader (PathTech, Aus-
tralia) using the software Accent. Total RNA was isolated from
HOBs by adding Trizol reagent (Invitrogen, USA) after removing

the culture medium, according to the manufacturer’s instructions.
First-strand cDNA was synthesized from 0.7 pg total RNA using the
Omniscript RT Kit (Qiagen, USA) according to the manufacturer’s
instructions. Real-time PCR was performed using Rotor-Gene
6000 (Corbett Life Science, USA) by using Immomix (Bioline, UK)
according to the manufacturer’s instructions. The relative gene
expression levels for Runx2, collagen type I, bone sialoprotein
and osteocalcin were obtained by normalizing them to a house-
keeping gene (18S). Primers for the selected genes have been pre-
viously described.

2.6. Evaluation of the Sr—HT-gahnite scaffold in a radial segmental
defect in rabbits

The in vivo effectiveness of Sr-HT-gahnite compared to the
clinically relevant TCP/HA was assessed by implantation of porous
scaffolds into segmental defects in the radius of rabbits [32]. As the
ulna provided significant mechanical support in this model, inter-
nal fixation was not required. However, partial load was transmit-
ted to the scaffold through weight bearing and muscle activity. We
prepared highly porous and interconnected scaffolds composed of
Sr-HT-gahnite and the clinically used TCP/HA as a control mate-
rial. A total of 12 male rabbits (New Zealand White, 20 weeks of
age) were used for in vivo evaluation. This model is considered
by convention to be a critical-sized defect, although there is some
dispute in the literature as 15 mm defects have been shown to
regenerate to some extent over a 12 week period [33]. Nonetheless,
this model is well described and appropriate for evaluating se-
lected biomaterials to predict their performance in an orthopedic
load-bearing environment. The animal experiment was performed
according to a protocol reviewed and approved by the Flinders Uni-
versity Animal Welfare Committee. The rabbit model was unilate-
ral, and a consistent location for ostectomy in each animal was
achieved by ensuring that the ostectomy was positioned immedi-
ately proximal to the fibrous insertion of the pronator teres. The
rabbits received 0.4 mgkg~! diazepam subcutaneously 15 min
prior to mask induction with isoflurane 4% in 100% oxygen, deliv-
ered by a T-piece circuit with a fresh gas flow rate of 3.5 1 min~.
Upon induction of stable anesthesia, 2.5% isoflurane was delivered
at the same fresh gas flow rate. The rabbit was placed in lateral
recumbency with the operated limb dependent. The limb was pre-
pared for aseptic surgery and draped to isolate the surgical site. A
2.5 cm surgical incision was made over the dorso-medial aspect of
the forearm, and the underlying tissues separated to reveal the ra-
dial bone. Two parallel cuts were made 15 mm apart, and the ex-
cised radial bone was removed from the defect. The ulna was left
intact. Animals were randomized to implantation with either Sr-
HT-gahnite or TCP/HA. The implant (4 mm x 4 mm x 15 mm)
was placed into the defect, and the wound closed in three layers
using an absorbable suture material (3-0 vicryl). One scaffold of
TCP/HA (n=6) or Sr-HT-gahnite (n=6) was implanted in each
rabbit. Following placement of the implant, the wound was closed.
The rabbits were recovered and maintained for 12 weeks with am-
ple space for exercise to allow normal weight bearing of the im-
planted limb. Perioperative antimicrobial therapy was provided
in the form of cephalosporin at 30 mg kg~! by intramuscular injec-
tion. Analgesia was provided by the administration of meloxicam
at 0.2 mgkg' by intramuscular injection prior to surgery, fol-
lowed by every 24 h for 3 days (4 doses altogether). The post-oper-
ative explantation period for all groups was 12 weeks. Radiographs
were obtained using a Kodak CR-500 digital acquisition system.
Images obtained were saved as DICOM (Digital Imaging and
Communications in Medicine) files. These radiographs provided
qualitative and semi-quantitative measurements of defect healing,
as evidenced by new bone formation and/or defect fusion.
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Table 1
Scoring criteria for the radiologic evaluation of defect bridging 12 weeks after scaffold
implantation.

