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Abstract: In recent years, there has been a great interest in using natural polymers in the 

composition of calcium phosphate bone cements to enhance their physical, mechanical, and 

biological performance. Gelatin is a partially hydrolyzed form of collagen, a natural component 

of bone matrix. In this study, the effect of blooming gelatin on the nanohydroxyapatite pre-

cipitation, physical and mechanical properties, and cellular responses of a calcium phosphate 

bone cement (CPC) was investigated. Various concentrations of blooming gelatin (2, 5, and 8 

wt.%) were used as the cement liquid and an equimolar mixture of tetracalcium phosphate and 

dicalcium phosphate was used as solid phase. The CPC without any gelatin additive was also 

evaluated as a control group. The results showed that gelatin accelerated hydraulic reactions of 

the cement paste, in which the reactants were immediately converted into nanostructured apatite 

precipitates after hardening. Gelatin molecules induced 4%–10% macropores (10–300 µm) 

into the cement structure, decreased initial setting time by ~190%, and improved mechanical 

strength of the as-set cement. Variation in the above-mentioned properties was influenced by 

the gelatin concentration and progressed with increasing the gelatin content. The numbers of 

the G-292 osteoblastic cells on gelatin-containing CPCs were higher than the control group at 

entire culture times (1–14 days), meanwhile better alkaline phosphatase (ALP) activity was 

determined using blooming gelatin additive. The observation of cell morphologies on the cement 

surfaces revealed an appropriate cell attachment with extended cell membranes on the cements. 

Overall, adding gelatin to the composition of CPC improved the handling characteristics such 

as setting time and mechanical properties, enhanced nanoapatite precipitation, and augmented 

the early cell proliferation rate and ALP activity.

Keywords: calcium phosphate cement, nanoapatite, cell studies, macroporosity, bone substitute, 

blooming gelatin

Introduction
In spite of many suitable materials available for bone substitution, calcium phosphate 

bone cements (CPC) are the most interesting candidates for this purpose, because 

they are moldable materials, which are converted to bone-like apatite phase after 

implantation.1 However, besides their intriguing properties, they have some short-

comings that necessitate attempting to modify them. The poor mechanical strength, 

especially after setting (at early stage of implantation), slow hydraulic reactions, leading 
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to relaxed apatite precipitation, and lack of macroporosity 

and hence slow in vivo resorption and tissue ingrowth can be 

mentioned as some drawbacks.2,3 Several additives, especially 

in the form of natural polymers, have been used to correct 

the physical and biological properties of CPCs.4–7

Gelatin is a partially hydrolyzed form of collagen, which 

is a natural component of bone matrix. Gelatin, in its vari-

ous physical forms, has been widely used in bone-related 

composites to enhance the physical and biological properties. 

The promising effects of gelatin on osteointegration of three-

dimensional gelatin-coated hydroxyapatite (HA) foams have 

been described by Gil-Albarova et al.8 Gelatin microspheres 

as drug carriers were also incorporated into CPC to enhance 

bone formation in osteoporosis.9 Teotia et al synthesized 

injectable bone cement comprising a mixture of calcium 

sulfate, HA, and gelatin and proved that gelatin can enhance 

cell proliferation and ALP activity of human osteosarcoma 

cells, in this system.10 Habraken et al11 improved the handling 

properties and biodegradation of CPCs using gelatin micro-

spheres. The foaming capacity and handling properties of a 

gelatin-incorporated α-tricalcium phosphate-base CPC were 

recently evaluated by Montufar et al.12 The authors showed 

that gelatin additive improves the cohesion and injectability 

of the cement paste.

From the literature survey, it is clear that a few studies have 

been done on gelatin-containing CPCs and the existing papers 

have mainly focused on the physical and handling properties 

of these types of bone filling materials. In this study, tetracal-

cium phosphate (TTCP)-based cement, a wide-spread type of 

bone cement, was selected and the research was motivated on 

the effect of adding various concentrations of gelatin on the 

hydraulic reactions, mechanical and physical properties, and 

finally osteoblastic cell responses of this cement.

Materials and methods
Cement formulation and preparation
TTCP was synthesized by the high-temperature solid-state 

reaction of an equimolar mixture of calcium carbonate and 

dicalcium phosphate anhydrate (DCPA) powders (both of 

them were purchased from Merck, Germany).13 The mixture 

was heated at 1,500°C for 6 h and then quenched to room 

temperature. The product was manually ground in an agate 

mortar with a pestle and then was further ground in a plan-

etary ball mill in ethanol for 1 h.

