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Extensive assessment of bone-like cell responses towards porous B-tricalcium phosphate scaffolds

has shown promising osteoconductivity and biocompatibility. However, the activity of bone-like cells

is inhibited due to the formation of dense granule structures and the high formation of dicalcium
phosphate dihydrate (DCPD) between dense granules during the setting reaction of macroporous a-TCP
or B-TCP granule cement. Hence, this study was carried out to investigate the macro-alignment responses
of preosteoblast MC3T3-E1 cells on DCPD-coated B-TCP porous scaffolds by evaluating the effect of
acidic volume-to-granular mass ratios (AV/GR) and B-TCP granule sizes (GS) on the scaffolds via a setting
reaction. The fabricated porous scaffolds were first characterised using Scanning Electron Microscope
(SEM), X-ray Diffraction (XRD), Fourier-Transform Infrared (FTIR), porosity, and compressive strength.
Then, in vitro tests using preosteoblast MC3T3-E1 cells were performed to determine the macro-
alignment of cell responses towards scaffolds. The results imply that the GS and pore size formation
inside the DCPD-coated B-TCP porous scaffolds affected the macro-alignment of preosteoblast MC3T3-E1
surrounding the surface of the fabricated porous scaffold specimens. It was expected that the findings in
this study will be a game changer that expedites cell responses in coating-on-ceramic technology.

be resorbed and replaced to form a new bone by osteoclasts-
The osteoconductivity and biocompatibility of bone-like cells osteoblasts interactions [12, 13]. Therefore, various techniques

towards porous p-tricalcium phosphate [3-TCP: Cay(PO,),] have been proposed to fabricate f-TCP porous scaffolds with

scaffolds have been extensively investigated and have shown balanced porosity, pore size (PS), and mechanical strength.

desirable outcomes [1-4]. However, the bone-like cell responses These methods also improve the osteoconductivity of -TCP

in large bone defect areas should be expedited to facilitate rapid ~ POTOUS scaffolds driven by the bone-like cell responses [14-18].

bone regeneration. The macro- and micropore formations of Likewise, other studies discovered that the appropriate amounts

calcium phosphate (CaP) scaffold significantly stimulate cell of dicalcium phosphate dihydrate (DCPD) coated on porous and
dense B-TCP granules successfully improved bone osteoconduc-
tivity and helped fabrication scaffoldings [19, 20]. The DCPD is

known as the highest solubility among the CaP materials.

responses during bone remodelling [5-10]. Meanwhile, the
CaP scaffolds are attractive materials for the bone remodelling

process [11]. Since B-TCP is one of the CaP materials that can
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Previously, Shariff et al. used experimental rats and dis-
covered that the osteoconductivity of B-TCP granules had
been improved by forming DCPD layers on the surface of
dense granules [21]. Furthermore, a recent study conducted by
Mohamad Zaidi et al. observed that the DCPD-coated porous
B-TCP granules showed higher MC3T3-E1 cell responses
than the dense granules [19]. Recent studies reported that the
porous structure of scaffolds plays a major role in improving
cell adhesion and proliferation [7, 22]. Fukuda et al. successfully
formed macropore granule cement by precipitating the DCPD
between the 3-TCP granule cement via the setting reaction by
exposing dense B-TCP granules to the acidic calcium phos-
phate (ACaP) solution [23, 24]. Likewise, Kien et al. and Shariff
et al. investigated the setting ability of a-TCP spheres and foam
granules to develop interconnected macropore a-TCP porous
granule cement. They discovered that the DCPD bridging crys-
tals, which form interconnected porous a-TCP foam granule
cement, induced the formation of DCPD interlocking crystals
that facilitated the setting reaction of the porosity. Nevertheless,
the a-TCP foam granule cement produced low porosity with a
dense granule structure and high formation of DCPD between
granules during the reaction that inhibited the activity of bone-
like cells [25, 26].

Realising the need to address these drawbacks, this study
investigated the macro-alignment responses of preosteoblast
MC3T3-E1 cells by assessing the effect of AV/GR and GS on
the fabrication of DCPD-coated 3-TCP porous scaffolds. The
results obtained in this study would offer new insights into
understanding the influence of AV/GR and GS on the scaffold
characteristics and the bone-like cell responses towards pore
and granular sizes.

