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2,5-diphenyltetrazolium bromide (MTT) assay in vitro. The osteogenicity of HA/
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scaffold was not toxic and supported osteogenic differentiation in vitro. HA/ aragonite
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Introduction

Trauma, cancer, aging and genetic diseases can result
in bone lesions and bone defects. An important step
in the repair of such defects is to provide suitable
scaffolds to retain mechanical and functional
integrity for bone regeneration. Hydroxyapatite
(HA) is the most studied biomaterial used as a bone
graft substitute, with its clinical application dating
back to the 1970s."

Porous HA has now replaced the dense form due
to its better integration into bone. After HA is
implanted into bone defects, new bone grows into
the pores.”* However, HA has a low biodegradation
rate.”*¢ Another widely-studied inorganic material is
calcium carbonate, which is low cost, safe, accessible,
biocompatible, bioresorptive and osteoconductive.”®
Calcium carbonate has three crystalline polymorphs,
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namely calcite, aragonite and vaterite.” '° The
differences in the morphological forms of calcium
carbonate may be related to their synthetic
conditions. Calcite is the stable form and exists as
a trigonal crystalline form in nature. Vaterite is the
least stable and exists as a hexagonal crystalline form.
In contact with water, vaterite slowly dissolves and
recrystallises to a stable form.!!

Aragonite occurs as the orthorhombic form and
has been the exclusive focus of research attention
due to its biocompatible properties.”? Aragonite
is biocompatible and can be integrated into and
replaced by bone."” '* However, due to its fast
biodegradation rate, aragonite alone is not suitable
as a bone graft.

Our previous study demonstrated that a partially-
converted coralline HA/calcium carbonate can
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be completely biodegraded with great osteogenic capacity."”
Since coral is an endangered species and a limited resource, a
composite bone graft created by addition of aragonite into porous
HA may enhance the biodegradation of HA whilst retaining
ideal osteogenic capacity. However, it is a technical challenge to
fabricate porous HA/aragonite using conventional methods.

There are a variety of techniques for fabricating porous bone
scaffolds. Traditional technologies include chemical foaming'
and foam-gel technology,!”'®
technology,” freeze drying® as well as thermally-induced phase
separation.?! Pore magnitude, shape, and interconnectivity,
however, are not completely controllable using these techniques.
Furthermore, an ideal bone graft should be biocompatible and
biodegradable. It should also have suitable mechanical properties.
The interconnected porous structure of bone grafts allows
vascularization, cell spreading and effective transport of nutrients,
oxygen, and waste, as well as growth factors. This process favours
continuous ingrowth of bone tissue from the surface into the
inner part of the scaffold.?? However, scaffolds with porosity
designed for particular defects are hard to fabricate using most of
these techniques.?*%

solvent casting and particle leaching

Additive manufacturing, also termed three-dimensional (3D)-
printing, can be one solution to the design and fabrication of such
7% Various additive manufacturing processing
techniques allow the building of complex form scaffolds directly
from a computer-aided design model in stereolithography
file format.*® At present, a variety of additive manufacturing
techniques involving stereolithography, fused deposition
modelling, and selective laser sintering have been developed for
tissue engineering applications.”” * *' However, the products
fabricated using these techniques may suffer from the effects of
the high temperatures involved, which prevent the incorporation
of bioactive molecules.?

bone scaffolds.

The use of low temperature 3D-printing of calcium phosphate
cements has been demonstrated in the literature.*”** The binders
used for calcium phosphate powders are acidic, which pose issues
for biocompatibility.””” ® In recent work, collagen or hydrogel
has been used to develop 3D-printed scaffolds, either alone or
combined with other materials.** * However, crosslinking is
required to improve the mechanical strength and accuracy of
3D-printed scaffolds.*® In recent years, a new form of HA called
HA cement has been developed for treating cranial defects.*
Fast-setting calcium phosphate cements such as tetracalcium
phosphate (TTCP) and dicalcium phosphate anhydrous (DCPA)
use a sodium phosphate solution as the liquid phase and the
setting time is around 5 minutes.>> %’

Natural bone forms at body temperature (37°C) and is a composite
consisting of HA, calcium carbonate and other minerals deposited
onto an organic extracellular matrix. The crystalline structure
and composition differ from those of artificial calcium phosphate
ceramics such as HA, p-tricalcium phosphate (3-TCP) and their
hybrid scaffolds (HA/TCP), which take longer than natural bone
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to degrade after implantation.® We hypothesise that to fabricate
HA under near-physiological conditions (37°C) in combination
with calcium carbonate may not only improve the mechanical
strength of the scaffolds without crosslinking, but will also
enhance the osteogenic and biodegradation properties.