Criteria Score

No obvious bone regeneration
Less than 50% bone regeneration
More than 50% bone regeneration
Almost fused

Fused-not full thickness
Fused-full thickness

A WK = O

12 weeks after surgery, the animals were sacrificed by an intra-
venous overdose injection of pentobarbital. The radii and tibiae
were explanted en bloc for embedding in plastic for undecalcified
histology to facilitate qualitative and quantitative analysis of new
bone formation in the defect.

2.6.1. New bone ingrowth and resorbability

New bone ingrowth was assessed radiographically and histo-
logically. Radiographs were scored by two observers blinded to
the scaffold material using a semi-quantitative scoring system out-
lined in Table 1.

2.6.2. Histological assessment and scaffold resorption

Specimens were dehydrated through graded ethanol, cleared in
xylene at room temperature and then infiltrated with, and embed-
ded in, polymethyl-methacrylate resin using a standard processing
infiltration schedule as previously described [34]. Upon polymeri-
zation, multiple equidistant transverse sections through the defect
region were prepared from the embedded resin block using a
water-cooled slow-speed Buehler isomet saw (Buehler, Germany)
and subsequently polished. The sections corresponding to the de-
fect proximal and distal edges were identified and the midpoint
sections selected as the section equidistant to these defect edges.
A single midpoint section was used for histological analysis for
each bone sample. Sections were surface stained with toluidine
blue following surface etching (acid ethanol) and histomorphome-
try was conducted using image analysis software (OsteoMeasure,
Osteometrics, Georgia). Bone ingrowth was evaluated within the
defect boundaries, by measuring the bone volume and ceramic vol-
ume. Residual ceramic was clearly recognizable as dense black
material in the sections and was readily differentiated from bone
which was stained blue. The extent to which bone and ceramic sur-
faces were lined with bone cells was identified in sections follow-
ing toluidine blue staining or after enzyme histochemistry for
tartrate-resistant acid-phosphatase (TRAP) activity using naph-
thol-AS-BI phosphate (Sigma-Aldrich, USA) as a substrate and fast
red violet LB salt (Sigma-Aldrich, USA) as a detection agent for the
reaction product as previously described. Osteoblasts were identi-
fied on the basis of their cuboidal morphology in toluidine blue
stained sections. Osteoclasts were identified based on positive
staining for TRAP activity. Resorbability was assessed by compar-
ing final ceramic volume for the different scaffolds and by noting
the presence of osteoclasts and resorption lacunae.

2.7. Statistical analysis

All data have been presented as mean + SD, and were derived
from at least four independent samples. For statistical analysis, Le-
vene’s test was performed to determine the homogeneity of vari-
ance of data, and then either Tukey’s HSD or Tamhane’s post hoc
tests were used. The PASW statistics program was employed for
all statistical analyses and differences were considered as signifi-
cant if p < 0.05. T-tests assuming equal variances and Mann-Whit-
ney tests were performed to test for significance between TCP/HA

and Sr-HT-gahnite. All data have been expressed as mean + stan-
dard error unless otherwise stated. All statistical analyses were
performed in Microsoft Excel and differences were considered as
significant if p < 0.05.

3. Results and discussion

Fig. 1A shows the typical microstructure of crystalline ceramic
scaffolds containing a clear grain boundary configuration with mi-
cro-sized cracks and pores [8,35-37]. Upon loading, cracks start
growing from defects and propagate through the grain boundary
(Fig. 1A, inset), resulting in catastrophic failure of the scaffold
[35]. Fig. 1B shows the typical microstructure of a liquid phase sin-
tered ceramic scaffold with amorphous phase wetting grain
boundaries. Formation of a glass phase during sintering eliminates
the defects, leading to improved strength. However, the toughness
of this structure is compromised due to fast crack propagation
through the glass phase (Fig. 1B inset) [38].