The powder phase of the CPC was prepared by mixing the 

synthesized TTCP, Ca
4
(PO

4
)

2
O (with mean particle size of 

12.1±2.3 μm), and commercially available DCPA, CaHPO
4
 

(with mean particle size of 6.5±1.2 μm) at a molecular ratio 

of 1:1. A 6 wt.% solution of Na
2
HPO

4
 with various concen-

trations of gelatin type B (225 bloom; Sigma-Aldrich) were 

prepared as liquid phase. To dissolve the gelatin powder into 

the phosphate solution, a heating process up to 80°C was 

performed. Table 1 shows the various CPC formulations 

along with the code of each one. To prepare the cement 

paste, the powder (P) and liquid (L) phases were mixed in 

a mortar (at a constant L/P ratio of 0.65 mL/g) at 37°C and 

stirred for 60±5 s until a homogeneous paste was achieved.

Characterization
Initial and final setting times
The powder and liquid phases were mixed in a mortar for 60 s 

and the initial and final setting times (Is and Fs, respectively) 

of the cement were measured by Gillmore needles, at 37°C 

according to the ASTM standard C266-89.

Density and porosity
Bulk density (D

b
) of the CPCs, the volume of the macropores 

(P
ma

), that is, the large pores produced by the presence of gela-

tin, the volume of the micropores (P
mi

), and total porosity (P
t
) of 

the cements were recorded using the following equations:14

	
D

M

Vb
=

�
(1) 

	

P
D

Dt
b

p

=
−

×
1

100

�

(2)

Table 1 Formulation of various CPCs with or without gelatin

Sample code Powder phase Concentration of 
Na2HPO4 in the 
liquid phase (wt.%)

Concentration 
of gelatin in the 
liquid phase (%)

Liquid/powder 
ratio (mL/g)

CPC TTCP + DCPA 6 0 0.65
CPC-G2 TTCP + DCPA 6 2 0.65
CPC-G5 TTCP + DCPA 6 5 0.65
CPC-G8 TTCP + DCPA 6 8 0.65

Abbreviations: CPC, calcium phosphate bone cement; DCPA, dicalcium phosphate anhydrate; TTCP, tetracalcium phosphate.
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where M is the mass and V is the volume of samples, D
p
 

powder density of the samples obtained by picnometry, and D
control

 

is the bulk density of control group (CPC without gelatin).

Compressive strength
For compressive strength (CS) measurements, the cement 

paste was placed in a split of a cylindrical Teflon mold 

with 12 mm height and 6 mm diameter to obtain cylindrical 

specimens. The CS was recorded after setting (at 37°C) and 

soaking in a simulated body fluid (SBF) at 37°C for 7 days. It 

should be noted that the SBF solution was prepared in accor-

dance with the Kokubo’s specification.15 For the mechanical 

strength test, a universal testing machine (STM 20; Santam 

Ltd) with a crosshead speed of 1 mm/min was used.

Fourier transform infrared spectroscopy
To estimate the interactions between gelatin and calcium 

phosphate, Fourier transforming infrared (FTIR) spectra of 

the cement powder, gelatin powder, and a combination of 

calcium phosphate powder and gelatin solutions (the as-set 

cements) were determined and compared to each other. 

Moreover, the FTIR spectra of the samples after soaking 

in the SBF solution for 7 days were also determined. The 

infrared spectra between 4,000 and 400 cm−1 were measured 

at a resolution of 2 cm−1 using FTIR Spectrum RXI, Perkin 

Elmer, USA.

Phase composition and morphology
To evaluate the phase composition of the cements, X-ray 

diffraction analysis (XRD) was performed. The data were 

acquired from 10 to 50 degrees with a scan rate of 0.02 

2θ/s using a Philips PW 3710 X-ray diffractometer with 

CuKα radiation.

The microstructure of the cements was also observed with 

scanning electron microscopy (SEM, S360 Cambridge) at an 

operating voltage of 15 kV. The surfaces of the samples were 

coated with a thin layer of gold before the SEM analysis.

To determine the macropore sizes of the cements pro-

duced by the gelatin incorporation, the cross-sectional SEM 

images of the samples were taken and distribution of the pores 

(pore size in the range of 10–500 µm) was directly measured 

from these images using SemAphore 4.0 software.16 It should 

be noted that more than 15 SEM images from different depths 

of cross-sections of each sample group were prepared and 

analyzed by the software.

Gelatin release test
To determine the fate of the gelatin after soaking the cements 

in the SBF solution, some experiments were performed. 

Thermogravimetry analysis (TG) was employed to recognize 

the presence of gelatin, and to estimate its concentration in 

both as-set cement and those soaked in SBF for 14 days. 

In this experiment, the change in weight of the samples 

against temperature was plotted when the samples were 

heated up to 600°C in a thermogravimetry device (PL-STA 

1600; England) at a heating rate of 5°C/min.

The release of gelatin from the cements into the SBF 

solution was also monitored. In more detail, a disc-shaped 

sample (10 mm in diameter and 3 mm in height) was 

immersed in the SBF solution, in a sample to SBF ratio of 

1 g/100 mL and stored at 37°C up to 14 days. The concen-

tration of gelatin in the SBF was determined at days 1, 7, 

and 14 by ultraviolet (UV) absorbance at 336 nm (Perkin 

Elmer Lambda 25; USA) according to the method described 

elsewhere.17 It should be noted that the whole of the SBF 

solution removed for the UV-visible test was discarded 

and replaced with a fresh solution for evaluating at the 

next period.