In this study, we report a novel HA/aragonite bone graft
substitute fabricated by low temperature 3D bio-printing on a 3D
bio-plotter®. The effect of printing parameters on the porosity
and compression strength was analysed. The cytotoxicity and
osteogenic capacity of the HA/aragonite was assessed in vitro
using human umbilical cord matrix mesenchymal stem cells. Soft
tissue responses to HA/aragonite were evaluated in vivo after
implantation between the tibia and the tibialis anterior muscle in
a rat model.

Methods

Preparation of HA/aragonite

TTCP/DCPA paste

TTCP (Shanghai Rebone Biomaterials Co., Ltd., Shanghai,
China), DCPA (Shanghai Rebone Biomaterials Co., Ltd.) and
aragonite powders (Sigma-Aldrich, St. Louis, MO, USA) were
ground together for 20 minutes using a pestle and mortar. The
molar ratio of TTCP/DCPA was 1:1, according to the equation

H,0
Ca,(P0,),0 + CaHPO, - Cas(P0,);0H (1)

In brief, after being ground, 10 g of the combined powders were
mixed with 5 g carrier liquid consisting of a gelatine solution in
water. The paste was loaded into a 3D-Bioplotter® (Envisiontec
GmbH, Gladbeck, Germany) through cartridges and printed
within 30 minutes.

Design and optimization of parameters for bioplotting

In this study computer-aided design software (Visual Machines,
Envisiontec GmbH) was used to design the grid-like structure
of HA/aragonite, which was formed into 10 mm x 10 mm x 5
mm blocks (Figure 1). The paste was printed by a 3D-Bioplotter®
(Envision Developer, Envisiontec GmbH), using a 0.4 mm nozzle,
with layer height of 0.4 mm.

To optimise the bioplotting process, a multi-level experimental
trial was performed to analyse the effect of printing pressure,
printing speed and distance between printed strands, and in total
nine tests were performed. To compare the differently-printed
3D bio-printed bone graft samples, the resulting mechanical
properties, specifically the compressive strength and the porosity,
were assessed.

Characterization of HA/aragonite

X-ray powder diffraction of HA/aragonite and CaCO, was
performed using an X'pert3 powder X-ray diffractometer
(Malvern PANalytical B.V., Almelo, Netherlands) with a Pixel
detector. The dataset was collected using Cu Ka radiation in the
26 range of 9°-36° at a scan speed of 3°/min.

1 Union Hospital affiliated to Tongji Medical College of Huazhong University of Science and Technology, Wuhan, Hubei Province, China; 2 Centre for Nanohealth,
Swansea University Medical School, Swansea, UK; 3 Centre for Nanohealth, Faculty of Science and Engineering, Swansea University, Swansea, UK; 4 State Key
Laboratory of Materials Processing and Die & Mould Technology, Huazhong University of Science and Technology, Wuhan, Hubei Province, China.
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Figure 1. (A) Bioplotter®. (B) The design of hydroxyapatite/aragonite. (C) The end product of fabrication. Scale bar:

10 mm.

Fourier transform infrared (FTIR) spectroscopy of HA/aragonite
was carried out using a VERTEX 70 (Bruker, Kontich, Belgium).
Chemical changes to the micro-structure were scrutinised by
analysing the absorbances and positions of the infrared bands.

The surface morphology of HA/aragonite was observed by
scanning electron microscopy (Sirion 200 and Quanta 200 FE[;
FEI Company, Hillsboro, OR, USA) following platinum sputter
coating for 300 seconds to avoid charging.

A universal material testing machine (Wuhan Guoliang Instrument
Co. Ltd., Wuhan, China) was used to carry out the compression
loading properties with a test standard GB/T4740-1999.% The
porosity of HA/aragonite was tested by Archimedes’ method.

The theoretical porosity of the HA/aragonite (¢) can be calculated
from equation (2)

¢=(1- ’"p;v’") x 100% )

Where m, is the dry weight of the HA/aragonite, m, is the weight
of the HA/aragonite soaked in water, v is the volume of the HA/
aragonite, and p is the density of water.

Thermal analysis of the HA/aragonite was performed using a
thermogravimetric analyser (Pyris 1; PerkinElmer, Waltham,
MA, USA) in the range of 0-1000°C at a heating rate of 10 K/min.

In vitro assessments
The design of the in vitro tests is shown in Figure 2.