In the present study, we introduce a ceramic scaffold with a de-
vised microstructural design (Fig. 1C) aiming to significantly im-
prove scaffold strength on the one hand, and to activate crack
deflection paths for enhancing toughness on the other hand. Stron-
tium, a known anabolic factor for bone, is included at a low con-
centration as a simple strategy to enhance bioactivity [39].

Fig. 1C shows our proposed microstructure designed to yield a
scaffold with concurrent improvement in strength and toughness.
This proposed microstructure contains the following phases: (1)
equiaxed crystalline grain structures with (2) a wetting glass phase
at the grain boundaries and (3) dispersed submicron crystals with
coherence interface in the glass phase. Based on this model, we
hypothesized that cracks would propagate through the crystalline
grains and the glassy grain boundary/dispersed crystals interface,
resulting in significant enhancement of strength while retaining
toughness.

Sr doped Ca;05Si,Zn was prepared by sol-gel method and
mixed with an optimum amount of Al,03 (15 wt.%). The alumina
powder mixed with Sr-HT initiates two reactions: it contributes
to the formation of ZnAl,0,4 by reacting with Zn and to melt forma-
tion based on the ternary phase diagram of Al,03-Ca0O-SiO,, The
microstructure obtained with Sr-HT-gahnite consisted of equi-
axed grains (Sr-Ca,05Si,Zn) embedded within a wetting glass
phase at the grain boundaries, and contained dispersed submicron
crystals (ZnAl,04, gahnite). SEM examinations revealed that both
TCP/HA and Sr-HT-gahnite scaffolds had similarly highly porous
architecture (87% and 85%, respectively) and pore interconnectivity
(~100%) (Fig. 1D and G), with an average pore size of 500 pum. The
struts of the TCP/HA scaffold contained numerous cracks and de-
fects, accounting for its compromised mechanical properties
(Fig. 1E). An important consideration when sintering biphasic cal-
cium phosphates is the thermal stability of the HA and B-TCP
phases, particularly at high temperatures [40]. Controlling sinter-
ing time, temperature and monitoring the composition and densi-
fication become crucial in the fabrication of TCP/HA scaffolds.
There has been always a tradeoff between densification and having
a right HA/TCP ratio after the sintering process. Therefore the pres-
ence of the defects in the microstructure of a highly porous TCP/HA
scaffolds is inevitable.

The Sr-HT-gahnite scaffold displayed a solid and continuous
strut microstructure with no obvious cracks or cleavage (Fig. 1H).
The microstructure of TCP/HA was characteristic of crystalline
ceramic scaffolds, consisting of many defects in the grain bound-
aries (Fig. 1F), with some remnant open channels in the struts
resulting from removal of the polymer template (Fig. 1D and E).
In contrast, the Sr-HT-gahnite scaffold microstructure had crystal-
line grains engulfed by wetting amorphous grain boundaries,
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Fig. 1. Schematic diagrams of the micro- and macrostructures of the developed ceramic scaffold, compared to those which are currently available. Schematic of the
microstructure of (A, B) currently available crystalline ceramic scaffolds and (C) the newly designed scaffold. (A) Type I microstructure including equiaxed grains with a clear
grain boundary configuration containing microsized cracks and pores. (B) Type Il microstructure, a liquid phase sintered structure containing a considerable amount of glass
phase at grain boundaries. (C) The proposed microstructure contains equiaxed grains with a wetting glass phase at the grain boundaries and dispersed submicron crystals in
the amorphous phase. Pore morphology and microstructure of (D-F) TCP/HA and (G-I) Sr-HT-gahnite scaffolds indicate highly porous macrostructure of both scaffolds. TCP/
HA microstructure resembles type I and Sr—HT-gahnite microstructure is similar to the proposed microstructural design.

doped with dispersed submicron crystals of pyramidal shape
(Fig. 11).