Cell studies
In this part of the study, the cell adhesion, proliferation, 

and ALP activity were determined using G-292 human 

osteosarcoma cells. G-292 cell lines were purchased from the 

cell bank of Pasteur Institute of Iran. The cells were cultured 

in Dulbecco’s Modified Eagle’s Medium (Gibco-BRL, Life 

Technologies, Grand Island, NY, USA) supplemented with 

15% fetal bovine serum (Dainippon Pharmaceutical, Osaka, 

Japan) and 100 U/mL penicillin and 100 mg/mL streptomycin 

(Gibco-BRL, Life Technologies) in 5% CO
2
 and 95% air atmo-

sphere at 37°C for 1 week. The medium was changed every 

2 days. The confluent cells were dissociated with trypsin and 

subcultured to three passages that were used for the tests.

CPC discs (10 mm in diameter and 5 mm in height) were 

disinfected using 70% ethanol and the cells were seeded on the 

tops of them at a density of 1×104 cells/sample (12,700 cell/cm2). 

The cell/specimen constructs were placed into 24-well culture 

plates and left undisturbed in an incubator for 3 h to allow cell 

attachment. Then, an additional 3 mL of culture medium was  

added into each well and kept in a humidified incubator at 

37°C with 95% air and 5% CO
2
 for 1, 3, 7, and 14 days. The 

medium was changed every 2 days.
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The (3-{4,5-dimethylthiazol-2yl}-2,5-diphenyl-2H- 

tetrazolium bromide) (MTT) assay was employed to 

determine proliferation of the cells on CPC discs.18 For this 

purpose, at the end of each period, the medium was replaced 

with MTT solution followed by incubation at 37°C for 4 h 

in a fully humidified atmosphere of 5% CO
2
. The MTT was 

taken up by active cells and reduced in the mitochondria 

to insoluble purple formazan granules. Subsequently, the 

medium was discarded and the precipitated formazan was 

dissolved in dimethylsulfoxide, and the absorption of purple 

solution was read using a microplate spectrophotometer 

(BIO-TEK Elx 800; Highland park, IL, USA) at a wavelength 

of 570 nm. To determine the number of cells attached onto 

the samples, a calibration curve was made by determining 

the absorbance of known cell concentrations.

The morphology of the cells attached onto the surfaces 

of the specimens was also evaluated. The cells were cultured 

on top of the cements as described above. After 7 days, the 

culture medium was detached, the specimens were rinsed 

with phosphate-buffered saline (PBS) twice, and the cells 

were fixed with 500 mL/well of 3% glutaraldehyde solution 

(diluted from 50% glutaraldehyde solution in PBS). After 

30 min, samples were rinsed again and kept in PBS at 4°C. 

Then, the cells were fixed with 1% osmium tetroxide (Poly-

science, Warmington, PA, USA) and dehydrated in ethanol 

solutions of varying concentration (30%, 50%, 70%, 90%, 

and 100%), for ~20 min at each concentration. Finally, the 

specimens were dried in air, coated with gold, and analyzed 

by the SEM device described in the section on phase com-

position and morphology.

The ALP activity, an early marker of osteodifferen-

tiation, was evaluated by the enzymatic transformation of 

4-nitrophenyl phosphate disodium salt into p-nitrophenol at 

pH 10.2 according to the method described elsewhere.19

Statistical analysis
The data were processed using software Excel 2010. The 

results are presented as mean ± standard deviation of at least 

four experiments. The statistical significance between mean 

values was determined by a one-way analysis of variance, 

and the significance in differences of the mean values was 

evaluated by Tukey’s post hoc test (SPSS v10.0; Chicago, 

IL, USA). P#0.05 was considered significant.

Results and discussion
In this study, we evaluated the effect of gelatin incorpora-

tion into the CPC and enhancing phase conversion, physical 

properties, and osteoblastic cell responses of the cement using 

this natural polymer additive.

Physical and mechanical properties
Table 2 summarizes the results of some physical and mechan-

ical properties of the studied CPCs. The initial setting time of 

the hydraulic CPC without any gelatin additive is ~32 min. It 

reduces to ~18 min by adding 2 wt.% of gelatin to the cement 

liquid and further decrease is observed by adding 5 and 8 

wt.% of gelatin. Thus, the reduction in initial setting time 

depends on the concentration of gelatin, although no signifi-

cant decrease (P.0.05) is observed in concentrations higher 

than 5 wt.%. The same results are also observed for the final 

setting time, and a decreasing trend is observed, depending 

on the gelatin content. The final setting time of CPC is 

~55 min, which decreases to 32 min by using 8% of gelatin 

solution as liquid phase. The results demonstrate that the 

gelatin-containing CPCs are more appropriate for orthopedic 

applications. As the cements are intended to be used in the 

human body, the test was performed at 37°C. Gelatin would 

not undergo sol–gel transition at 37°C. Thus, the gelation 

process of the gelatin is negligible. In the authors’ opinion, 

different mechanisms can be considered for the reduced 

initial setting time of gelatin-containing cements: 1) rapid 

hydration of the cement reactants because of the reduced pH 

of the gelatin solution in which the solution becomes super-

saturated with respect to HA quickly; 2) gelatin favors fast 

precipitation and growth of HA nuclei; 3) the formation of 

calcium–gelatin complex through the interactions of Ca ions 

from the calcium salts and carboxylate ion from the gelatin. 