Cytotoxicity

Test samples of HA/aragonite and gelatine sponge were diced into
2 mm x 2 mm x 2 mm size cubes and soaked in Dulbecco’s modified
Eagle medium/F12 (DMEM/F12 medium; Life Technology;
Thermo Fisher Scientific, Waltham, MA, USA) overnight.

Human umbilical cord matrix mesenchymal stem cells were
isolated from umbilical cord of healthy pregnancies during
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normal deliveries at the end of gestation with informed consent
(South Wales REC No. 11/WA/0040). Umbilical cords were
washed with DMEM/F12, diced into 2 mm?, explanted into T25
culture flasks containing 0.5 mL fetal bovine serum (FBS) for 24
hours then transferred to complete culture medium which was
DMEM/F12 supplemented with 10% FBS, and 1% penicillin/
streptomycin (Life Technology, Thermo Fisher Scientific) in a
5% CO, atmosphere at 37°C. After 2 weeks, adherent cells were
trypsinised for subpassage. Cells at passage three were seeded
onto each of the test samples at 5 x 10*cells/well in a 96-well plate,
while negative control cultures containing the same number of
cells alone were cultured as a monolayer in wells of a 96-well plate
without scaffolds. At 1, 3 and 7 days, the medium was replaced
with 100 uL medium containing 10 uL 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich).
After incubating for 4 hours, the supernatant was carefully
removed and 100 pL dimethyl sulfoxide was added to each well
to dissolve the formazan crystals. The plates were wrapped in foil
and incubated for 1 hour at room temperature. The supernatant
was then transferred to a new 96-well plate, and the absorbance
of each well was measured using a microplate reader at 570 nm
wavelength (series No. 415-1387, BMG Labtech, Ortenberg,
Germany).

Alkaline phosphatase assay

Alkaline phosphatase (ALP) activity of human umbilical cord
matrix mesenchymal stem cells on HA/aragonite and control
samples was quantified according to the manufacturer’s protocol
(ab83369, Abcam, Cambridge, UK). In brief, cells at 5 x 10*/well
were seeded onto HA/aragonite, gelatine sponge or into blank
wells and cultured for 3 days in DMEM/F12 supplemented with
10% FBS and 1% penicillin/streptomycin. The DMEM/F12 was
then replaced by osteogenic medium containing dexamethasone
(0.01 uM), B-glycerophosphate (0.1 M), ascorbic acid (0.5 mM),
10% FBS and 1% penicillin/streptomycin.

For ALP assay, HA/aragonite samples with attached cells were
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Figure 2. Experimental design of in vitro and in vivo tests. The blocks of HA/aragonite were sterilised by autoclaving at
121°C, 15 psi (1 psi = 6894.76 Pa) for 30 minutes. Further in vitro and in vivo tests were designed to compare between HA/
aragonite and clinically-applied gelatine sponge. HA: hydroxyapatite; U & Pb: uranyl acetate and lead citrate staining.

washed twice in cold phosphate-buffered saline, then cells were lysed
in ALP assay buffer on ice for 2 hours with shaking, then processed
according to the manufacturer’s protocol. ALP was quantified using
amicroplate reader (FLUOstar Omega; BMG LabTech) at an optical
density of 405 nm. ALP activity (umol/min/min or U/mL) was then
calculated from the following equation

) X D (3)

ALP activity = (

Where B is the amount of p-nitrophenol in the sample well,
calculated from the standard curve; AT is the reaction time; V is
the original sample volume added to each sample well and D is the
sample dilution factor.

Degradation test

The degradation test was carried out following a standard testing
method (ISO 10993-14).* The HA/aragonite was ground into
particles and the particle size was controlled to 355-415 pm by
sieving. The particles were soaked in Tris-HCl buffer (pH 7.4) for
3,7 or 14 days with a mixing speed of 120 r/min at 37°C. After 3,
7 or 14 days, the particles were filtered (0.2 um) and washed twice
with deionised water. The filtered particles were then dried in an
oven for 24 hours to constant weight.

In vivo implantation

Six Sprague-Dawley male rats with a weight in the range of
200-250 g bought from Laboratory Animal Center, Huazhong
University of Science and Technology (licence No. SCXK2016-
0057) were employed in this study. The HA/aragonite scaffolds
and control gelatine sponges were implanted juxtapositionally
between the tibia and the anterior tibialis muscle (Figure 2) of six
adult rats (three per group) to observe any soft/hard tissue reaction
to the HA/aragonite in comparison with gelatine sponge controls.