Preparation of porous B-TCP granules

Calcium phosphate slurry powder was prepared by mixing
DCPD [CaHPO,-2H,0, Wako, Osaka, Japan] and calcium
carbonate [calcite: CaCO;, Wako] powders to achieve a Ca/P
molar ratio of 1.5, which is equivalent to the Ca/P molar ratio
of B-TCP. The powder mixture was mixed with ethanol in a
planetary milling machine (Pulverisette 5; Fritsch GmbH, Idar-
Oberstein, Germany) at 200 rpm for 6 h. Following post-drying
at 60 °C for 6 h, the dry cake was ground into a powder with an
agate mortar and pestle [21]. Then, the obtained powder was
added to sodium chloride (NaCl) powder at a ratio of 60:40 (by
wt.%) and mixed in a rotating milling machine for 2 h to ensure
a homogenous mixture. Finally, the obtained powder was trans-
ferred into a stainless-steel mould and compressed at 50 MPa
with an oil press machine (MT-50HD; NPa System, Saitama,

Japan). Subsequently, the specimens were heated in an electronic
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furnace to 1100 °C for 6 h at 10 °C/min and left to cool in the
furnace until reaching room temperature. Then, the compacted
B-TCP specimen was crushed to produce porous B-TCP gran-
ules and sieved to obtain two sets of sample sizes of 300-600 pm
and 600-1000 pum. The selected sample sizes were then used for

further analysis.

Preparation of the ACaP solution

The present study utilised monocalcium phosphate monohy-
drate [MCPM: Ca(H,PO,),-H,0] (Sigma-Aldrich, Saint Louis,
USA) and phosphoric acid (H;PO,) (Merck & Co, New Jersey,
USA) to prepare the ACaP solution, as reported by Shariff et al.
[27]. Accordingly, 2.5 g of MCPM powder was dissolved in
100 mL of H;PO, solution. The ACaP solution should contain
100 mmol/L of Ca** and 125 mmol/L of PO,*>” (concentration
of MCPM was 100 mmol/L).

Scaffold fabrication

The DCPD-coated B-TCP porous scaffolds were fabricated via
a setting reaction by exposing the porous B-TCP granules to
the ACaP solution. The porous p-TCP granules were placed in
a split stainless-steel mould (diameter =6 mm, height=3 mm).
Then, the ACaP solution was poured onto the porous 3-TCP
granules according to the respective ratio, as stated in Table 1.
The specimen was allowed to react for 8 h to increase the pre-
cipitation of plate-like crystals between the granules. Then, the
fabricated scaffolds were immersed in acetone to terminate the

setting reaction [25].

Characterisation

Morphological surface

The surface morphology of the fabricated specimens was exam-
ined using a scanning electron microscope (SEM, S-3400N;
Hitachi High Technologies Co., Tokyo, Japan) at a 15 kV accel-
eration voltage. Prior to SEM observation, the specimens were
coated with gold-palladium for 2 min (magnetron sputtering
machine MSP-1S; Vacuum Device Co., Ibaraki, Japan). The
scaffold structure and pore geometry observed from the SEM

TABLE 1: Acidic volume-to-granular mass ratios of different granular sizes.

Acidic

volume
Granules size (um) Granular mass ratio (g) (mL)
300-600 0.2 0.3
300-600 0.2 0.6
600-1000 0.2 0.3
600-1000 0.2 0.6
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images were utilised to measure the scaffold pore diameters.
Using PoroMetric Software that was installed together with the
SEM setup, the PS of the porous DCPD-coated B-TCP scaffolds

were measured.

Compositional analysis

Compositional analysis of the DCPD-coated B-TCP porous
scaffold structure was performed using an X-ray Diffractometer
(XRD: D8 Advance; Bruker AXS GmbH, Karlsruhe, Germany)
operated at 40 kV and 40 mA. The diffraction angle was con-
tinuously scanned in 26 from 10° to 40° at a scanning rate of 2°/
min. A calibration curve for the quantitative analysis of DCPD
was also constructed using a mixture of DCPD (26 =11.78°) and
B-TCP (20 =31.2°) [28, 29]. Subsequently, the amount of DCPD
formed on the surface of the porous B-TCP was calculated from
the integrated area ratio of the XRD peaks using MDI Jade 5.0
software (Materials Data Inc., Livermore, California, USA) [27].
Meanwhile, the DCPD and B-TCP phases were identified and
confirmed with those from the International Centre for Diffrac-
tion Data (ICDD).

Porosity analysis

The various scaffolds’ total porosity was determined using the
liquid displacement method based on the technique by Zeng
etal. [30]. Primarily, the dry weight of the DCPD-coated -TCP
porous scaffold was immersed in 99% ethanol for 48 h. Etha-
nol was selected in this method since it could pass through the
porous scaffolds without causing the matrix to swell or con-
tract [31, 32]. The total amount of ethanol that penetrated and
absorbed into the porous scaffolds throughout the 48 h was cal-
culated using Eq. 1 [31, 32].

P(%) = (W, — W1)/(Pethanol + " scaffold) x 100% (1)

where Vscaffold refers to the volume of the wet scaffold, as deter-
mined by immersion, and W, and W, represent the wet weight
and dry weight of the scaffolds, respectively. PEthanol indicates

the density of the ethanol at room temperature.

Compression strength analysis

The mechanical strength of the fabricated scaffolds was deter-
mined using an Instron 3369 with a test speed of 1.0 mm/min
and 5 kN cell load following the ASTM-D-695-96 standard.
The compressive strength measurement was tested five times

for each specimen.