Moreover, the presence of gelatin provides a viscoelastic 

Table 2 Setting times, compressive strength, and porosity of various CPCs

Sample Is (min) 
at 37°C

Fs (min) 
at 37°C

CS after 
incubation (Mpa)

CS after 7 days 
soaking (Mpa)

Pt (%) Pma (%) Pmi (%) Db (g/cm3) Dp (g/cm3)

CPC 32±5 55±4 1.13±0.25 5.12±1.05 29±3 0 29±1 2.13±0.01 3.01
CPC-G2 18±3 40±5 3.27±0.17 5.23±0.97 31±4 4±2 27±3 2.00±0.02 2.91
CPC-G5 11±4 37±6 2.90±0.76 4.32±0.75 37±3 7±3 30±4 1.77±0.03 2.81
CPC-G8 10±2 32±3 2.84±0.45 4.19±1.01 41±4 10±4 31±2 1.59±0.03 2.70

Note: Data are presented as mean ± standard deviation.
Abbreviations: CPC, calcium phosphate bone cement; CS, compressive strength; Db, bulk density; Dp, powder density; Is, initial setting time; Fs, final setting time; 
Pma, volume of the macropores; Pmi, volume of the micropores; Pt, total porosity.
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paste, which is able to prevent the light Gillmore needle 

penetration. For the final setting time, the accelerating effect 

of gelatin on apatite precipitation can be considered, which 

produces a hardened mass, and even resists against penetra-

tion of the heavyweight Gillmore needle.

Table 2 shows that gelatin induces ~4%–10% macropo-

rosity in the cement structure, depending on its concentra-

tion. Using 2% of gelatin solution as the cement liquid 

induces approximately 4% macroporosity into the cement 

structure, while the maximum pore content belongs to 

CPC-G8 (10%±4%). The macropore content of CPC-G5 is 

7%±3%. These macropores can be considered as large defects 

in the cement structure, which will reduce the mechanical 

strength. Gelatin is lighter than calcium phosphate. Thus, 

the powder density reduces by incorporating gelatin in the 

cement composition, from 3.01 for CPC to 2.70 g cm−1 for 

CPC-G8. It is expected that the macroporosity favors apatite 

precipitation in gelatin-containing cement and improves 

biological functions of these cements compared to the con-

ventional CPC (control group).

The CS of the control group is ~1.13 MPa after set-

ting. The results show a substantial increase (~165%) in 

CS value of the cements using gelatin. An increase in CS 

of the cements has been observed after soaking in the SBF 

solution for 7 days; however, the same values are observed 

in all groups. Figure 1 shows the actual force/displacement 

curves obtained from the compressive mechanical tests of 

the samples before (Figure 1A) and after (Figure 1B) soak-

ing in the SBF solution. In the as-set cements, all materials 

exhibit brittle behavior; however, a more elastic displacement 

is observed for the gelatin-containing ones. The slope of the 

stress/strain (followed by the force/displacement) curves in 

the linear region is representative of the elastic modulus (Ec). 

The figure indicates that the elastic modulus of the cements 

is influenced by the gelatin concentration, meanwhile the 

CPC without gelatin exhibits a higher Ec. After 7 days of 

soaking, the same force/displacement behavior is observed 

for all cements, and compared with the unsoaked samples, 

the elastic region decreases. In the force/displacement curves 

of gelatin-containing samples (in both Figure 1A and B), a 

nonlinear region is observed, which should not be confused 

with the plastic region. These fluctuations on the curves 

are due to the inhomogeneity of the contacting surfaces 

produced by the presence of the macropores during the 

structure destruction.

Phase analysis and morphology
Figure 2 shows XRD patterns of the as-set CPCs containing 

various amounts of gelatin. The diffraction pattern of the 

control group is also shown. The CPC as the control group 

Figure 1 The actual force/displacement curves of various cements obtained from the compressive mechanical tests: the as-set cement (A) and the cements after soaking in 
the simulated body fluid solution (B).
Abbreviations: CPC, calcium phosphate bone cement; CPC-G2, calcium phosphate cement in which the liquid phase is a 2 wt% gelatin solution; CPC-G5, calcium phosphate 
cement in which the liquid phase is a 5 wt% gelatin solution; CPC-G8, calcium phosphate cement in which the liquid phase is a 8 wt% gelatin solution.
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is composed of the HA phase as well as some TTCP and 

DCPA. This means that there are still considerable amounts 

of the reactants in the cement composition. In contrast, for the 

gelatin-containing CPCs, apatite is the predominant phase, 

although small amounts of TTCP and DCPA are also found. 