The Sr-HT-gahnite ceramic is composed of two crystalline
phases (Fig. 2A): Sr-CayZnSi,0; (SrHT) (~80 wt.%) and gahnite
(ZnAl,04) (~20wt.%). Elemental distribution analysis of strut
microstructure was performed for the Sr—-HT-gahnite scaffold to
evaluate the qualitative distribution of Al, Zn and Si elements
(Fig. 2B-D). Results showed that the dispersed crystals contained
high concentrations of Al and Zn; these were confirmed as the
gahnite phase by X-ray diffraction (XRD). In agreement with phase
relationships at the eutectic point (1170 °C) in the ternary diagram
Ca0-Si0,-Al,05, aluminum oxide reacts with calcium and silicon
in oxide form to create a melted phase. This melted phase acceler-
ates the sintering process and mass transport to achieve a dense
structure by removing the defects. The melted phase solidifies very
rapidly during the cooling down step after reaching the eutectic
point due to its low volume percentage. The glass phase in the
grain boundaries consisted of low melting point glass oxides of
Si, Al and Ca; Zn had reacted with Al during sintering forming
ZnAl,0,, leaving the glass phase depleted of Zn elements.

Compressive strength and modulus of solid samples were
determined according to ASTM C1424. Fracture toughness and
Vickers hardness values calculated by using the Anstis method
and ASTM C1327. Sr-HT-gahnite ceramic showed high compres-
sive strength and fracture toughness (422+18MPa and
10+1.5MPam'? derived from the Anstis method and
7.4+2.0MPam!? derived from the SENB method), which are
superior to cortical bone (100-150 MPa and 1.7-12 MPa m'/?),
and a compressive modulus (40 + 7.1 GPa) close to the reported
values for cortical bone (12-20 GPa); addressing the stress shield-
ing effects encountered with the commercially available synthetic

bone substitutes [7,41,42]. Compression testing of porous Sr—-HT-
gahnite scaffolds (85% porosity, 500 um average pore size and
100% interconnectivity between the pores) was performed under
dry and wet conditions (Fig. 2E-G). Sr-HT-gahnite scaffolds
achieved a compressive strength of 4.1 + 0.3 MPa with compressive
modulus of 170 +20 MPa and 3.2 £ 0.1% strain at breaking point.
Indeed, the compressive strength of Sr-HT gahnite scaffolds is
comparable to that of cancellous bone. Fig. 2E shows the typical
stress—strain curve of Sr-HT-gahnite scaffolds. The strain failure
of these scaffolds was ~3%. The total area under the stress-strain
curve is equivalent to the work that must be done per unit volume
on the specimen before it breaks, which is an indication for tough-
ness of the scaffold and strain energy per unit volume. This area is
dramatically greater for Sr-HT-gahnite scaffolds (107 kj m~3)
compared to that reported for 13-93 glass scaffolds (35 kj m—3)
[43], highlighting the significant improvement in the toughness
of the former. However, 13-93 glass scaffolds with an average pore
size of 300 pm showed higher compressive strength and modulus
with strain failure of ~0.5%. Mechanical properties of the Sr—-HT-
gahnite scaffold remained nearly intact (~2% degradation) after
28 days of soaking in simulated body fluid (SBF) solution
(Fig. 2F), confirming only mild degradation of this material in SBF
as an approximation of the biological environment. The Sr-HT-
gahnite scaffold exhibited a compressive strength of
1.1+ 0.2 MPa (Fig. 2G) when its porosity was increased to 95%,
which is a competitive value when compared with the values re-
ported for other highly porous ceramic scaffolds with even lower
porosities [44,45]. Fig. 2H shows the fracture surface of Sr-HT-
gahnite scaffold where the crack has been propagated through
both transgranular and intergranular paths, which increases the
amount of energy required for further crack propagation. Fig. 2I
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Fig. 2. Chemical, mechanical and fracture analysis of the developed scaffolds. (A-D) Chemical composition of Sr—-HT-gahnite scaffolds: (A) XRD pattern and SEM images taken
with secondary electron detector and EDX spectral maps of (B) Al, (C) Zn and (D) Si elements. (E) Stress—strain curves of Sr—-HT-gahnite scaffold. (F) Mechanical properties of
Sr-HT-gahnite scaffolds after soaking in SBF for different periods of time. (G) Compressive strength and compressive modulus of Sr-HT-gahnite scaffolds at different
porosities (95% and 85%). Typical fractured struts of (H) Sr-HT-gahnite scaffolds. (I) Toughening mechanisms in Sr—-HT-gahnite ceramic are indicated by microhardness
testing resulting in the creation of radial cracks stemming from the microhardness indent. Closer examination (J) of the radial cracks reveals submicron crystals bridging the
crack at several locations, two of which are shown in this high-resolution SEM image.

