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Abstract

The objective of this study was to prepare instant macroporous calcium phosphate cement (CPC) with enhanced
degradation rate and improved initial cell adhesion by simply incorporating lab-made gelatine microbubble
(Gel MB) as dry porogen into the cement. From the study, it was found that viscosity of the cement paste was
a key parameter to produce small or large macropores in the cements. Pore size was also determined by mi-
crobubble size, which was originally controlled by gelatine concentration in a bubble fabrication process. CPC
with high porosity (60%) and acceptable cement setting time could be obtained from the study by incorporat-
ing 10 wt.% gelatine into the cement. Greater number of MC3T3-cells were found on the surface of the Gel
MB loaded CPCs. The increase of initial cell adhesion may be attributed to protein molecules adhered on the
cement surface and increase of surface roughness after porogen disintegration. In sum, a one-step composite
cement paste production, proposed in the study, may be applicable for fabricating rapid macropores in CPCs
with improved cell adhesion for bone tissue engineering applications.
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I. Introduction

Hydroxyapatite-forming calcium phosphate cements

(HAP-CPCs) have gained great interest for being used

as bone graft substitutes since they are biocompatible,

easy to mould and self-setting under physiological con-

ditions without heat generation [1–4]. However, their

degradation rate is very slow and initial cell adhesion on

the cement surface is relatively poor, therefore limiting

their use in tissue engineering applications. Numerous

attempts have been made to produce macropores (larger

than 50 µm) in HAP-CPCs by incorporation of addi-

tives, such as soluble porogens [5,6], gas-generating

materials [7,8], surfactants [9] and degradable polymers

[10,11] into the CPCs or even using 3D printing [12].

However, there are some limitations using these addi-

tives to fabricate HAP-CPCs with macroporous struc-

ture. For example, several of these approaches can only

be applied for pre-set cements. Adding large portion
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of additives can potentially cause toxicity. In addition,

some porogens can only produce macropores within

weeks or months, limiting new tissue replacement.

Recently, a new method was proposed by mixing

cement paste with biocompatible foaming agent pre-

pared from albumen [13] or gelatine [14] to produce in-

stant macroporous cements with enhanced degradation

of the HAP-CPCs. Foams are produced by rapid stir-

ring of solution containing these naturally derived ma-

terials with a mixer. The foamed solution is then imme-

diately transferred and mixed with cement paste. Even

though this approach has been proved able to manu-

facture macroporous cements, it is still difficult to han-

dle. Handling mixer and heating apparatus, required for

preparing gelatine solution, might not be convenient for

clinical use. To improve handling of foaming prepara-

tion, we proposed to fabricate gelatine foam in dry form

first and subsequently mix it with the CPC to prepare

instant macroporous scaffold.

Microbubbles (MBs) are composed of a gaseous core

surrounded with lipid, protein or polymer shell. They
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are commonly used as ultrasound-enhanced agents for

molecular imaging and drug delivery applications [15–

17]. MBs as contrast agents are on microscale, ranging

from 1 to 10 µm in diameter [18]. To the best of our

knowledge, there is no report on using dry MB as poro-

gen to create macropores in HAP-CPCs.

One of the required properties for materials to be used

as scaffold in tissue engineering applications is good ini-

tial cell adhesion. Several methods have been reported

to improve cell adhesion property of the HAP-CPCs by

incorporation of protein sequence such as RGD, known

as integrin-recognition site to promote cell attachment

[19], or fibronectin, which is a general biomolecule that

can anchor cells to proteoglycan and collagen into the

CPC [20]. Even though these techniques can promote

cell attachment, high cost including difficulty in han-

dling still limits their use. Gelatine is derived from col-

lagen, which is a protein found in animal bone or skin.

It is biocompatible and completely degradable in phys-

iological environment [21]. Several studies report that

gelatine can also improve cell adhesion [22,23].

The aims of this study were to develop a simple

preparation of instant macroporous cement for use in

clinics by preparing gelatine microbubbles as dry poro-

gen and to validate its efficiency to increase degradation

rate and to improve cell adhesion of the cement. Phys-

ical, chemical, mechanical and biological properties of

the cements were explored. The influence of powder to

liquid ratio (P/L) on pore formation and porosity was

also evaluated.