Functional group analysis

The functional groups in the porous scaffold specimens were
identified using a Fourier-Transform Infrared (FTIR) spectrom-
eter (Perkin Elmer, Spectrum One, USA). Specimens were first

crushed into a fine powder using an agate mortar and mixed
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with potassium bromide (KBr; Sigma-Aldrich, Saint Louis,
USA) at a ratio of 1:10 (sample:KBr) [33]. Then, a hand press
machine was used to pelletize the sample to form a thin sample
disc to ensure good transparency and a short beam path length.
The IR spectra were scanned in the 4000 and 400 cm ™! range at
a resolution of 4 cm™!.

Response of preosteoblast MC3T3-E1 cells surrounding
DCPD-coated B-TCP porous scaffold

Preosteoblast MC3T3-E1 cell culture

The biocompatibility of the fabricated (set) DCPD-coated
B-TCP porous scaffolds was tested using preosteoblast MC3T3-
E1 cells [34-36]. The MC3T3-E1 cells were initially cultured
in a Minimum Essential Medium (MEM, Gibco, USA) supple-
mented with 10% foetal bovine serum (FBS, HyClone, USA) and
1% antibiotic solution (penicillin and streptomycin [P/S]). The
cell adhesion and proliferation were then analysed by seeding
MC3T3-E1 cells on the selected DCPD-coated B-TCP porous
scaffolds. The cells were seeded in a T25 flask containing com-
plete medium-MEM (10% FBS and 1% P/S) and kept in a 5%
CO, incubator at 37 °C. The medium was replaced with a fresh

one every 2 days.

MC3T3-E1 cell sub-culture and seeding onto DCPD-coated
B-TCP porous scaffolds

Once the MC3T3-E1 cell culture reached 80-90% confluence,
they were sub-cultured and seeded onto the selected DCPD-
coated B-TCP porous scaffolds and control (non-set) porous
B-TCP granules. Prior to the seeding, the media was discarded,
and the T25 flask containing the cell culture was washed with
phosphate-buffered saline (PBS). Then, 3 mL of trypsin/ethyl-
enediaminetetraacetic acid (EDTA) (Sigma-Aldrich, USA) was
added to the sample and incubated in a 5% CO, incubator at
37 oC for 5 min to detach the cells. Next, the cell solution was
transferred to a 15 mL tube and added with 3 mL of complete
medium-MEM before being centrifuged at 3000 rpm for 15 min.
After discarding the suspension, the 20 pl cells were resuspended
with complete medium-MEM (10% PBS) for cell counting and
observation using a haemocytometer (also known as a Neubauer
chamber, which is a microscope slide). Additionally, the cell
culture was seeded onto the four specimens of set and non-set
B-TCP porous scaffold in 96-well plates, and each well was filled
with 200 pL of the complete medium-MEM.

Cell attachment assay

The preosteoblast MC3T3-E1 cell adhesion on the selected
DCPD-coated B-TCP porous scaffolds and non-set porous
B-TCP granules was evaluated by seeding the MC3T3-El
cell culture (0.25 x 10° per well) on the fabricated scaffolds in
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a 60-mm well plate. Approximately 3.8 mL of the complete
medium-MEM was added to each well plate. The prepared well
plates were then incubated in a 5% CO, incubator at 37 °C for
1, 3, 5, and 7 days. The cell adhesion surrounding the porous
scaffold surfaces was observed under an inverted microscope
(OPTIKA—XDS-3LT, Ponteranica, Italy).

Cell proliferation via the MTT assay

Preosteoblast MC3T3-E1 cells (5 x 10* cells per well) were co-
cultured with the selected DCPD-coated p-TCP porous scaffolds
and non-set porous B-TCP granules in 96 well plates containing
200 uL of complete medium-MEM. Furthermore, four sets of
seeding were prepared and kept in a 5% CO, incubator at 37 °C.
Then, the 3-(4,5-Dimethylthiazol-2-yl)-2,5- diphenyl tetrazo-
lium bromide (MTT) assay was performed on the sample after
1, 3, 5, and 7 days of the culture period. The MTT solution was
prepared by dissolving MTT powder in PBS at a concentration
of 5 mg/mL. Prior to the assay, the medium in each well plate
was discarded, replaced with 100 pL of fresh complete medium-
MEM mixed with 20 uL of MTT, and incubated in a 5% CO,
incubator at 37 °C for 4 h in the dark. After incubation, the
medium was discarded, replaced with 100 pL of dimethyl sul-
foxide (DMSO), and incubated in a 5% CO, incubator at 37 °C
for 30 min until the insoluble purple formazan dissolved into a
solution. Finally, the absorbance in each well was measured at
540 nm using an absorbance microplate reader (Elisa Biobase
BK-EL-10A, Shandong, China).