The procedure was approved by the Animal Ethical Committee
at Tongji Medical School, Huazhong University of Science and
Technology on October 1, 2017 (IACUC No.738).
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Six weeks after operation, the rats were euthanised and the implanted
tissues were harvested and fixed immediately in 4% glutaraldehyde/0.1
M phosphate-buffered saline overnight, washed in deionised water
and stored in 70% ethanol for MicroCT (Scanco VivaCT40; Scanco
Medical, Bassersdorf, Switzerland), then processed for histology and
transmission electron microscopy.

All samples were dehydrated and embedded into LR White resin
(London Resin Company, Reading, UK) at 50°C for a minimum
of 48 hours. Undecalcified 10 pm sections were obtained using
a Leica RM2155 motorised microtome and stained with 1%
toluidine blue in 50 mM Tris buffer pH 7.3. Stained sections were
examined using an Olympus BX51 research light microscope
(Olympus, Tokyo, Japan) and digital photomicrographs were
captured using a Zeiss Axiocam and Axiovision software (Carl
Zeiss Vision GmbH, Hallbergmoos, Germany).

The areas of interest identified by light microscopy were selected,
post fixed in 1% osmium tetroxide and re-embedded in LR White
resin, then 100 nm ultrathin sections were obtained using a glass
knife on an Ultracut E ultramicrotome (Leica Microsystems
Ltd, Wetzlar, Germany) stained with uranyl acetate and lead
citrate, and examined in a Philips CM12 transmission electron
microscope (FEI UK. Ltd., Milton, UK) at 80 kV. Images were
captured with a Megaview III camera and AnalySIS software (Soft
Imaging System GmbH, Miinster, Germany).

Statistical analysis

All data are presented as mean * standard error (SE) and
statistical analysis was performed by analysis of variance using
GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA, USA).
The differences between the two groups at each time point were
analysed by two-way analysis of variance with the criterion a = 0.5.

Results

Optimization of 3D bio printing processing parameters
The effects of bioprinting parameters of pressure, printing speed
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and distance between strands on the compression strength and
porosity of the end product are shown in Table 1. The results
of analysis of the data are shown in Table 2, and the original
calculation and data leading to the results in Table 2 can be
referred to in the Additional Table 1.

Table 2 shows the range analysis of variance tests. Mean k1, k2
and k3 are the mean values of the sum of compression strength at
the same level. For the same factor, range R is the average value
difference between the maximum value and the minimum value
of k at different levels.

In Table 2, k1, k2 and k3 are the mean values of the sum of
compression strength at the same level, which can be calculated
from Equation (4)

_ S1+5,+S;
- 3

K (4)
Where S1 is the average compression strength of pressure
(factor A), S2 is the average compression strength of printing
speed (factor B) and S3 is the average compression strength of
distance between strands (factor C). For the same factor, range
R is the average value difference between the maximum value
and the minimum value of K at the different levels. According
to the range analysis of compression strength, without any
interaction between the three factors, the results of R L >Ry >
R_ shown in Table 2 indicate that the printing pressure has the
greatest effect on compression strength, printing speed takes
second place, and distance between strands has the least effect.
For printing pressure (factor A), k, >k,  >k,,, which indicates
that as the printing pressure increases, the compression strength
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decreases. For printing speed (factor B), k, >k, >k, indicating
that as the printing speed increases, the compression strength
decreases. For distance between strands (factor C), k_, > k., >
k., which means that as distance between strands increases, the
compression strength decreases. According to these results, the
best combination of the three factors should be A1B1C1, namely
a printing pressure of 0.6 MPa, printing speed of 25 mm/s and
distance between strands of 1 mm.

According to the results of the range analysis for porosity, without
any interaction between the three factors, the result of R1 > R2
> R3, shown in Table 2, indicates that the printing pressure has
the greatest effect, followed by printing speed in second place,
while distance between strands has the least effect. For printing
pressure (factor A), k,, >k, >k, , which means that as printing
pressure increases, porosity decreases but porosity is the lowest
when printing pressure reaches an intermediate value. For
printing speed (factor B), k,, > k,, > k,, which indicates that as
the printing speed increases, the porosity decreases, but porosity
is the lowest when printing speed reaches an intermediate value.
For distance between strands (factor C), kCl > kC3 > kcz, indicating
that when distance between strands increases, porosity decreases,
but porosity is the lowest when distance between strands reaches
an intermediate value. According to these results, the best
combination of the three factors should be A1B3C3, namely
a printing pressure of 0.6 MPa, printing speed of 30 mm/s and
distance between strands of 1.2 mm.