II. Experimental procedure

2.1. Preparation of cement powder

Tetracalcium phosphate (TTCP, Ca4(PO4)2O) pow-

der was synthesized by a solid-state reaction at 1450 °C

of a mixture of 0.95 mol of calcium carbonate (CaCO3,

Carlo Erba Reagenti, Italy) and 1.0 mol of dicalcium

phosphate anhydrous (DCPA, CaHPO4, Sigma Aldrich,

Singapore), followed by dry quenching at room temper-

ature. The synthesized TTCP was dry-milled in a plan-

etary ball mill and the powder with median particle size

of about 12±0.5 µm was chosen for the study. The com-

mercial DCPA powder was also milled in ethanol before

use. An average size of DCPA powder of 2±0.5µm was

used for compounding the cement. CPC powder was

prepared by mixing an equivalent molar mass of TTCP

and DCPA powders.

2.2. Fabrication of Gel MB embedded cement

Fabrication started with preparation of gelatine mi-

crobubble (Gel MB) from gelatine solutions having dif-

ferent concentrations (5, 10 and 20 wt./vol.% gelatine).

10 ml of gelatine solution, which was prepared by dis-

solving gelatine powder (Himedia, India) in distilled

water at 45 °C, was homogenized with a disperser (IKA

Inc, IKA T25 Dispersers) for 3 min under ambient con-

ditions and speed of 5000 rpm. The prepared gelatine

bubbles were quickly quenched in liquid nitrogen before

lyophilizing for 24 h at 0.03 mbar vacuum in a freeze

dryer (Thermo Super Modulyo Freeze Dryer). The ob-

tained dry Gel MB was cut into rectangular pieces of

dimensions approximately 1.5 mm × 1.5 mm with sharp

blade and kept in a desiccator before use. Bubble for-

mation and microbubble size were studied by optical

microscope (Olympus, IX71) connected with a digital

camera (Olympus, DP72). A small piece of Gel MB was

immersed in sodium phosphate buffer, which was used

as liquid part for cement formulation in this study. Gel

MB size was determined directly from images captured

by optical microscope (five pieces of each dry Gel MB

were used for the measurement).

Gel MB embedded cements were prepared by mix-

ing various amounts of Gel MB (5 and 10 wt.% Gel

MB) with CPC powder before liquid part was added.

The obtained CPC pastes were then introduced in Teflon

mould and allowed to set at room temperature before

further characterization. The gas foaming can occur in

cement when the cement paste has sufficiently low vis-

cosity. In the study, two different powder to liquid ra-

tios were chosen: P/L = 2.50 and 2.25. Other P/L ra-

tios were previously examined, but only these two ra-

tios gave sufficiently low viscosity and good mechanical

strength (compressive strength of CPC prepared at inter-

ested P/L without any additive was higher than 30 MPa

after 1 day incubation in phosphate buffer saline).

2.3. Characterization

Initial and final setting times were measured using a

Gillmore needle. The initial and final setting times are

defined as when a light needle (113.4 g in mass, and

2.13 mm in diameter) and a heavy needle (453.6 g in

mass, and 1.06 mm in diameter) fail to make percepti-

ble indentation on the sample surface. Each measure-

ment was performed three times and the average value

was calculated and presented.

The compressive strength of the incubated CPC sam-

ples was measured by using a universal testing machine

(Instron Model 55R4502) with a crosshead speed of

1 mm/min (n = 5). The sample specimens were pre-

pared by mixing cement powders and liquid under de-

sired P/L ratios. The obtained mixture was poured into

a stainless steel mould (4 mm diameter × 8 mm height)

and kept at room temperature for 1 h before removing

from mould and immersing in phosphate buffer saline

(PBS) at 37 °C for 7 days.

The embedded Gel MB CPC pastes were poured into

1 cm × 1 cm × 1 cm Teflon mould and allowed to harden

at room temperature for 1 h. The cement was further

incubated in PBS at 37 °C for 7 days. Afterwards, the

cement samples were removed from their moulds and

immersed in acetone to stop setting reactions. Dry sam-

ples were ground by hand and characterized by pow-

der X-ray diffractometer (PANalytical, X’Pert PRO) us-

ing copper Kα radiation generated at 40 kV and 30 mA.