Statistical analysis

The quantitative data was expressed as the average standard
deviation. One-way Analysis of Variance (ANOVA) was applied
to determine the statistical significance of the cell viability
between the non-set porous f-TCP granules and the selected
DCPD-coated B-TCP porous scaffolds (*p<0.05, **p<0.01,
***p<0.001, and n.s=Not significant). Besides, ANOVA was
conducted to compare the differences in DCPD amounts, poros-
ity, and compressive strength of all the fabricated porous DCPD-
coated B-TCP scaffolds.

Physical appearance and surface morphologies

Figure 1 shows the four porous scaffold specimens fabricated
through the setting reaction. The porous scaffold specimens
were successfully fabricated by exposing the porous p-TCP
granules of two different GS (300-600 pm and 600-1000 um)
to the ACaP solution of two different AV/GR (0.3 mL/0.2 g and
0.6 mL/0.2 g). All the porous scaffold samples exhibit a similar

appearance.

©The Author(s), under exclusive licence to The Materials Research Society 2024

Figure 2 displays the SEM images of DCPD-coated p-TCP
porous scaffold using 300-600 pm porous B-TCP granules
exposed to AV/GR of 0.3 mL/0.2 gand 0.6 mL/0.2 g, while Fig. 3
portrays the SEM images of the DCPD-coated $-TCP porous
scaffold using 600-1000 um granules exposed to AV/GR of 0.3
mL/0.2 gand 0.6 mL/0.2 g. The surface morphological observa-
tion revealed that the platelet-like crystals were bridged plates
between the porous B-TCP granules. In fact, the number of
platelet-like crystals formed between 300 and 600 pum granular-
sized porous B-TCP using 0.6 mL/0.2 g ratio was higher than
that of the 0.3 mL/0.2 g ratio. Although a similar observation
was found for the 600-1000 um granular-sized porous B-TCP,
the size of the bridge platelet-like crystals was smaller than those
in the 300-600 um granular-sized porous -TCP. These find-
ings were consistent with the report by Zaki et al., where larger
B-TCP granules slow down the precipitation of platelet-like crys-
tals on their surfaces [37].

Despite having different experimental parameters, specifi-
cally the B-TCP GS and the volume of the ACaP solution used
to fabricate the DCPD-coated 3-TCP porous scaffold, the SEM
morphologies obtained in this study were consistent with the
previous studies done by Shariff et al. and Wei et al. [25, 38].
Firstly, the present study used porous 3-TCP granules, while
Shariff et al. and Wei et al. utilised dense a-TCP and -TCP
granules. Nevertheless, both studies observed similar plate-
let-like crystals precipitated on the 3-TCP granular surfaces.
Secondly, Shariff et al. reported that the a-TCP foam granule
cement could be fabricated after exposure to the ACaP solu-
tion at a ratio of 0.2 mL/0.2 g [25]. Comparatively, the present
study recorded that the amount of platelet-like crystals precipi-
tated on the porous 3-TCP granular surface increased with a
higher acidic volume ratio of up to 0.6 mL. A similar trend was
observed after replacing the 300-600 um -TCP granules with
the 600-1000 pum B-TCP granules.

Furthermore, the setting ability of the porous p-TCP gran-
ules was contributed by the bridging of the platelet-like crystals,
as shown in Figs. 2(b, ¢, e, and f) and 3(b, ¢, e, and f). Based on
the visual examination, the amount of platelet-like crystals that
bridged between the porous B-TCP granular surfaces increased
with a higher acidic volume of up to 0.6 mL. Similar bridging
phenomena were observed after replacing the smaller f-TCP
granules (300-600 pum) with the larger porous B-TCP granules
(600-1000 um). The results are consistent with the physical
observation in Fig. 1, indicating that the porous f-TCP granules
can be fabricated regardless of the AV/GR and GS.

Phase analysis

Figure 4 depicts the XRD patterns of the 300-600 um and
600-1000 um granular-sized porous B-TCP scaffolds exposed
to ACaP solution at two different AV/GR (0.3 mL/0.2 g and 0.6
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Figure 1: The DCPD-coated B-TCP porous scaffolds were fabricated via the setting reaction using two different GS and two different AV/GR. (a)
GS =300-600 pm, Ratio=0.3 mL/0.2 g, (b) GS=300-600 pm, Ratio=0.6 mL/0.2 g, (c) GS=600-1000 um, Ratio=0.3 mL/0.2 g, and (d) GS=600-1000 pm,

Ratio=0.6 mL/0.2 g.

mL/0.2 g). The XRD patterns of commercialised -TCP granules
and DCPD were also plotted for comparison. After exposing the
porous B-TCP granules to the ACaP solution, a new peak cor-
responding to DCPD was detected at (20 =11.7°), while the peak
assigned to B-TCP (20 =31.2°) remained, regardless of the AV/
GR and GS used in the study. Moreover, the DCPD peaks in the
300-600 pm granular-sized porous -TCP scaffolds intensified
when using a high AV/GR. On the contrary, the peaks belonging
to the B-TCP phase remained detected after the phase analysis.