In general, the compression strength decreases as porosity
increases. At a fixed printing pressure, the higher the printing
speed the higher the porosity, which implies a lower compression

Table 1. The effect of bioplotting parameters on hydroxyapatite/aragonite end products

Sample No. Factor Compression Porosity
(A) Pressure (B) Printing speed (C) Distance between strands (MPa) (%)
(MPa) (mm/s) (mm)
1 0.6 25 1 2.49+0.14 370+ 1.4
2 0.6 27 1.1 2.43+£0.23 37515
3 0.6 30 1.2 1.11 £0.07 42.8+1.8
4 0.7 25 1.1 1.13£0.11 41.1+1.1
5 0.7 27 1.2 1.34 £ 0.09 30215
6 0.7 30 1 1.58 £0.13 40.7+1.3
7 0.8 25 1.2 1.03 £0.08 418+ 1.1
8 0.8 27 1 0.56 £ 0.05 40.2+£1.2
9 0.8 30 1.1 0.75 £ 0.07 355+1.6

Note: Data are expressed as the mean + SE.

Table 2. Range analysis of compression strength and porosity of hydroxyapatite/aragonite

Factors Pressure (MPa) Printing speed (mm/s) Distance between strands (mm)
Compression strength
k1 2.01 1.55 1.54
k2 1.35 1.44 1.44
k3 0.78 1.15 1.16
R 1.23 0.4 0.38
Porosity
k1 39.1 40.0 39.3
k2 27.3 36.0 38.0
k3 39.2 39.7 38.3
R 11.9 3.0 1.0

Biomater Transl. 2020, 1(1), 69-81
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strength. It can therefore be seen that the porosity exerts a lesser
effect on compression strength compared with the printing
pressure from 2. Following the above tests, for the in vivo and
in vitro characterisation, samples were fabricated adopting
processing parameters from test sample 1 in view of the resultant
higher compressive strength.

Material characterization of HA/aragonite

The surface structure, cross-section and X-ray spectroscopy
analysis of HA/aragonite, visualised by scanning electron
microscopy, are shown in Figure 3. The pore size was around
300 um with some visible micro-pores on the surface and within
the scaffolds.

The results of X-ray diffraction analysis of HA/aragonite and
calcium carbonate are shown in Figure 4. In Figure 4, the
reflection peaks visible at a 20 value of 10* in the calcium carbonate
spectrum indicate that the calcium carbonate in the HA/aragonite
belongs to aragonite.'>* In the X-ray diffraction patterns of the
HA/aragonite, the diffraction peaks of calcium carbonate in the

Yan, C, Xia, Z.; et al.

HA/aragonite are still visible. More importantly, the diffraction
peaks of HA appear at 26 values 0of 29.1°, 32.9°, 34.1°, 39.6° and 49.5°
which correspond to (002), (211), (300), (130) and (213) planes,
respectively. These diffraction peaks are in good agreement with
the diffraction standard data of pure HA (JCPDS PDF#09-0432).%

The FTIR spectra of HA/aragonite and calcium carbonate are
shown in Figure 5. The FTIR spectra of the reference samples
show absorptions at vi—963 cm™, v3—1036 and 1095 cm™, v4—
568 and 600 cm™ which are due to PO,’ ions, while OH groups
are visible at 630 cm™." ** The FTIR spectra of the reference
samples show absorptions at a v3 peak of 1453.7 cm™, a v2 peak
of 853.8 cm™, a v1 peak of 1083.8 cm™ and v4 peaks of 699.2 and
712.2 cm™ corresponding to CO,*. The v4 absorption peak of
CO,* is a single peak for calcite calcium carbonate, but a double
peak for aragonite calcium carbonate.*

The results of thermogravimetric analysis of HA/aragonite
are shown in Figure 6. The thermal decomposition process
consists of three stages. In the first stage, as the temperature
increases from 0°C to 200°C, gelatine in the HA/aragonite begins

B

Figure 3. (A) Scanning electron microscopic image of the cross section of hydroxyapatite/aragonite and measurement of
pore size. (B) Higher magnification of the scanning electron microscopic image shown in A. (C) Energy dispersive X-ray
spectroscopy analysis of the cross section of hydroxyapatite/aragonite. Scale bars: 100 pm in A, 10 pm in B.
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Figure 4. X-ray diffraction analysis of hydroxyapatite/aragonite and calcium carbonate (CaCO,). The (104) in 26
indicates that the CaCO, in the HA/aragonite belongs to aragonite. HA: hydroxyapatite.
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Figure 5. Comparation of the Fourier-transform infrared spectra of HA/aragonite. and calcium carbonate. Triangle
indicates that the peak corresponding to PO,*; dot indicates that the peak corresponding to CO,>.
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Figure 6. Thermogravimetric analysis results of hydroxyapatite/aragonite. Stage 1, gelatine in the HA/aragonite begins
to decompose; stage 2, aragonite begins to dramatically decompose; stage 3, residual components of CaO and HA are

stable, there are no mass weight loss.