Scans were performed between 20° < 2θ < 60° at
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1 °/min, step size 0.01° and step time 0.6 s. In addi-

tion, the specimens were coated with gold before inves-

tigating HA formation by scanning electron microscopy

(SEM, Hitachi, high vacuum FE-SEM SU8030). The

size of hydroxyapatite crystal was measured directly

from SEM micrographs (five areas were chosen and

length and width of individual crystals were measured

and averaged).

Porosity was determined from the samples incubated

in PBS at 37 °C for 7 days, subsequently kept in an oven

at 200 °C for 24 h and finally cooled to room temper-

ature. Each dried sample was weighed (W0) and then

placed in a known-weight (W1) specific gravity bottle

filled with DI water. The evacuation under vacuum was

performed for 10 min to remove air in the sample. The

total weight of the specimen and the bottle was recorded

as W2. The sample was subsequently removed from the

bottle, rapidly blotted and weighed (W3). The porosity

(P) of the sample was calculated using the following

equation:

P =
W3 −W0

W3 +W1 −W2

× 100 (1)

Gelatine leaching from CPC samples was studied by

monitoring dissolution of Gel MB in incubated solu-

tion. The bicinchoninic acid protein assay (BCA assay;

Pierce Biotechnologies, USA) was used to investigate

gelatine leaching behaviour. The principle of the BCA

assay relies on the formation of a Cu2+ protein com-

plex under alkaline conditions, followed by reduction

of the Cu2+ to Cu1+ by protein in alkaline medium that

has been developed to a purple-blue-coloured solution

[24]. Each cement sample was incubated in 1.5 ml of

PBS at 37 °C for 3–24 h, and 1–7 days. The incubated

PBS solution was collected and tested with BCA work-

ing reagents. Light absorption of the resulting solutions

was measured at 595 nm and compared with the values

obtained from solutions of defined gelatine concentra-

tions (0.01–5 mg/ml). Incubated PBS solutions of ce-

ments without Gel MB were used as blanks. All experi-

ments were performed in triplicate.

The CPC samples were also characterized by Fourier

transform infrared spectroscopy (FTIR; Perkin Elmer

System 2000) to detect the presence of gelatine in

the CPC composites. The CPC samples were manually

crushed with pestle and mortar into fine powder before

testing with FTIR (4000–400 cm−1, 1.5 mg of sample in

100 mg of KBr).

2.4. Cell proliferation study

MC3T3-E1 cells (ATCC, CRL-2593) were main-

tained using established cell culture protocols. Cells

were cultivated in flasks (150 cm2 surface area) at 37 °C

with a humidified atmosphere at 5% CO2 in DMEM cell

culture medium, supplemented with 10 vol.% of bovine

fetal serum and 1 vol.% penicillin, changing the media

every 2 days. At 90% confluence, cells were harvested

by rinsing with 2.5 g/l trypsin solution and incubated

at 37 °C until cells detached. Cells were washed again

with PBS. Then, cells were re-suspended in DMEM and

ready for further study.

MC3T3-E1 cells were seeded directly onto the CPC

samples with and without Gel MB at a density of 1 ×

104 cells/cm2. Cells were allowed to attach to the sample

for 1, 3 and 7 days in the culture medium at 37 °C and

5% CO2. Culture medium was changed every 2 days.

After the defined period of time, the cells were tested

with Alamar Blue assay. Fluorescence emission inten-

sity at 590 nm with excitation at 560 nm, which is pro-

portional to the number of cells adhered on the samples,

was collected.