The patterns confirm the promising effect of gelatin on HA 

precipitation. In other words, in this study, it was observed 

that HA precipitation was increased by introducing gelatin 

in the CPC composition. Gelatin can act as favorable sites 

of HA precipitation, meanwhile the carboxyl ions of gelatin 

can bond with Ca ions to form a complex, which favors the 

setting time as well.

In addition to the cohesion-promoting effect of gelatin, 

which increases the integrity of calcium phosphate particles, 

the gelatin molecules induced macroporosity in the cement 

structure. These special effects have influence on the cement 

integrity and biological and mechanical properties. In addi-

tion, two converse factors can play important roles in the 

final CS of the samples. The former is increase in the apatite 

phase and the latter is the amount and size of defects (such 

as pores) in the samples. Increase in HA formation leads 

to more entangled crystals, faster setting time, and, hence, 

higher CS, while the presence of macropores would result in 

decreased CS. According to the results, CS values of the as-set 

gelatin-doped CPCs are better than that of the control group. 

This can be related to the better HA precipitation and hence 

higher mechanical interlocking of the formed apatite crystals 

in these specimens, although the presence of macropores can 

negatively influence CS. The suggestion is confirmed by the 

results of XRD and SEM analyses. After soaking in the SBF 

solution, considerable content of the reactants is converted to 

HA in the control group, and thus, the CS of this specimen 

reaches the values of other groups.

Figure 3 shows the XRD patterns of the soaked cements. 

The patterns confirm that HA is the only phase observed after 

soaking the cements in the SBF for 7 days. The peak broaden-

ing shows that the formed apatite phase is poor crystalline. 

Moreover, the peak width increases (note the diffraction peaks 

at 2θ=25.7°) when higher amount of gelatin is incorporated.

Figure 4 shows the typical SEM images of CPCs contain-

ing different amounts of gelatin at low magnification. The 

figures show that macropores with a size range of 10–250 μm 

are produced when gelatin is used. The macropores are pro-

duced because of the amphiphilic nature of gelatin, which 

entraps air bubbles and makes them stable.20,21 The size and 

distribution of the macropores differ by changing the con-

centration of gelatin molecules.

Figure 2 The X-ray diffraction analysis patterns of as-set CPCs containing various 
amounts of gelatin.
Abbreviations: CPC, calcium phosphate bone cement; CPC-G2, calcium 
phosphate cement in which the liquid phase is a 2 wt% gelatin solution; CPC-G5, 
calcium phosphate cement in which the liquid phase is a 5 wt% gelatin solution; CPC-
G8, calcium phosphate cement in which the liquid phase is a 8 wt% gelatin solution.

Figure 3 The X-ray diffraction analysis patterns of various CPCs after soaking in the 
simulated body fluid solution for 7 days.
Abbreviations: CPC, calcium phosphate bone cement; CPC-G2, calcium 
phosphate cement in which the liquid phase is a 2 wt% gelatin solution; CPC-G5, 
calcium phosphate cement in which the liquid phase is a 5 wt% gelatin solution; CPC-
G8, calcium phosphate cement in which the liquid phase is a 8 wt% gelatin solution.
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smaller than the real one. Therefore, the SEM images can be 

used to compare the pore size in the different materials, but 

this is an approximate method, which gives a good estimation 

of the order of magnitude of the pore size but cannot give an 

accurate quantification of pore size distribution.

Figure 6 shows the microstructures of various cements 

(before and after soaking in SBF) at a high magnification 

(×10  k). The SEM images confirm the results of XRD 

(Figures 2 and 3). For the as-set cements, the morphology 

of CPC is completely different from the gelatin-containing 

cements. In other words, in the as-set CPC (control group), 

polygonal particles of the reactants with nearly smooth sur-

faces and different particle sizes were observed, along with 

some micropores beside them. The particles are connected 

to each other. In contrast, all gelatin-containing cements 

were composed of entangled nanosized constituents with 

coarse and wrinkled morphology. According to the XRD 

data, these nanosized crystals are in apatite phase produced 

from the hydrolysis of TTCP and DCPA reactants in the 

presence of gelatin. When the cements are immersed in the 

SBF solution, the same morphologies are observed for them 

and no considerable difference between them can be pointed 

out. A dandelion-like nanomorphology is observed for all 

microstructures. It seems that the size and coarseness of the 

crystals increase after the soaking process.