to decompose, resulting in weight loss. The decomposition
products, CO, and H,0, are emitted as gases. As the temperature
continues to increase to 600°C, the trend of weight loss decreases
until the weight reaches around 92%. At the second stage, as the
temperature increases from 600°C to 800°C, CaCO, in the HA/
aragonite begins to dramatically decompose, resulting in massive
weight loss. The decomposition product, CO,, is emitted as a gas.
In the third stage, when the temperature increases to 1000°C,
there is little weight loss and the residual weight tends to be stable
because the residual components are CaO and HA with higher
melting temperatures, which are stable at 1000°C, so no further
weight loss will occur even as the temperature increases.” The
weight percentage of CaCO, can be calculated from the following
equation

Wco,
0.44

(5)

Weacos =
Thus, the weight percentage of CaCO, is around 35%.

MTT and ALP assays

MTT assay demonstrated that there were no significant differences
in cell viability between cells grown on HA/aragonite and cells
alone at days 7 or 14 (Figure 7), indicating that HA/aragonite
is nontoxic to human umbilical cord matrix mesenchymal cells.
However, the result of MTT assay were significantly higher in
the gelatine sponge group than the HA/aragonite group at days

Biomater Transl. 2020, 1(1), 69-81

7,14 and 21.

The osteogenic capacity of the HA/aragonite was confirmed by
ALP assay. The ALP activity of cells seeded on HA/aragonite,
on gelatine sponge and of cells alone is shown in Figure 8. After
day 1, the ALP activity increased significantly on gelatine sponge,
HA/aragonite and in cells alone between day 1 and day 14 (P <
0.05). However, ALP activity in the gelatine sponge group was
higher than that of cells on HA/aragonite at days 7 and 21.

Invitro degradation test of HA/aragonite

The degradation of the HA/aragonite was confirmed by

degradation testing. The percentage degradation of the HA/

aragonite was determined by weight loss which can be defined

by equation

Weight loss (%) = [w] x 100% (6)
0

The weight loss of HA/aragonite at day 3 was around 3.5%,

increasing to 25.58% after day 14. The percentage weight loss of

HA/aragonite increased significantly over time, while the weight

loss of HA alone showed no significant difference with increasing

time (Figure 9).

Juxtapositional implantation between tibia and tibialis

anterior muscle in a rat model
The position of the HA/aragonite implanted between the tibia
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Figure 7. Effect of HA/aragonite on the viability of human umbilical cord matrix mesenchymal stem cells detected by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Data are expressed as the mean * SE. *P <

0.05 (two-way analysis of variance). HA: hydroxyapatite.
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Figure 8. Effect of HA/aragonite on the ALP activity of human umbilical cord matrix mesenchymal stem cells. Data are
expressed as the mean * SE. *P < 0.05 (two-way analysis of variance. ALP: alkaline phosphatase; HA: hydroxyapatite.
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Figure 9. (A, B) Weight loss percentage of HA/aragonite (A) and HA (B). Data are expressed as the mean + SE. *P < 0.05

(two-way analysis of variance). HA: hydroxyapatite.

and the tibialis anterior muscle in a rat is indicated in Figure
10A. The HA/aragonite was firmly integrated into the tibia
after 6 weeks. Figure 10B shows a microCT image of a gelatine
sponge implanted in a rat model, in which only the tibia is visible,
with no mineralisation of the gelatine. Figure 10C shows HA/
aragonite implanted in a rat model. The image shows that the
HA/aragonite has the same density as bone, and HA/aragonite is
firmly integrated with the indicated bone-like tissue.

As shown in Figure 11A, light microscopy revealed that at 6
weeks after gelatine sponge implantation, fibrous tissue was
formed between the tibia and the tibialis anterior muscle. The
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HA/aragonite samples implanted at the same time were covered
mainly by connective tissue containing blood vessels, fibroblasts
and some macrophages; in particular, there were patches of bone-
like tissue formation and minimal inflammatory response, as
shown in Figure 11B. The TEM results confirmed the findings
of light microscopy. In the gelatine sponge implantation group
(Figure 11C) macrophagic responses were observed with
fibroblast infiltration for tissue regeneration; whereas within the
patch of bone-like tissue in the HA/aragonite group (Figure 11D),
typical osteoblast-like cells with calcified lacunae and canaliculi-
like structure were observed, which confirmed that the marked
area is likely to be new bone formation or callus formation.
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Figure 10. Implantation of HA/aragonite in a rat model. (A) A specimen of the HA/aragonite (red circle) implanted
between the tibia and the tibialis anterior muscle in a rat model. After 6 weeks the sample has become well integrated.
(B) MicroCT of gelatine sponge implanted in a rat model. Only the tibia is visible, with no mineralised tissue formed in
the sponge. (C) HA/aragonite implanted in a rat model. Interestingly, formation of bone-like tissue (arrow) can be seen
between the tibia and the HA/aragonite. Scale bars: 1 mm. HA: hydroxyapatite.