Cell morphology and attachment on the cement sam-

ples with and without gelatine addition was observed

by SEM and fluorescence microscopy. For the SEM,

after 1 day of culture, the deposited cells were fixed

with 4 wt./vol.% paraformaldehyde for 4 h at 4 °C and

rinsed with PBS (pH 7.4) and subsequently dehydrated

by passing the sample through a series of graded ethanol

concentrations (30, 50, 70, 90 and 100 vol.% ethanol)

for about 15 min each. The samples were then placed

in a second 100% ethanol solution to ensure that wa-

ter was completely removed. The dehydrated samples

were further dried in a critical-point dryer (Baltec, CPD

030) before gold sputtering for cell morphology exam-

ination by SEM (Hitachi, S3400N). For fluorescence

imaging, samples with cultured cells were rinsed twice

with PBS and fixed with 4 wt./vol.% paraformalde-

hyde for 30 min at room temperature. After three time

washing with PBS, the samples were incubated with

0.5 vol.% Triton-X 100 in PBS for 5 min. Then, actin

filaments were stained by incubating the samples with

rhodamine phalloidin (Invitrogen, Eugene, OR, USA)

whereas cell nucleus was stained with 4’,6-diamidino-

2-phenylindole (DAPI, Sigma-Aldrich, USA). The sam-

ples were observed under a fluorescence microscope

(Olympus, IX71).

III. Results and discussion

3.1. Characterization of Gel MB

Size and morphology of the dry gelatine microbub-

bles (Gel MB), fabricated from different gelatine so-

lutions are shown in Fig. 1. The prepared Gel MB

showed a core-shell structure. During homogenization

under ambient environment, air was incorporated into

the solution, resulting in bubble formation in gelatine

solution. After quick freezing in liquid nitrogen and

lyophilization, air bubbles were kept stable in gelatine

envelope. Since in the study gelatine was not cross-

linked, it was easily gelled and ready to be dissolved

in water. When the Gel MBs contacted water, bubbles

were immediately formed.

The average microbubble size for 5, 10 and

20 wt./vol.% gelatine was approximately 25, 40 and

100µm in diameter, respectively (Fig. 1a). Bubble for-

mation significantly depends on the magnitude of liquid

viscosity [25]. Bubbles could slowly grow to the larger
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Figure 1. Gel MB average size prepared from gelatine
solutions having different concentrations (5, 10 and

20 wt./vol.%) (a) and optical images of gelatine microbubbles
dispersed in sodium phosphate buffer (bar = 100 µm) (b)

size by viscous resistance. In the study, 20 wt./vol.%

gelatine solution was the highest viscosity that could

create large microbubbles. We also explored bubble for-

mation prepared from higher viscosity gelatine solu-

tions (25 and 30 wt./vol.% gelatine) and found that large

bubbles were difficult to form. The majority of bubbles

was smaller than 50 µm (the results are not shown here).

Because 20 wt./vol.% gelatine solution could produce

the largest microbubbles, we used this concentration for

preparing Gel MB to fabricate composite cements.

3.2. Cement setting time

Setting times of the cements containing different con-

centrations of the Gel MB prepared at two different P/L

ratios are shown in Table 1. The cements prepared by

using less amount of liquid (P/L = 2.50) set faster than

those prepared with greater liquid content (P/L = 2.25).

This behaviour is normally found when the less amount

of liquid is used in the cement recipe [4,5]. For the ce-

ments containing Gel MB, it was found that increasing

gelatine amount in CPC composites could slightly re-

duce initial setting time. Gelatine may increase cement

cohesiveness, resulting in greater resistance to light-

weight needle penetration. Several studies have reported

that gelling agent, such as gelatine, can improve cement

cohesion [7,14]. However, the cement composites con-

taining gelatine showed delayed final setting time com-

pared with those without gelatine. This negative effect

on final setting time may be attributed to the viscosity

increment of CPC paste after adding Gel MB. Ion diffu-

sion in the paste therefore is lowered, resulting in longer

final setting time. This effect was more prominent when

greater amount of Gel MB was added to the CPC for

both CPCs prepared at P/L = 2.50 and 2.25 (Table 1).

3.3. Crystal structure and phase characterization

Figure 2 shows XRD patterns of composite cements

containing different Gel MB contents prepared at P/L =

2.50 and 2.25 after incubation in PBS for 7 days. The

marked peaks in the figures correspond to characteris-

tic peaks of hydroxyapatite (HAP), according to JCPDS

crystallographic database (JCPDS 00-009-0432). It is

clear that HAP peaks were found in all CPC samples.