Figure 4 The low-magnification scanning electron microscopy images of CPCs containing different amounts of gelatin.
Abbreviations: CPC, calcium phosphate bone cement; CPC-G2, calcium phosphate cement in which the liquid phase is a 2 wt% gelatin solution; CPC-G5, calcium phosphate 
cement in which the liquid phase is a 5 wt% gelatin solution; CPC-G8, calcium phosphate cement in which the liquid phase is a 8 wt% gelatin solution.

Figure 5 shows the results of statistical evaluations using 

SemAphore software for large pores of various cements. 

This figure represents the pore size distribution of the cements 

in the range of 10–500 nm. As observed, in CPC-G8, ~75% 

of the large pores are in the range of 10–50 µm. In CPC-G2, 

a broader pore size distribution is observed and 30% of the 

large pores have a size of 200–250 µm. An intermediate 

situation is observed for CPC-G5.

The mercury intrusion porosimetry is a well-accepted 

method for the determination of pore size distribution of 

porous materials with interconnective pores. However, the 

SEM image shows that the pores produced by gelatin incor-

poration are not thoroughly interconnective. Thus, from the 

structural point of view, these cements should be improved to 

facilitate cell growth and resorption rate. Accordingly, statis-

tical analysis of the SEM images using well-known softwares 

may be helpful. Nonetheless, it is challenging to use the SEM 

images for pore size determination. As the pores produced 

by the presence of gelatin are spherical, a value of average 

diameter derived from SEM images will underestimate the 

real average diameter of the pores. In fact, statistically, only 

a fraction of the randomly distributed spherical pores will be 

sectioned at the equator (max. diameter). On the contrary, 

most of the pores may not be crossed in line with the largest 

diameter. As a result, the measured average diameter will be 
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Figure 5 Size distribution of large pores (10–500 µm) in the gelatin-containing 
cements calculated from the scanning electron microscopy images of cements using 
SemAphore software.
Abbreviations: CPC, calcium phosphate bone cement; CPC-G2, calcium 
phosphate cement in which the liquid phase is a 2 wt% gelatin solution; CPC-G5, 
calcium phosphate cement in which the liquid phase is a 5 wt% gelatin solution; 
CPC-G8, calcium phosphate cement in which the liquid phase is a 8 wt% 
gelatin solution.

FTIR spectra
Figure 7 shows the FTIR spectra of the cements before 

(Figure 7A) and after (Figure 7B) soaking in the SBF solu-

tion. The FTIR spectra of gelatin powder and the mixture 

of TTCP and DCPA (cement powder) are also provided for 

comparison. In Figure 7A, the peak positions of the main 

chemical groups are marked on the patterns. The FTIR 

spectra of all gelatin-containing cements are nearly similar. 

In these samples, the bands at around 1,650 and 3,420 cm−1 

are assigned to the hydroxyl group of adsorbed water, while 

the band that appeared at 3,600 is assigned to OH in apatite 

lattice. Moreover, the bands at 1,415 and 1,450 cm−1 are 

attributed to carbonate group in apatite lattice, which reflect 

the formation of carbonated apatite. The band at 950 cm−1 

is also related to the HPO
4

2- group. It confirms that the 

formed apatite is a calcium-deficient phase. The bands asso-

ciated with amide II, CH, and carbonyl groups are clearly 

observed in the spectra of gelatin, and are also found in the 

patterns of gelatin-containing cements. The bands at around 

1,700 cm−1 are also related to the carbonyl groups of gelatin, 

which may interact with Ca ions (to form, eg, calcium car-

boxylate complex). The complex may help to improve the 

setting time and mechanical strength of the cement, although 

its concentration is limited when the gelatin concentration 

is reduced. However, the FTIR spectrum of CPC is close 

to that of the cement powder, which confirms the results of 

XRD. As shown in Figure 7B, all calcium phosphate cements 

exhibit the same FTIR spectra after soaking in the SBF for 

7 days. Compared to the as-set cement spectra, the absorption 

bands of P-O at 570, 607, and 1,100 cm−1 are more intensive 

and less broad. This can be related to the growth of apatite 

phase and an increase in its crystallinity during the soaking 

period. The signs of carbonyl and CH bands of gelatin can be 

still found in the spectra of CPC-G5 and CPC-G8; however, 

the absorption band of the CO group at around 1,670 cm−1 

has an overlap with that of OH (from adsorbed water).