Figure 11. (A) Light microscopy (1 mm section stained with Toluidine blue) revealed that implantation of a gelatine
sponge resulted in formation of fibrous tissue between the tibia and the tibialis anterior muscle. (B) At 6 weeks after HA/
aragonite implantation, the materials were covered by fibroblasts and macrophages; interestingly, there was a small patch
of bone-like tissue formation. Transmission electron microscopy (100 nm section with uranyl acetate and lead citrate
staining) observation confirmed the findings of light microscopy. In the control gelatine sponge implantation group (C),
macrophagic responses were observed with fibroblast infiltration for tissue regeneration; whereas with implantation of
the HA/aragonite (D), typical osteoblast-like cells with canaliculi-like structures within calcified lacunae were observed
in the patch of bone-like tissue. Scale bars: 20 pm in A, B, 2 um in C, D. HA: hydroxyapatite.

though HA/B-TCP is significantly more degradable than HA
alone, the degradation period of HA/B-TCP is also rather long,

Discussion
The results of this study demonstrated the ability to fabricate a

composite HA/aragonite bone graft substitute that supports
osteogenesis in vitro and in vivo.

In this study, the purpose of adding aragonite into HA was to
enhance the biodegradation of the bone graft. It is well known
that HA is a bone graft material which is slow to degrade and its
degradation period can be more than 100 months* which is far
beyond the bone remodelling cycle of between 6 and 24 months.
In order to increase biodegradation, a more biodegradable
ceramic, 3-TCP is added into bone graft materials.** * Even

Biomater Transl. 2020, 1(1), 69-81

reported to be more than 36 months.* * It is therefore necessary
to introduce more biodegradable bone graft materials, such
as composites containing both HA and more soluble calcium
carbonate, but apart from coralline HA, it is difficult to form
HA composites containing calcium carbonate that also have the
desired mechanical properties.

HA ceramics are normally sintered at between 1200-1300°C,
whereas calcium carbonate undergoes thermal decomposition
above 840°C:
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CaCO,— CaO + CO, (7)

Therefore it is not possible to synthesise HA/aragonite through
sintering. It has been reported that when TTCP and DCPA are
mixed in double-distilled water, the dissolved ions precipitate on
the surface of the material and can self-set into various forms of
HA*' By adding calcium carbonate into this mixture, it may be
possible to produce bulk self-setting HA/aragonite without pores.

Additive manufacturing provides the ideal solution to producing
a controllable porous structure. However, it is well known that
the filter-pressing phenomenon leads to the separation of solid
and liquid phases when the mixture of powders and aqueous
solution are injected through a syringe.***

The addition of gelatine solution formed a viscous and cohesive
paste and created a strong combination between solid and liquid
phases, thereby improving the injectability of the paste. The setting
time of TTCP/DCPA is 6-10 minutes, but the addition of gelatine
increases the setting time to around 30 minutes which makes the
pastes ‘printable’ and allows the fabrication of desired features.
The precipitated particles were crystalline in texture which is
similar to the observations reported in previous publications.*
Strong evidence for the presence of HA was provided by the
peak which appeared at around 961 cm™. The v4 absorption
peak of CO,> was seen in the HA/aragonite, which indicated that
calcium carbonate was present in the HA/aragonite after all the
processing. The peaks had all shifted from the reference peaks but
by a reasonable value. The absorption peak of HPO,* at 895 cm™
caused by the decreasing TTCP/DCPA ratio did not appear in the
HA/aragonite, indicating that there was no Ca (HPO,)(PO,).(OH)
present in the HA/aragonite.”

The compression strength of cancellous bone is 1-12 MPa, and
the porosity is 50-90%.*° The compression strength of the HA/
aragonite we fabricated was 2.49 MPa and the highest porosity of
HA/aragonite is 42.8%, indicating that the strength and porosity
of HA/aragonite are comparable to those of cancellous bone. The
pore size of HA/aragonite was around 280 um, which is suitable
for tissue ingrowth.’! As the porosity of the HA/aragonite
increases, its compression strength decreases. Recent studies have
reported the same issue,” and consequently further research is
needed to improve the mechanical strength.