Also, all six CPC samples exhibited similar XRD in-

tensity. SEM was used to characterize morphology of

Table 1. Initial and final setting times, compressive strength and porosity of CPCs

Cement
Initial setting Final setting Compressive Porosity

time [min] time [min] strength [MPa] [%]

P/L = 2.50

0 wt.% Gel MB 10 ± 1 25 ± 1 37.3 ± 2.2 9.0 ± 1.4

5 wt.% Gel MB 10 ± 1 28 ± 1 28.5 ± 2.3 12.5 ± 1.9

10 wt.% Gel MB 7 ± 1 35 ± 2 19.2 ± 3.6 24.0 ± 2.8

P/L = 2.25

0 wt.% Gel MB 13 ± 1 27 ± 1 33.1 ± 1.4 14.5 ± 2.3

5 wt.% Gel MB 12 ± 1 32 ± 1 13.8 ± 3.5 29.5 ± 1.1

10 wt.% Gel MB 10 ± 1 43 ± 1 5.5 ± 2.1 59.0 ± 2.9

Figure 2. XRD patterns of CPCs containing different Gel MB contents prepared at: a) P/L = 2.50 and b) P/L = 2.25,
after immersion in PBS for 7 days
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Figure 3. SEM micrographs of cements prepared at P/L = 2.50 containing: a) 0, b) 5 and c) 10 wt.% Gel MB and at P/L = 2.25
containing: d) 0, e) 5 and f) 10 wt.% Gel MB, after immersion in PBS for 7 days (bar = 200 nm)

Table 2. Average size of the rod-like hydroxyapatite crystals
measured by SEM

Cement Width [nm] Length [nm]

P/L = 2.50

0 wt.% Gel MB 40 ± 4 260 ± 20

5 wt.% Gel MB 41 ± 4 262 ± 22

10 wt.% Gel MB 41 ± 5 260 ± 23

P/L = 2.25

0 wt.% Gel MB 39 ± 5 260 ± 22

5 wt.% Gel MB 41 ± 4 263 ± 18

10 wt.% Gel MB 40 ± 5 265 ± 17

the cement (Fig. 3). The CPCs containing different Gel

MB concentrations (0, 5 and 10 wt.%), prepared at two

P/L ratios, had similar microstructure. The nanosized

rod-like crystals of HAP entangled among the particles

were observed in all CPC samples. Average size of the

HAP crystals was shown in Table 2. It is clearly seen

that HAP crystal size was comparable for all samples.

3.4. Compressive strength and porosity

Compressive strength (CS) and porosity of the ce-

ments are shown in Table 1. CS of the CPC compos-

ites having P/L = 2.50 varied approximately between

19 and 37 MPa whereas CS was roughly between 5 and

33 MPa for the composites having P/L = 2.25. It is

apparent that CS of both types of the CPC compos-

ites decreased with increasing Gel MB content. In con-

trast, porosity of cements increased with increasing Gel

MB content. The effect of porogen content on both CS

and porosity was more prominent in CPCs prepared at

P/L = 2.25. This result indicated that P/L ratio was

an important factor determining pore formation in the

CPC. CPCs prepared at P/L = 2.50 had greater vis-

cosity. It was difficult for bubbles to form and stay sta-

ble in the CPC paste until the cement completely hard-

ened. Even with adding greater amount of Gel MB in

the CPC paste (P/L = 2.50), porosity in the cement did

not sharply increase, as opposed to what it was found

Figure 4. SEM micrographs of cements after 7 days of PBS incubation: a) cements prepared at P/L = 2.50 with 5 wt.% Gel MB
and b) those prepared at P/L = 2.25 with 5 wt.% Gel MB (scale bar = 100µm)
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in composite cements prepared at P/L = 2.25. CPCs

(P/L = 2.50) containing 10 wt.% Gel MB and that

comprising of 5 wt.% Gel MB had approximately 24%

and 12% porosity, respectively. In contrast, CPCs with

lower viscosity (P/L = 2.25) containing 10 wt.% Gel

MB and that composed of 5 wt.% Gel MB had approxi-

mately 60% and 30% porosity, respectively. CPC paste

viscosity does not only affect porosity but also pore size.