and ] shows crack deflection resulting in a branched crack struc-
ture. Direct evidence of submicron-crystal pull-out and the crystals
that are bridging the cracks can be observed when probing within
the cracks. The fracture surface is smooth and with the appearance
of steps, which form as the crack front moves from one plane to an-
other. The formed crack in the glassy phase propagates and reaches
the interface of the submicron crystals. At the interface, there are
atoms which are more weakly bonded than in the bulk crystals;
therefore, crack propagation assumes a wavy path and it could
be an indication for improvement in toughness. Although mechan-
ical properties of scaffolds depend primarily on the composition
and microstructure of the materials, the strength of a ceramic scaf-
fold is significantly affected by its pore size, porosity and intercon-
nectivity. Fu et al. [46] developed a strong scaffold with a
compressive strength (166 MPa) comparable to that of cortical
bone. The scaffold had a large average pore size (~1.2 mm) and
high interconnectivity (100%) between the pores; however, its
porosity was 60%. Habibovic et al. [47] reported a compressive
strength value of 6.3 MPa for HA scaffolds with 80% porosity and
average pore size of 450 um; however, the interconnectivity be-
tween the pores was drastically compromised (~50%). The nature
of the fabrication process is another important factor where, for
polymer sponge method, polymer removal leaves hollow struts
after sintering. It means that mechanical properties can be lower
than might be expected. 45S5 glass—ceramic scaffolds made by this
method had a compressive strength of 0.4 MPa at 90% porosity
[48]. However, Fu et al. [43] reported on fabrication of 13-93 glass
scaffolds (85% porosity and 300 pum average pore size) with 11 MPa
compressive strength by optimizing the processing parameters. In
the case of Sr-HT-gahnite, the hollow struts fill with the melting
phase, which is formed during the sintering process. Wu et al.
[49] developed a glass scaffold by gel casting method and their

scaffolds showed a range of compressive strength from 1.22 MPa
to 2.82 MPa at different porosities from 74% to 84%.

Sol-gel-derived scaffolds have low strength (0.3-2.3 MPa), and
they are suitable for substituting defects in low-load sites only
[5]. Jones et al. [50] reported that it is possible to achieve a com-
pressive strength of 2.5 MPa for a sol-gel-derived glass scaffold
with 82% porosity and average pore size of 450 um by controlling
the sintering parameters. For the calcium phosphate family, partic-
ularly TCP/HA and HA scaffolds with different architectures, a
range of strength, 0.01-342 MPa, has been reported where the
highest values belong to pure HA [7]. Dellinger et al. [51] prepared
HA scaffolds with 28% and 60% porosity with pore size range of
275 pm and 480 pm, respectively. Their scaffolds showed a com-
pressive strength of ~300 MPa and 10 MPa. Woodward et al. [52]
fabricated a HA scaffold (300 pm average pore size and 70% poros-
ity) with 34.4 MPa compressive strength.

