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ABSTRACT

The clinical success of current generation of synthetic bone substitute relies on bio-inspired design which has a
performance level close to that of natural one. In this context, biomedical approaches are considered very important
to result bio-functional hybrid for bone substitution purposes. In this study, effect of cross-linking to the mechanical
properties of apatite gelatin hybrid has been investigated. Cross-linking was employed by 1-ethyl-3-3-
dimethylaminopropyl carbodiimide (EDC) agent. The EDC agent creates a peptide bond between gelatin molecules
inside the hybrid to the cross-linked structure. Cross-linked structure of gelatin increases physical property of the
hybrid since it can hold the outer forces longer than that of without cross-linking.
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INTRODUCTION

Apatite gelatin hybrid has been widely used for
bone substituting purposes since it has similar
composition with human bone [1-2]. However, the
apatite gelatin hybrid has some drawbacks in term of
mechanical properties when the hybrid is applied in real
physiological conditions. It is because non-cross-linked
collagen-based hybrid materials are rapidly degraded in
vivo. Cross-linking is used to control mechanical
properties [3] and the durability of the materials by
interconnecting the gelatin network chemically.

Cross-linking process results in several
biochemical and structural modifications (such as a
decreased antigenicity, increased mechanical property,
reduced solubility, and a reduced rate of
biodegradability) which are desirable in a surgical
prosthesis [4-6]. Two types of cross-linking procedures
have been developed: physical treatments, such as
heat, ultra-violet, and gamma irradiation as well as
chemical treatments [7]. In this study, 1-ethyl-3-3-
dimethylaminopropyl carbodiimide (EDC) was used to
cross-link the apatite gelatin hybrid. The EDC is a zero-
length cross-linking type agent which creates a peptide
bond between carboxyl and an amine group of gelatin
molecules without the introduction of ‘foreign’ molecules
in the network [8]. This agent is also known as a non-

toxic and biocompatible cross-linking agent [9].
Therefore, theoretically it is not harmful when implanted
into human body.

In order to increase mechanical properties of
gelatin, some researchers cross-linked the hybrid by
immersing the molded hybrid to the EDC solution
[10- 11]. This method will create cross-linked network
only in the surface of the hybrid. In view of this, the
problem of partial cross-linked network will be solved
by modifying the previous cross-linking method with a
better method in this research. In the new proposed
method done in this research, cross-linking was done
by adding EDC solution when the hybrid was still in
suspension state to enhance effective cross-linking
process of all gelatin molecules.

EXPERIMENTAL SECTION

Materials

Starting materials to produce apatite gelatin
hybrid were Ca(OH)2 (Wako Chemical, Japan), 85%w/v
of H3PO4 (Wako Chemical, Japan), porcine gelatin with
IEP 4.0 (Sigma Aldrich, USA), and EDC or 1-ethyl-3-3-
dimethylaminopropyl carbodiimide (Dojindo, Japan).
The ratio of apatite to solid content is described on
Table 1.
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Table 1. Ratio of apatite to solid content and its
preparations

Sample Gelatin (g) Ca(OH)2 (g) H3PO4 (mL)

Gelatin

30% CO3
2-

-HAP

40% CO3
2-

-HAP

50% CO3
2-

-HAP

CO3
2-

-HAP

7.50

5.25

4.50

3.75

0.00

0.00

1.67

2.22

2.78

5.55

0.00

0.91

1.21

1.52

3.03

Fig 1. XRD pattern of non-cross-linked apatite gelatin
hybrid

Fig 2. XRD pattern of cross-linked apatite gelatin hybrid

Instrumentation

All the specimens were characterized using X-ray
Diffraction ([XRD] Rigaku Rint 2000V, Japan). X-Ray

diffraction analysis was made using counter-
monochromatic CuKα radiation generated at 40kV and
100mA. Fourier transform infrared spectroscopy ([FT-
IR] Spectrum 2000 EX Perkin Elmer) and Scanning
Electron Microscopy ([SEM] JEOL JSM-5400LV,
Japan) were also used to confirm the XRD results.
Compressive strength was used to determine
mechanical property of the hybrids and evaluated at a
constant crosshead speed of 1mm/min on a universal
testing machine (SV-301, Imada, Tokyo, Japan).