In the study, it is found that the CPCs containing Gel

MB prepared at P/L = 2.25 primarily contained larger

pores compared to the CPCs prepared at P/L = 2.50

as clearly seen in Fig. 4. The CPCs without Gel MB

were dense and contained only macropores smaller than

50 µm. Macropores larger than 50 µm in CPC can be ob-

tained when appropriate P/L ratio is chosen. These find-

ings are also confirmed by other studies [7–9,26].

Generally, HAP-CPCs without adding porogen com-

prise of only macropores smaller than 50 µm. To be

used as scaffold, CPCs must have macroporous struc-

ture with pore diameter larger than 50 µm. The role of

these macropores is to guide and support tissue ingrowth

within the material so that angiogenesis can take place

along with the progressive bioresorption of the scaf-

fold [27].

3.5. Gelatine leaching

Leaching behaviours of uncross-linked gelatine were

studied using BCA assay and are shown in Fig. 5. Cu-

mulative detected amount of protein (gelatine) in PBS

at 37 °C at different times was monitored. It is obvi-

ous that Gel MBs easily degraded in PBS solution. Gel

MB could be completely leached out (100% detected

protein concentration) after 3 and 4 days incubation in

PBS for the CPCs prepared at P/L = 2.25 and those

at P/L = 2.50, respectively. Gel MB degraded more

than 50% within 6 h incubation for both types of the

CPCs. Results from FTIR confirmed what was found

in BCA assay study as shown in Fig. 6. Gelatine has

amide II band corresponding to the band at approxi-

mately 1530 cm−1. After incubating the CPC containing

Figure 5. Cumulative detected gelatine concentration as a
function of PBS incubation time using BCA assay, for CPC
composites prepared at P/L = 2.50 and 2.25, containing 5

and 10 wt.% Gel MB

10 wt.% Gel MB prepared at P/L = 2.25 and that fab-

ricated at P/L = 2.50 in PBS for 3 and 4 days, respec-

tively, the specimens were manually crushed into pow-

der and tested with the FTIR. It is apparent that there

was no amide II band in both types of CPCs, indicat-

ing there was no gelatine remained in the tested CPC

specimens.

The finding from gelatine leaching study was in

agreement with what was found in porosity measure-

ment. CPCs prepared at P/L = 2.25 contained larger

pores with higher porosity than those prepared at P/L =

2.50. PBS solution could flow more easily into the ce-

ment specimens prepared at P/L = 2.25, resulting in

faster gelatine leaching.

Gelatine leaching rate may also play a key role in

HAP conversion. The HAP-based CPC used in this

study was a mixture of an equivalent molar mass of

TTCP and DCPA. Non-stoichiometric hydroxyapatite

(Ca10-x(PO4)6-x(OH)2-x) is a reaction product. Some

studies have shown that adding porogens into the CPC

can both prolong final setting time and interrupt HAP

phase conversion [5,7]. Hence, slow setting and de-

crease in HAP peak intensity in XRD are observed. In

our study it is found that an incorporation of the Gel

MB delayed the final setting of the cements but XRD

intensity of HAP peaks for all CPC samples was com-

parable after incubation in PBS for 7 days. The reason

behind this may come from the fast gelatine degradation

in PBS. Gelatine used in the study was not cross-linked.

Therefore, it was easy to disintegrate it in water. We ex-

plored HAP phase conversion after 24 h PBS incubation

and found that XRD intensity of HAP peaks of the CPCs

containing Gel MB was a bit lower than those without

Gel MB (the results are not included here). However,

with continued PBS incubation, gelatine was leaching

more. In parallel, HAP formation kept continuing. Af-

ter gelatine was completely removed (3 and 4 days for

CPCs prepared at P/L = 2.25 and 2.50, respectively),

HAP conversion occurred freely, resulting in similar

Figure 6. Comparison of FTIR spectra of pure gelatine and
CPCs containing 10 wt.% Gel MB prepared at P/L = 2.50

and 2.25 after soaking in PBS
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XRD intensity of HAP peaks for all CPC samples. This

is also why we found all CPC specimens showed sim-

ilar microstructure exhibiting rod-like HAP crystals in

scanning electron micrographs as shown in Fig. 3.