Considering the highly porous architecture of Sr—-HT-gahnite,
the measured mechanical properties of Sr—-HT-gahnite scaffolds
were significantly improved compared to values reported for poly-
mer and polymer-ceramic composite scaffolds prepared by differ-
ent methods [6]. Moreover, the compressive strength of Sr-HT-
gahnite scaffolds was considerably higher than values reported
for glass, ceramic and glass—ceramic constructs with similar poros-
ity, pore size and interconnectivity between the pores [5-
7,35,39,43-45,47,48,50,53-65] (Fig. 3A). For example, the typical
compressive strength for glass—ceramic scaffolds composed of bio-
active glass is 0.3-0.4 MPa, for calcium silicates is 0.32 MPa and for
calcium phosphate glass is 0.8—-1.4 MPa. The compressive strength
of HA scaffolds in highly porous form (porosity: >80%, pore size:
>300 um) is in the range of 0.01 to 0.2 MPa [5-7,35,39,43-
45,47,48,50,53-65]. Fu et al. [43] reported the highest strength re-
ported so far for a highly porous glass scaffold (13-93), with 85%
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porosity and average pore size of 300 um; however, this material
would be predicted to have a low toughness due to its short range
order in atomic scale, as we observed for 13-93 scaffolds. Fig. 3B
compares the elastic modulus and fracture toughness of Sr-HT-
gahnite with bone and with commonly used materials. It can be
seen to be the only material with both toughness and elastic mod-
ulus similar to bone itself, the latter indicating reduced potential
for stress shielding in loading situations. We determined the
in vitro bioactivity of the Sr—-HT-gahnite scaffolds using primary
cultures of HOBs. HOBs cultured on Sr-HT-gahnite were more
spread out and exhibited an elongated morphology (Fig. 4C and
D), compared with TCP/HA (Fig. 4A and B) after 1 and 24 h of cul-
ture. The proliferation of HOBs was significantly upregulated on
Sr-HT-gahnite scaffolds at 1 and 7 days compared to the TCP/HA
(Fig. 4E) (p < 0.05). Real-time PCR results showed that the HOBs
seeded on Sr-HT-gahnite scaffolds expressed significantly higher
levels of collagen type I, runx2, bone sialoprotein and osteocalcin
than those on TCP/HA control scaffolds at 3 and/or 7 days
(Fig. 4F-I). These results suggest that osteoblasts can detect osteo-

inductive signals from Sr-HT-gahnite scaffolds. Critical to the
assessment of Sr—-HT-gahnite for use in orthopedic applications
is a confirmation of in vivo biocompatibility and osteoconductivity.
The superior mechanical properties of this material also provide
the potential for its use in bone regeneration at load-bearing sites.
For this reason, we have assessed the ability of Sr—-HT-gahnite to
promote bone regeneration in an orthopedically relevant model
of a critical-sized defect in the radius of rabbits.