Figure 5(a) shows the amount of DCPD formed inside the
300-600 pm and 600-1000 um granular-sized porous 3-TCP
scaffolds exposed to two different AV/GR (0.3 mL/0.2 gand 0.6
mL/0.2 g). The significantly elevated amount of DCPD forma-
tion inside the scaffolds was contributed by two main factors:
the porous B-TCP granule sizes and the AV/GR used during the
setting reaction. As shown in Fig. 5(a), the small porous p-TCP
granules produced higher precipitation of DCPD platelet-like
crystals between the inter-granular surfaces of the porous 3-TCP
granules, as evident in Figs. 2(e) and (f). This result was consist-
ent with Zaki et al., who also reported similar findings when
using 300-600 pum dense p-TCP granules [37]. The small porous
B-TCP granules provide a large surface area that induces the

© The Author(s), under exclusive licence to The Materials Research Society 2024

dissolution-precipitation process during the formation of the
DCPD coating layer on the surface of the B-TCP granules, as
expressed in Egs. 2 and 3. Besides, the porous B-TCP granules
dissolved and supplied sufficient Ca®>* and PO,*>" ions in the
solution throughout the precipitation-dissolution reaction, as
illustrated in Eq. 3 [39]. When the ACaP solution reached its
supersaturation level due to the continuous dissolution of Ca*"
and PO,*" ions from the B-TCP granules, Eq. 3 states that DCPD
crystals are formed on the surface and inner core of the porous
B-TCP granules.

Dissolution: 8 — Ca3(PO4), — 3Ca*"2PO;~ 2

Precipitation : Ca’" 4+ H* 4 PO}~ + 2H,0 — CaHPO, - 2H,0
3

Apart from the effect of GS, the AV/GR used during the
setting reaction influenced the formation of DCPD. As shown
in Table 1, a high volume of ACaP solution would supply a high
concentration of Ca*" and PO,* ions during the setting reac-
tion. Consequently, the high Ca®* and PO,*>" concentrations
surrounded the granules and induced a rapid saturation level

of ACaP solution. As a result, the reaction stimulates rapid
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Figure2: The SEM images of the 300-600 pm granular-sized porous B-TCP scaffold exposed to AV/GR of (a, b, ¢) 0.3 mL/0.2 g and (d, e, and f) 0.6 mL/0.2

g. (a, d) Low-magnification; (b, ¢, e, and f) High-magnification.

precipitation of DCPD platelet-like crystals on the surface of
the porous B-TCP granules, as described in Eq. 3. These findings
are consistent with the SEM morphologies in Figs. 2(d-f) and
3(d-f), which showed a significant formation of DCPD platelet-
like crystals after setting porous B-TCP granules of two differ-
ent GS with AV/GR of 0.6 mL/0.2 g. Based on the confirmed
formation of the DCPD platelet-like crystals on the surface of
the porous B-TCP granules, the fabricated porous p-TCP scaf-
folds were denoted as DCPD-coated p-TCP porous scaffolds for
further investigation.

Porosity analysis

Table 2 shows the micropore, macropore, and porosity of the
300-600 pm and 600-1000 um granular-sized DCPD-coated
B-TCP porous scaffolds exposed to ACaP solution at two differ-
ent AV/GR (0.3 mL/0.2 g and 0.6 mL/0.2 g) through the setting
reaction. Figure 5(b) depicts the porosity of the four DCPD-
coated B-TCP porous scaffold specimens. The results showed
that the specimen with a smaller GS (300-600 pum) increased
the porosity inside the DCPD-coated B-TCP porous scaffolds.
Likewise, the higher ACaP concentration showed lower porosity.
Uniquely, the findings contradict the results reported by Zaki
et al. and Shariff et al., who recorded that using smaller GS and

© The Author(s), under exclusive licence to The Materials Research Society 2024

higher ACaP concentration reduced the porosity values after the
setting reaction [25, 37].

These contradictory findings were explained based on two
points. The first factor relates to the type of porous f-TCP
granules used during the setting reaction process to fabricate
the DCPD-coated B-TCP porous scaffolds. Based on the previ-
ous findings that used dense granules, the DCPD crystals were
formed between the dense granules and the porosity levels were
determined based on the size of the formed macropores [25,
37]. For this study, the porosity levels were determined by the
number of pores inside the porous granules and macropores
formed inside the scaffolds. The second factor involves the
macropore and micropore formation inside the DCPD-coated
B-TCP porous scaffolds. A significant correlation was observed
between the GS and the degree of porosity. As such, smaller
B-TCP granules increased the porosity levels due to the higher
number of pores inside the scaffolds. Conversely, larger granules
exhibit low porosity due to fewer pores inside the scaffolds.