Gelatin release
Thermal analysis and gelatin release test were performed 

to track what happens to gelatin when the cements are 

exposed to a physiological solution. The SBF solution was 

chosen for the gelatin release test, because its chemical sim-

plicity was compared to the cell culture medium. In other 

words, the cell culture medium is more complex (due to 

the presence of various organic and inorganic compounds), 

which makes the gelatin detection difficult. TGA assists us to 

check the concentration of gelatin in the cement, because it is 

removed at a specific temperature during heating. Consider-

ing the liquid-to-powder ratio and concentration of gelatin in 

the cement liquid, the calculated quantities of gelatin poly-

mer in the as-set cements are 1.26% for CPC-G2, 3.14% for 

CPC-G5, and 4.95% for CPC-G8. Figure 8 shows the TGA 

curves of the as-set cements (Figure 8A) and cements soaked 

for 14 days (Figure 8B). The weight loss at 290°C–380°C 

relates to the removal of gelatin molecules (or complexes).22 

The initial weight change (90°C–150°C) is also assigned to 

the removal of adsorbed water. According to the TGA curves, 

the weight changes corresponding to the gelatin elimination 

are 1.33%, 3.30%, and 4.98%, for CPC-G2, CPC-G5, and 

CPC-G8, respectively. Thus, there is a good correlation 

between the TG data and the calculated data. Figure 8B deter-

mines the presence of gelatin after soaking for 14 days. The 

picture inset reveals that the amounts of remaining gelatin 

in the soaked CPC-G2, CPC-G5, and CPC-G8 are 0.33%, 

0.40%, and 0.38%, respectively. Thus, it can be concluded 

that ~60% of the initial gelatin has been released into the SBF 

solution during the soaking period. Figure 9 represents the 
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Figure 6 The high-magnification scanning electron microscopy images of various CPCs before and after soaking in simulated body fluid (magnification ×10 k).
Abbreviations: CPC, calcium phosphate bone cement; CPC-G2, calcium phosphate cement in which the liquid phase is a 2 wt% gelatin solution; CPC-G5, calcium phosphate 
cement in which the liquid phase is a 5 wt% gelatin solution; CPC-G8, calcium phosphate cement in which the liquid phase is a 8 wt% gelatin solution.

quantity of gelatin polymer released from the cements into 

the medium. The cumulative release percentages normalized 

with respect to the initial gelatin content are also provided 

(the values written above the points). It is reasonable that 

CPC-G8 delivers higher amounts of gelatin, because it 

contains higher gelatin in its initial composition. However, 

the percentage of the released gelatin is nearly equal for all 

cements. This figure shows that the cements are able to leak 

the incorporated gelatin, although the released quantity is 

restricted. On the basis of the release test, 65%–68% of the 

incorporated gelatin is released, and regarding the standard 

deviations, these data are in agreement with those of TGA. 
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The limited release of gelatin can be related to the interac-

tion of these molecules with Ca ions of the cement and 

the confinement of them among/under the grown/growing 

apatite crystals.

Cell behaviors
In the MTT assay, some enzymatic reactions reduce MTT 

reagent to a formazan product. Therefore, the absorbance 

of formazan imitates the level of cell metabolism. This 

procedure is known as cell viability in culture medium. 

Figure 10 shows the number of viable cells on the cement 

surfaces containing different amounts of gelatin. The cement 

specimens (with and without gelatin) were seeded with 

10,000 cells per sample. After 24 h, in gelatin-containing 

groups, more cells are found, that is, the seeding efficiency 

is higher and the addition of gelatin seems to have some 

effect on cell adhesion. However, according to MTT results, 

all experimental groups do not have exactly 10,000 cells per 

sample after 24 h. This can be related to the normal rate of 

dead cells in suspension and the normal rate of nonadherent 

cells. For all samples, a sustained increase in cell numbers 

(proliferation) is observed with increasing culture time. After 

3 days, it is observed that the gelatin addition increased 

osteoblast cells proliferation, because there is significant 

Figure 8 The thermogravimetry analysis curves of the as-set cements (A) and the cements soaked for 14 days (B).
Abbreviations: CPC, calcium phosphate bone cement; TG, thermogravimetry analysis; CPC-G2, calcium phosphate cement in which the liquid phase is a 2 wt% gelatin 
solution; CPC-G5, calcium phosphate cement in which the liquid phase is a 5 wt% gelatin solution; CPC-G8, calcium phosphate cement in which the liquid phase is a 8 wt% 
gelatin solution.

Figure 7 The Fourier transforming infrared spectra of cements: as-set cements in comparison with gelatin powder and TTCP + DCPA cement powder (A) and the cements 
after soaking for 7 days (B).
Abbreviations: CPC, calcium phosphate bone cement; DCPA, dicalcium phosphate anhydrate; TTCP, tetracalcium phosphate; CPC-G2, calcium phosphate cement in which 
the liquid phase is a 2 wt% gelatin solution; CPC-G5, calcium phosphate cement in which the liquid phase is a 5 wt% gelatin solution; CPC-G8, calcium phosphate cement 
in which the liquid phase is a 8 wt% gelatin solution.
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Figure 9 The cumulative quantity of the released gelatin along with the release 
percentage of each cement composition (the values written above the points).
Abbreviations: CPC, calcium phosphate bone cement; CPC-G2, calcium 
phosphate cement in which the liquid phase is a 2 wt% gelatin solution; CPC-G5, 
calcium phosphate cement in which the liquid phase is a 5 wt% gelatin solution; CPC-
G8, calcium phosphate cement in which the liquid phase is a 8 wt% gelatin solution.