In this model, a critical-sized 1.5 cm defect was produced in the
radius and filled with scaffolds composed of either Sr—-HT-gahnite
or the clinically relevant material TCP/HA (Fig. 5A). While much of
the weight-bearing load in this model was supported by the ulna,
some load was transmitted though the implant in the radius from
weight bearing during ambulation and from muscle activity. Im-
planted Sr-HT-gahnite scaffolds (Fig. 5C) were evaluated radio-
graphically to demonstrate extensive new bone formation with
complete bridging of the radial defect at 12 weeks, compared to
partial bridging observed with TCP/HA (Fig. 5B). In representative
radiographs, the defect implanted with TCP/HA appears to be
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13 cm defect was produced (A) in the radius and filled with either (B) TCP/HA or (C) Sr-HT-gahnite. Animals were randomized to implantation with either TCP/HA or Sr-HT-
gahnite. The implant (4 mm x 4 mm x 15 mm) was placed into the defect, and the wound was closed in three layers using an absorbable suture material. (A) One scaffold of
TCP/HA (n = 6) or Sr-HT-gahnite (n = 6) was implanted in each rabbit. Sections from the midpoint of the defect were used for histological analysis. (D) Blinded radiographic
assessment of the repair status of defects, using a standard scoring system (0: no obvious bone regeneration, 1: less than 50% bone regeneration, 2: more than 50% bone
regeneration, 3: almost fused, 4: fused - not full thickness, 5: fused - full thickness) demonstrated superior bridging of the defect for Sr-HT-gahnite scaffolds compared to the
clinically relevant TCP/HA (*p < 0.05).
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Fig. 6. In vivo bone repair in response to the scaffold implantation in a large animal model. Histological assessment of undecalcified cross-sections at the (A, C) edge and (B, D)
midpoint of the defects filled with (A, B) TCP/HA or (C, D) Sr—-HT-gahnite demonstrates superior new bone formation with the Sr-HT-gahnite. The presence of bone at the
mid-section in the Sr-HT-gahnite scaffolds (D) demonstrates complete bridging. The preserved scaffold structure (black material) in Sr-HT-gahnite implants reflects the
stronger mechanical properties of this material compared to TCP/HA, in which significant scaffold (black material) collapse can be observed. In Sr-HT-gahnite implants, more
mature bone is evident at the midpoint and close to the defect edge, with re-appearance of endocortical spaces (white arrows) and formation of a cortical bone shell (black
arrows). Histomorphometric assessment of total new bone formed (E) and marrow spaces (F) at the midpoint of the defects demonstrated superior bridging of the defect by
the presence of significantly increased bone with the Sr—-HT-gahnite ceramic (*p < 0.05).

translucent, indicating no bridging of the defect. In contrast, the
bone defect implanted with Sr—-HT-gahnite is seen to contain
new bone bridging the entire defect (Fig. 5C). Blinded radiographic
assessment of the repair status of defects using a standard scoring
system demonstrated a statistically significant improvement in de-
fect bridging with Sr—-HT-gahnite compared to the clinically rele-
vant TCP/HA (Fig. 5D). Undecalcified histological assessment was
conducted to assess the bridging of radial defects with bone when
implanted with either TCP/HA or Sr-HT-gahnite. Transverse sec-
tions were taken within the defect spanning across the edge
(Fig. 6A and C) of the defect and through its midpoint (Fig. 6B
and D). Toluidine blue staining revealed that Sr—-HT-gahnite scaf-
folds were well tolerated by host tissue with no signs of rejection,
necrosis or infection. At 12 weeks post-implantation, extensive
new bone formation was evident both at the periphery and in close
proximity to the ceramics within the pores of all Sr—-HT-gahnite
scaffolds tested. Bone also filled in the pores within the plane of
cortical bone for all scaffolds (Fig. 6C and D). In contrast, the repair
response to TCP/HA scaffolds differed from Sr-HT-gahnite.
Although well tolerated, the structural integrity of TCP/HA scaffold
implants was lost with evidence of scaffold compaction. Also, bone
tended to grow between the scaffold and ulna adjacent to the im-
plant edge rather than through the ceramic pores (Fig. 6A and B).

Defects implanted with Sr—-HT-gahnite demonstrated extensive
new bone formation at both the defect edge (Fig. 6C) and at the
midpoint (Fig. 6D), indicating complete defect bridging. In contrast,
little new bone formation was observed for defects implanted with
TCP/HA (Fig. 6A and B), particularly at the defect midpoint (Fig. 6B).
In addition, scaffold architecture was much better preserved for
Sr-HT-gahnite, which is consistent with its superior mechanical
properties (Fig. 6C and D). The appearance of marrow spaces (indi-
cated by white arrows in Fig. 6C and D) within the bone, formed in
response to the Sr-HT-gahnite scaffolds, indicates that bone
remodeling is occurring and that normal cortical architecture is
being regenerated. This also suggests that a normal endocortical
environment suitable for bone marrow regeneration is present
(Fig. 6C and D). These effects were more prominent close to the
edge (Fig. 6C) of the defect than at the midpoint (Fig. 6D), presum-
ably because the edge represents a region where new bone forma-
tion is at a more mature stage than the midpoint.