However, a slight decrease in porosity was observed with
higher AV/GR, which can be attributed to the increased forma-
tion of DCPD crystals during precipitation, consequently alter-
ing the pores’ dimension. Likewise, the macropore diameter of
the scaffolds using larger B-TCP granules (600-1000 pm) was
larger than those using 300-600 pm B-TCP granules. The results
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Figure3: The SEM images of the 600-1000 um granular-sized porous B-TCP scaffold exposed to AV/GR of (a, b, and ) 0.3 mL/0.2 g and (d, e, and f) 0.6

mL/0.2 g. (a, d) Low-magnification; (b, ¢, e, and f) High-magnification.

aligned with Shariff et al., who reported the formation of larger
macropores using larger granules inside the a-TCP foam granule
cement [25].

Mechanical strength analysis

Figure 5(c) shows the compression strength of the 300-600 pm
and 600-1000 um granular-sized DCPD-coated B-TCP porous
scaffolds exposed to ACaP solution at two different AV/GR (0.3
mL/0.2 gand 0.6 mL/0.2 g). The graph shows that the compres-
sion strength of the specimens increased following the incre-
ment of the AV/GR. Moreover, the DCPD-coated B-TCP porous
scaffolds fabricated using AV/GR of 0.3 mL/0.2 g recorded a
compressive strength of 0.50 MPa (GS of 300-600 um) and 0.45
MPa (GS of 600-1000 pm). Comparatively, a higher compressive
strength of 0.85 MPa (GS of 300-600 pum) and 0.80 MPa (GS of
600-1000 pm) were achieved with DCPD-coated 3-TCP porous
scaffolds fabricated using AV/GR of 0.6 mL/0.2 g. Despite the
enhanced compression strength of the DCPD-coated B-TCP
porous scaffolds with higher AV/GR and GS, the compression
value difference was statistically insignificant.

The increment of the compression strength values of the
DCPD-coated B-TCP porous scaffolds depended on the

© The Author(s), under exclusive licence to The Materials Research Society 2024

interlocking phenomenon between the DCPD crystals and the
porosity level in the scaffolds. As shown in Figs. 2(b, ¢, e, and f)
and 3 (b, ¢, e, and f), the developed DCPD platelet-like crystals
had interlocked between each other and the porous p-TCP gran-
ular surfaces. In fact, increasing the AV/GR to 0.6 mL/0.2 g pro-
duced a larger amount of interlocked DCPD crystals between
the granular surfaces regardless of the size of the porous 3-TCP
granules used during the setting reaction.

The findings indicate that the addition of DCPD crystals
as an interconnected component between the porous granules
significantly influenced the scaffold’s structure. The DCPD crys-
tals successfully penetrated the interior of the porous granules
and improved the mechanical strength of the DCPD-coated
B-TCP porous scaffolds, specifically scaffolds composed of the
300-600 pm B-TCP granules compared to those of 600-1000
pum B-TCP granules. Hence, the total number of pores within
the porous granules substantially impacted the precipitation of
DCPD, affecting the compression strength of the DCPD-coated
B-TCP porous scaffolds.

The mechanical properties of the DCPD-coated B-TCP
porous scaffolds were influenced by three distinct conditions.
The first condition concerns the GS. The smaller B-TCP gran-
ules impacted the precipitation of DCPD crystals between
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Figure 4: XRD patterns of the 300-600 pm and 600-1000 pm granular-sized DCPD-coated 3-TCP porous scaffolds exposed to two different AV/GR (0.3

mL/0.2 g and 0.6 mL/0.2 g) via the setting reaction.

and inside the porous granules. Besides, the use of small
granules during the fabrication of porous scaffolds reduced
the macropore sizes inside the scaffold, which enhanced the
mechanical characteristics of the scaffold compared to those
fabricated using larger granules. The trend recorded in this
study aligns with the findings reported by Maadani et al.,
which also revealed an improved mechanical strength of
bioceramic scaffolds after incorporating granules with smaller
pores [40].

The second condition was related to the total number of
granular pores. The usage of small granules essentially affected
the pore formation inside the scaffold. Consequently, the
increased pore numbers impacted the formation of the DCPD
crystal layers within and between the porous granules, which
influenced the mechanical strength of the porous scaffolds. Nev-
ertheless, it is generally known that high porosity levels con-
tribute to low mechanical strength. For instance, Flauder et al.
discovered that B-TCP scaffolds with 82% porosity recorded a
reduced compression strength of 0.4 MPa [41]. A recent study
by Ryan et al. also found that the mechanical strength of B-TCP
scaffolds increased to 1.4 MPa when the porosity level decreased
to 59% [42]. While the mechanical strength of B-TCP scaffolds,
which is usually within the range of 0.3-1.4 MPa, may not be

suitable for load-bearing applications, the mechanical stability

©The Author(s), under exclusive licence to The Materials Research Society 2024

was sufficient for usage in bone regeneration, especially in small
bone defects [42, 43].