In this study, significant weight loss was noted between successive
time points, indicating that HA/aragonite is a degradable
material, which confirmed the previous finding of the in vitro
biodegradation of calcium carbonate.>

As a potential bone graft substitute, it is important that this
new material is able to enhance osteogenesis and promote bone
formation. It is well documented that HA and calcium carbonate,
used either alone or combined, have demonstrated osteogenicity
and bone conductivity."*” %15 In the present study, HA/aragonite
supported ALP activity of mesenchymal stem cells in vitro, which
is a sign of enhanced osteogenicity.

HA/aragonite was compared with clinically-used gelatine sponges
which consist of gelatine alone. Interestingly, gelatine sponges
showed greater cell numbers and ALP activities in vitro compared
with HA/aragonite. This may be due to the fact that gelatine
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sponges are much more porous than HA/aragonite, thus allowing
more cell penetration and growth over the 3-week period of cell
culture. However, after implantation, no bone formation was
observed in the gelatine sponge group in vivo.

Conductive bone formation can only be observed in vivo. In order
to observe the tissue response to HA/aragonite, this bone graft
material was implanted between the tibialis anterior muscle and
the tibia. No bone defects were created, as the initial plan was to
exclude any potential adverse effect of this material. Unexpectedly,
at the time the implants were harvested, the HA/aragonite was
firmly integrated into the tibia. New bone formation between the
HA/aragonite and the tibia was confirmed by microCT, with bony
material bridging the implant to the tibia bone. The presence of
bone-like tissue on the surface of the implants was also confirmed
by both light and transmission electron microscopy.

Undifferentiated cells from muscles and blood vessel walls have
osteogenic potential.** The formation of bone on the surface
of calcium phosphate scaffolds in intramuscular sites has been
reported by several studies.”” The precipitation and dissolution of
the material’s surface plays an important role in the intramuscular
osteogenesis process.””*® In this study, the HA/aragonite formed
a biodegradable bone graft. When HA/aragonite is implanted in
the body, the process of interaction between the implant and the
surrounding body fluid or tissue can be activated. The dissolution
of aragonite should increase the concentration of Ca** on the
surface of the material resulting in the formation of apatite-like
phosphate by absorbing proteins and growth factors.”” The fast
degradation rate of aragonite may be responsible for the early
signs of osteogenesis, while other animal studies only showed
signs of osteogenesis after 45 days.’*** In the current study, we
not only observed small patches of bone-like tissue formation
on the HA/aragonite when implanted in muscle, but also a large
amount of visible bone formation between the HA/aragonite and
the tibia.

Our results show that the HA/aragonite did not induce any
adverse tissue responses after implantation between the tibia and
the tibialis anterior muscle, but demonstrated conductive bone
formation between the implant and the tibia. Further study is
needed to understand the mechanism involved.

Within this study, there are a number of limitations. The first
purpose of this study was to achieve the biofabrication of a
novel HA/aragonite bone graft substitute using 3D bioprinting
techniques. Even though the material fabrication process was
successful, the ratio of raw materials in the formulation may not
be optimal in terms of the mechanical strength, biodegradation
and osteogenicity of the product. Secondly, the parameters used
are designed for use in a 3D-Bioplotter® and may not be directly
transferrable to other types of additive manufacturing devices.
Thirdly, the favourable results of HA/aragonite in vitro and in
vivo are still preliminary. More comprehensive and systematic
studies are needed to explore the full potential of HA/aragonite
on osteogenesis and biodegradation.

In summary, the 3D-bioprinted bone graft substitute HA/
aragonite prepared in this study is a porous, biodegradable
and nontoxic HA/calcium carbonate composite material with
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osteogenic capability. By controlling the printing parameters,
product size and porosity were fabricated within the range desired
for bone grafts. HA/aragonite can be printed with high resolution
to achieve versatile geometries that are critical for fluid exchange
and cellular ingrowth during bone healing. The mechanical
strength and porosity of the HA/aragonite are comparable to
those of cancellous bone, which allows implantation into a
non-loading bone defect. In vitro and in vivo experiments were
performed successfully showing suitability for bone formation.
Since this material is formed around 37°C, there is great potential
for the incorporation of bioactive particles to suit personalised
application. Future studies will focus on further optimisation of the
formulae to strengthen the mechanical properties with extensive
evaluation of the effects on osteogenicity and biodegradation.
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