Histomorphometric assessment of total new bone formed
excluding (Fig. 6E) or including marrow spaces (Fig. 6F) at the mid-
point of the defects confirmed a significantly increased area of new
bone in the Sr-HT-gahnite treated defects compared to TCP/HA,
consistent with complete defect bridging. Ceramic area was also
measured in the histological sections at the midpoint of the defect
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Fig. 7. In vivo histological and enzyme histochemical responses of bone tissue to scaffold implantation. Toluidine blue stained sections (A) and (C) and tartrate resistant acid
phosphatase (TRAP) enzyme histochemical stained sections (B) and (D) showed active bone and ceramic remodelling was apparent in the radial defect with Sr-HT-gahnite
(C) (D). Both (A, B) TCP/HA and (C, D) Sr-HT-gahnite ceramics showed the presence of bone cells, with osteoblasts (black arrows) laying down osteoid (O) on bone surfaces
and TRAP positive osteoclasts (red arrow heads) on both bone and ceramic surfaces. Bone, ceramic (Cer), osteoid (O), osteoblasts (black arrows) and osteoclasts (red arrow

heads).

and a similar amount of ceramic was present after 12 weeks for
both materials (data not shown).

The sections were assessed qualitatively for bone remodeling
activity within the new bone formed in the defects. Osteoblasts
were visualized with toluidine blue staining (Fig. 7A and C) and
osteoclasts (Fig. 7B and D) were identified by TRAP staining.
Numerous osteoblasts and extensive osteoid seams were evident
on bone and ceramic surfaces within the defect, and were observed
to be more prominent with Sr—-HT-gahnite (Fig. 7B and D) than
with TCP/HA (Fig. 7A and C). TRAP staining demonstrated the pres-
ence of osteoclasts on bone and ceramic surfaces in both TCP/HA
and Sr-HT-gahnite filled defects, indicating the potential for osteo-
clast mediated ceramic removal. Histological measurements thus
confirmed the results obtained by radiographic analyses, and also
demonstrated marked advantages in Sr-HT-gahnite scaffold struc-
tural integrity and the ability to induce new bone formation bridg-
ing the entire defect. Sr—-HT-gahnite scaffolds not only induced an
increased amount of bone formation and improved defect bridging,
but also encouraged the formation of new bone with superior
architecture and structure, giving clear evidence that the original
radial architecture and bone marrow environment were being
regenerated. While these results imply structural functionality, it
will be important to confirm this through biomechanical studies
in future large animal studies experiments. The material showed
that at the 12 week time point limited degradation of the im-
planted scaffold had occurred. It will be important in future studies
to evaluate later time points in order to assess the patterns of deg-
radation of Sr—-HT-gahnite in vivo.

This study has demonstrated, through microstructural design
strategies, the development of a highly promising new ceramic
material for the preparation of bioactive scaffolds for bone regen-
eration. Sr—-HT-gahnite scaffolds have been shown to possess supe-
rior mechanical properties to currently available materials, as well
as significant bioactivity demonstrated by enhanced bone regener-
ation bridging a critical defect. Thus Sr-HT-gahnite has significant
potential for use in surgical procedures where bone regeneration
under load-bearing is required.

4. Conclusion

Strong and porous Sr—-HT-gahnite scaffolds (porosity: 85%; pore
size: 400 pm) with the unique microstructural features showed the
capacity to regenerate bone in rabbit radial defects with no adverse
effects, i.e. tissue necrosis or inflammation. In vitro, they also sig-
nificantly enhanced the osteogenic-related gene expression (colla-
gen type I, runx2, bone sialoprotein and osteocalcin) of HOBs
compared to TCP/HA scaffolds. The obtained results suggest that
Sr-HT-gahnite has potential to address the unmet need for bone
substitutes that can be used in load and partial load-bearing sites
in orthopedic and trauma applications.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1-7 are difficult
to interpret in black and white. The full colour images can be found
in the on-line version, at http://dx.doi.org/10.1016/j.actbio.2013.
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