Finally, the AV/GR ascribes the third condition that affects
the mechanical properties of the DCPD-coated 3-TCP porous
scaffolds. In general, increasing the acidic volume increased
the formation of DCPD crystal layers between the granules, as
reflected in Figs. 2 and 3. Based on the above conditions, the
proposed fabrication method produces DCPD-coated p-TCP
porous scaffolds with enhanced mechanical strength and appro-
priate porosity level, which are essential to support swift and

effective bone remodelling.

Chemical functional groups

Figure 6 shows the FTIR results of the 300-600 um and
600-1000 pum granular-sized DCPD-coated p-TCP porous
scaffolds exposed to ACaP solution at two different AV/GR
(0.3 mL/0.2 g and 0.6 mL/0.2 g). The results were compared to
porous B-TCP granules and commercialised DCPD as a control.
According to the FTIR analysis, the PO,>” functional group was
only detected in the porous B-TCP granules at 550-600 cm ™"
[38]. Interestingly, the PO,*~ functional group remained and
continued to be detected regardless of the AV/GR and GS used
in fabricating the scaffolds.
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TABLE2: Micropore, macropore,
and porosity of the 300-600 um

Porous DCPD-coated B-TCP scaffolds

and 600-1000 pm granular-sized Acidic volume-to-granu-

DCPD-coated B-TCP porous Granule size (um) lar mass ratio (mL/0.2 g) Micropores (um) Macropores (um) Porosity (%)

scaffolds fabricated through the

setting reaction using different Av/ 300-600 03 72-77 320-350 674

GRand GS. 300-600 0.6 7.0-7.6 300-340 66.7
600-1000 0.3 7.3-79 440-570 63.6
600-1000 0.6 7.1-7.7 410-560 62.9

Conversely, the OH™ functional group was identified at 1638
and 3436 cm™! when porous B-TCP granules were exposed to
the ACaP solution. The result also implies the presence of DCPD
only in the DCPD-coated B-TCP porous scaffolds. In fact, this

©The Author(s), under exclusive licence to The Materials Research Society 2024

finding is aligned with the precipitation process, as shown in
Eq. 3. The peak intensity of the OH™ functional group also
increased with a higher volume of the ACaP solution during
the fabrication of the DCPD-coated B-TCP porous scaffolds.
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different AV/GR (0.3 mL/0.2 g and 0.6 mL/0.2 g) through the setting reaction. OH™ and PO, represent chemical functional groups.

Behavioural responses of the preosteoblast MC3T3-E1
cells on the fabricated DCPD-coated B-TCP porous
scaffolds

The 300-600 pm and 600-1000 um granular-sized DCPD-
coated B-TCP porous scaffolds exposed to AV/GR of 0.6
mL/0.2 g were selected for the in vitro test using preosteoblast
MC3T3-E1 cells due to their outstanding properties, includ-
ing possessing a higher amount of DCPD crystal layers and
robust mechanical strength. Figure 7 illustrates the micro-
scopic imaging of cell attachments surrounding the DCPD-
coated B-TCP porous scaffolds compared to those surround-
ing the non-set porous B-TCP granules (control sample). The
cell response towards the specimens was observed after 1, 3,
5, and 7 days of culturing period. The data gathered from the
imaging analysis indicate that the cells exhibited adhesion and
proliferation on the near surfaces of both the DCPD-coated
B-TCP porous scaffold and the control non-set porous 3-TCP
granules at various time points. It demonstrates that initial
cell attachment and subsequent growth can be supported by
both types of scaffolds. This is a good discovery because it
shows that, in contrast to the uncoated granules, the DCPD
coating was not hindering cell attachment. Both scaffold types
exhibit consistent cell adhesion and proliferation on their near
surfaces, indicating their applicability for tissue engineering

©The Author(s), under exclusive licence to The Materials Research Society 2024

applications in which successful tissue regeneration depends
on enhancing cell-scaffold interactions.

However, the images showed that the shape of the MC3T3-
El cells changed when co-cultured on non-set 300-600 pm
porous B-TCP granules after 5 and 7 days. The observed phe-
nomenon can be attributed to the increased cell numbers sur-
rounding the non-set porous B-TCP granules. Similarly, the
MC3T3-E1 cells became stretched when co-cultured on non-
set 600-1000 pum porous B-TCP granules after 5 and 7 days,
indicating increased cell numbers surrounding the granules. In
comparison, the MC3T3-El1 cells seeded onto the 300-600 pm
and 600-1000 um granular-sized DCPD-coated p-TCP porous
scaffolds were located within the macropores of the scaffolds,
with the cell shape appearing to be stretched after 3, 5, and 7
days. This observed phenomenon can be attributed to the sub-
stantial increase in the quantity of the cells during the specified
time intervals.