3.6. In vitro studies

Proliferation of pre-osteoblast cells (MC3T3-E1) us-

ing Alamar Blue assay of CPCs containing different Gel

MB contents after incubating cells for different periods

of time was evaluated as shown in Fig. 7. It is found that

the CPC without any additive had limited number of ad-

Figure 7. Cell proliferation on CPCs embedded with various
concentrations of Gel MB by Alamar Blue assay

hering cells compared to those containing Gel MB and

tissue culture plate. However, adhering cells exhibited

cytoplasmic expansion indicating that they were healthy

(Fig. 8a). This finding tells us that the pristine CPC was

non-toxic but its initial cell adhesion was poor. On the

contrary, greater number of healthy cells were found at-

tached on the CPCs containing Gel MB as evidenced

in Fig. 8b. The results of the cytoskeleton and nuclear

staining from fluorescent image as shown in Fig. 8c con-

firmed that numerous MC3T3-E1 cells cultured on the

CPC containing Gel MB exhibited well spread with a

good cytoskeleton. Also, the numbers of cells on Gel

MB embedded CPCs prepared by both P/L = 2.50 and

2.25 were higher than those on tissue culture plate. The

results indicated that incorporation of Gel MB into the

CPC could enhance cell adhesion. Even though gela-

tine was rapidly leached out from the cement sample,

some binding protein still existed on the surface of the

sample. As a result, greater number of cells were found

on the surface of CPCs containing Gel MB compared

to those on CPCs without gelatine. Several studies have

incorporated gelatine into scaffolds to improve biocom-

patibility, cell adhesion and cell differentiation for bone

tissue engineering [29–31]. Gelatine as bioactive addi-

tive is normally chemically modified or crosslinked with

scaffolds for prolonged effect. Therefore, the enhance-

ment of the interaction of cells and material surface was

more prominent than what we found in this study.

Figure 8. SEM micrographs of cellular adhesion on the surface of CPCs prepared at P/L = 2.25 containing (a) 0 wt.% Gel MB
and (b) 5 wt.% Gel MB after culturing MC3T3-E1 cells for 24 h (Scale bar = 50µm). Nuclei (blue) and actin (red) were stained
with DAPI and phalloidin, respectively. A representative fluorescence image (c) of MC3T3-E1 stained with nuclei and actin on

the surface of CPCs prepared at P/L = 2.25 containing 5 wt.% Gel MB after cell culture for 24 h
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It is interesting that MC3T3-E1 cells were more

prone to adhere to CPCs containing Gel MB prepared

by P/L = 2.50 than those prepared by P/L = 2.25. Dif-

ference in surface topography might be a reason for this

finding [28]. Surface of CPCs prepared at different P/L

ratios is shown in Fig. 4. It is clearly seen that CPCs pre-

pared by P/L = 2.50 had smaller pore size than those

prepared by P/L = 2.25. The smaller pores may be eas-

ier for cells to anchor and subsequently proliferate. Tis-

sue engineering integrates material engineering and cell

biology together. Scaffold for bone tissue should have

pore size larger than 50 µm with good initial cell adhe-

sion. These two characteristics should go parallel. From

our study, it is indicated that pore size and cell adhesion

property should be considered in a design and fabrica-

tion of scaffold. CPCs with macroporous structure and

improved cell attachment could be achieved by incor-

porating porogen containing protein binding molecules

such as gelatine in the system.

IV. Conclusions

Macroporous CPCs could be successfully prepared

by simply mixing dry gelatine microbubble with the

CPC recipe. From the study, it has been shown that ce-

ment paste viscosity was a key parameter to produce

macropores or micropores in the CPC. Prolonged final

setting time was observed with gelatine addition. Hy-

droxyapatite phase conversion reached equilibrium after

gelatine completely leached out of the cement. Strength

of the cement was inversely proportional to porosity.

Macroporous CPCs prepared from gelatine microbub-

ble were cell friendly and were able to promote cell ad-

hesion. Using soluble dry foam to produce macropores

may potentially be an alternative method for preparing

macroporous scaffold for bone tissue engineering appli-

cations.
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