Figure 10 The numbers of viable cells on the cement surfaces containing different 
amounts of gelatin.
Abbreviations: CPC, calcium phosphate bone cement; CPC-G2, calcium 
phosphate cement in which the liquid phase is a 2 wt% gelatin solution; CPC-G5, 
calcium phosphate cement in which the liquid phase is a 5 wt% gelatin solution; CPC-
G8, calcium phosphate cement in which the liquid phase is a 8 wt% gelatin solution.

Figure 11 The amount of alkaline phosphatase (ALP) enzyme produced in the 
osteoblasts over a period of time (*P,0.05, **P,0.01).
Abbreviations: CPC, calcium phosphate bone cement; CPC-G2, calcium 
phosphate cement in which the liquid phase is a 2 wt% gelatin solution; CPC-G5, 
calcium phosphate cement in which the liquid phase is a 5 wt% gelatin solution; CPC-
G8, calcium phosphate cement in which the liquid phase is a 8 wt% gelatin solution.

difference (P,0.05) between the cell numbers of CPC group 

and samples with gelatin. The cell numbers increase by cul-

ture time from day 3 to day 7 and the differences in the cell 

numbers between the control group and cements CPC-G5 

and CPC-G8 are statistically significant, at each of the time 

intervals mentioned.

According to the results of gelatin release experiment, it 

is found that before day 7, ~50% of the incorporated gelatin 

is present in the cement (and even cement surface) that ampli-

fies cell attachment and the proliferation. Regarding the XRD 

data, after the setting and at days 1 and 3, most of the phase that 

existed in gelatin-containing samples is nanohydroxyapatite 

with a rough and needle-like morphology (see SEM images). 

The surface roughness of the samples is also an important 

reason for better cell attachment and proliferation of them.23 

At days 7 and 14, ~55% and 65% of the loaded gelatin was  

lost in the medium (see release experiment), and it is sug-

gested that the surface had very little gelatin content (gelatin 

is removed from the surface more efficiently). The XRD and 

SEM data suggest that, after 7 days, the phase composition 

and morphology of all cement surfaces are similar. How-

ever, the higher cell numbers in CPC-G5 and CPC-G8 can 

be assigned to the higher cell attachment of these samples 

at days 1 and 3. The stimulating effect of gelatin on the 

osteoblasts has been also noticed in previous works. Teotia 

et al synthesized injectable bone cement incorporated with 

gelatin as a bioactive molecule to improve cellular interac-

tion.10 Suarasan et al showed that coating gelatin on gold 

nanoparticles enhanced cell proliferation and osteoblasts 

differentiation with bone nodule formation.24

Figure 11 represents the amount of ALP enzyme pro-

duced in the osteoblasts over a period of time. The amount 

of ALP that was normalized based on the numbers of the 

proliferated cells, improved with the progress of culture 

time, but as shown in Figure 11, higher ALP activity was 

observed on gelatin-containing CPCs compared with that of 

the control group. For all periods, the differences between 

the ALP activity of the cells on CPC, CPC-G5, and CPC-G8 

are statistically significant. Our results are in line with the 

previous studies, which reported better ALP activity of 

osteoblastic cells in the presence of gelatin.25,26

Figure 12 shows different magnifications of the SEM 

image, which indicate osteoblast spreading on the 7-day-

cultured cements (four top micrographs were taken at 
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Figure 12 Morphology of the G-292 osteoblastic cells attached on the surfaces of 7-day-cultured cements (magnification of the four top pictures is ×750 and of the four 
bottom pictures is ×3,000).
Abbreviation: CPC, calcium phosphate bone cement; CPC-G2, calcium phosphate cement in which the liquid phase is a 2 wt% gelatin solution; CPC-G5, calcium phosphate 
cement in which the liquid phase is a 5 wt% gelatin solution; CPC-G8, calcium phosphate cement in which the liquid phase is a 8 wt% gelatin solution.

magnification ×750, four bottom images were taken at 

magnification ×3,000). As observed in the low-magnifi-

cation images, there is a relatively long distance between 

the cells and they have attached onto the cement surfaces 

separately. This is related to the low cell seeding density 

(10,000 cell/79 mm2). Cells with well-extended membrane 

are observed here. The higher magnification shows the 

interaction of the cells with the surface underneath. The 

background of all cements is porous and composed of rough 

balls. For all samples, sheet-like cells with well-spread 

cytoplasmic membrane are observed. For the cements with 

5 and especially 8 wt.% gelatin, fibrils at the cell edges are 

observed, which can reflect more cell–cell and cell–surface 

interactions. The fibrils can be filopodia. The releasing 
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•	 Some of the gelatin molecules can be released from 

the cement into the physiological solution, which is 

probably responsible for the improved cell behaviors of 

the cements.

•	 The CPCs with gelatin additive reveal better osteoblastic 

cell proliferation and ALP activity.
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ability of gelatin from the cement into the SBF solution was 

confirmed in this study. The gelatin molecules can also be 
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Conclusion
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