Besides, the 600-1000 um granular-sized DCPD-coated
B-TCP porous scaffolds exhibited a greater degree of cell
elongation compared to that of non-set 300-600 um p-TCP
granules. The MC3T3-E1 cells elongated as the cell density
increased, implying that the increased cell numbers influenced
the cell stretching due to the narrow space inside the well

plate. On the contrary, a low cell density results in a normal
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cell appearance resembling a spider-like shape. The spider-like
shape observed at low cell density likely arises from a combi-
nation of factors related to cell behaviour and the microen-
vironment [44]. Therefore, creating an optimal microenvi-
ronment for chondrocyte proliferation is crucial due to the
insufficient regeneration of cartilage tissue resulting from
low cell density [45]. In this study, the direction alignments
were shown to be altered at the macropore level during the
proliferation of MC3T3-E1 cells, which can be attributed to
the increased cell density and proliferation surrounding the
porous scaffolds. Furthermore, a recent study reported that
at low cell density, the MC3T3-E1 cells showed spider-like
shapes and changed to polygonal or spindle shapes due to the
growth and proliferation of cells [46]. Likewise, another study
found that the MC3T3-El1 cells were elongated spindle-shaped
after 3 days of cell culture, which refers to the spreading of
cells [47].

© The Author(s), under exclusive licence to The Materials Research Society 2024

Two important factors may affect the change in the cell
shape. Firstly, the material composition of the non-set and set
porous scaffolds influences cell adhesion and proliferation.
Both sets of DCPD-coated p-TCP porous scaffolds showed
an increase in cell density compared to non-set porous p-TCP
granules. These findings aligned with the study by Shariff et al.,
who reported that porous B-TCP coated with an appropriate
amount of DCPD exhibited enhanced bone osteoconductivity
[21]. As a result, the DCPD coatings boosted osteoblast deposi-
tion by releasing more Ca** and PO, ions in the medium [13].
A recent study by Mohamad Zaidi et al. also demonstrated that
the porous B-TCP granules coated with DCPD recorded better
cell response than DCPD-coated dense B-TCP granules [19].

The second factor refers to the macropores identified
within the scaffolds. Specifically, the 600-1000 um granular-
sized DCPD-coated B-TCP porous scaffolds possessed larger
macropores (410-560 um) and more stretched cells than
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Figure 8: The cell viability of the MC3T3-E1 cells seeded on the 300-600 pm and 600-1000 pm granular-sized DCPD-coated 3-TCP porous scaffolds
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n.s=not significant). Non-set porous 3-TCP granules were used for comparison.

the macropores in the 300-600 um granular-sized DCPD-
coated B-TCP scaffolds (300-340 um). Likewise, it is vital to
note that the MC3T3-E1 cells can proliferate, migrate, and
adhere to the scaffold surface due to sufficient macropores
and appropriately designed micropore structures [7, 34, 48,
49]. Therefore, the findings in Fig. 7 demonstrate that the
600-1000 pm granular-sized DCPD-coated B-TCP porous
scaffolds exhibited a higher cell density, more stretched cell
shape, and larger macropores than their 300-600 pum porous
scaffold counterparts.

In terms of cell viability and proliferation, the MTT assay
allows for the quantitative analysis of cell proliferation based
on the live-dead cell determination, demonstrating the cells’
ability to attach, and spread successfully [50]. Figure 8 reveals
that the absorbance values of the MC3T3-El cells seeded
onto the fabricated DCPD-coated porous p-TCP scaffolds
were higher than that of the controlled porous p-TCP gran-
ules. After 1, 3, 5, and 7 days of culturing, the cell absorbance
value and cell proliferation of the 600-1000 um granular-sized
DCPD-coated B-TCP scaffolds was higher than other speci-
mens due to their larger micro- and macropore structures
and an appropriate amount of DCPD bridged between and
inside granules, facilitating the adhesion and proliferation of
osteoblast cells [7]. Notably, the amount of DCPD and the
number of PS are crucial in cell attachment and proliferation.

As such, a larger PS influences the adhesion and proliferation

©The Author(s), under exclusive licence to The Materials Research Society 2024

of bone-like cells [7]. Overall, the MTT assay confirmed the
absence of any harmful effects associated with using the fab-

ricated porous scaffolds and granules.

The DCPD-coated B-TCP porous scaffolds were successfully
fabricated through the setting reaction by exposing porous
B-TCP granules to ACaP solution. The high AV/GR (0.6 mL/0.2
g) and larger GS (600-1000 um) produced porous scaffolds with
excellent properties, including large macropore size (410-560
um), sufficient mechanical strength (0.85 MPa), and appropriate
amount of DCPD crystals. Besides, the 600-1000 um granular-
sized DCPD-coated -TCP porous scaffolds exposed to AV/GR
of 0.6 mL/0.2 g supported stronger adhesion and proliferation
of preosteoblast MC3T3-E1 cells, which triggered more intense
stimulation activity of the cells without any harmful effects asso-
ciated with the fabricated porous scaffolds.
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