Procedure

Apatite gelatin hybrid was prepared by adding
Ca(OH)2 to the gelatin solution (gelatin was dissolved
to 50 mL of water) for 45 min and 45 °C to make
Ca(OH)2-gelatin system in a magnetic stirrer. H3PO4

(dissolved in 50 mL of water) was then dropped wisely
to the Ca(OH)2-gelatin system and stirred for 24 h
respectively. To crosslink the gelatin molecules, 4 mL
of 5%w/v EDC was added to the slurry after it was
aged for 24 h, then stirred for 24 h at room
temperature. The slurry was then molded into the
polymer-mould and put into freezer for 24 h at -17 °C.
After freezing, all specimens were freeze-dried for 24 h
by freeze-drying machine. The weight ratio of apatite to
solid content was varied from 30%, 40%, and 50%w/w
with 7.5%w/v solid content (in 100 mL of water). These
specimens were then denoted by C30, C40, and C50
respectively. Commercially available hydroxyapatite
(HAPref), gelatin (C0), and gelatin-free apatite (C100)
were used as control materials.

RESULT AND DISCUSSION

Characterization of apatite gelatin hybrid

All the specimens, both cross-linked and non-
cross-linked hybrids, were characterized using XRD,
FTIR, and SEM.

XRD analysis
Apatite crystals of hybrid were detected in the

XRD pattern of the specimens (Fig. 1 and Fig. 2). Major
peaks of apatite were observed at 25.5°, 31°, 32°, and
33°. The X-Ray Diffraction patterns of the hybrids
showed low peaks in all specimens (C30, C40, and
C50) compared to high crystalline commercially
available hydroxyapatite. Therefore, apatite produced
by this method has low crystallinity which is similar with
human bone. There were no differences between XRD
pattern of which produced by both cross-linked hybrid
and non-cross-linked hybrid. It has been proven by the
results that cross-linking procedure changed only
gelatin molecules network, not the apatite crystals.
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Fig 3. FTIR spectra of non-cross-linked apatite gelatin
hybrid

Fig 4. FTIR spectra of cross-linked apatite gelatin
hybrid

Fig 5. The FTIR spectra for gelatin and gelatin after
cross-linking. Cross-linked gelatin exhibits similar peaks
with non-cross-linked gelatin, but it is observed that after
EDC treatment, the symmetric stretching of carboxylate
salt (1403 cm

-1
) was decreased in compared to C-H

bond (2961 cm
-1

), indicating that amidation reaction
occurred between carboxyl groups and amino groups.
These absorption peaks also confirmed that inter and
intra-molecular cross-linking occurred to produce cross-
linked gelatin network

FTIR analysis
The spectrum of the apatite gelatin hybrid (Fig. 3–

5) gave a combination both typical of apatite [12] and

gelatin [13]. The spectra of hydroxyl ion was detected
at 3568 cm

-1
, while CO3

2-
ion at 1455 cm

-1
and

1430 cm
-1

, and PO4
3-

was detected at 1300–900 cm
-1

and 570 cm
-1

respectively [14]. Amide bands from
gelatin were observed at 1500–1700 cm

-1
[13].

Compressive strength

Compressive strength of the cross-linked hybrid
was almost two times higher than that of non-cross-
linked hybrid (Fig. 5) in all compositions. Specimen
C30 which contained the biggest amount of gelatin
showed the highest value of compressive strength than
the other compositions. Fig. 6 showed that higher
amount of gelatin resulted higher value of compressive
strength.

Discussion

In this study, compressive strength measurement
was used to determine mechanical property of the
hybrids. Apatite gelatin hybrid was prepared as load-
bearing bone substitute such as skeletal bone etc. As a
load bearing bone substitute, it needs high
compressive strength in order to be implanted in
human body and to physiologically substitute human
bone functions.

Compressive strength values of apatite gelatin
hybrid (Fig. 6) showed the differences between non-
cross-linked hybrid and cross-linked hybrid as
expected. In this point it has been proven that cross-
linking can significantly increase compressive strength
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Fig 6. Compressive strength of both non-cross-linked
apatite gelatin hybrid and cross-linked apatite gelatin
hybrid

Fig 7. Proposed reaction mechanisms of the amide
formation between carboxylic acid and amine in aqueous
media in the presence of carbodiimide [15]

of the hybrid. This preliminary data can be used to
control not only mechanical property of hybrid but also
its degradation rate in the future since cross-linked
network of gelatin is known to be insoluble in water
[12]. Cross-linking worked only in gelatin molecules so
that the larger amount of gelatin in the hybrid, the
higher value of compressive strength was observed.
Therefore, in Fig. 6, C30 has higher value of
compressive strength than both C40 and C50.

Carboxyl groups (-COOH) and amine groups (-
NH2) are functional groups which are being target of
EDC to create a peptide bond. The bonding changed
gelatin networks to be interconnected each other (Fig.
8). The interconnected networks make the possibility
for the hybrid to hold the forces worked to its surface
longer than that of non-interconnected networks,
yielded high compressive strength values. Reaction
mechanism of both carboxyl and amine groups in the
presence of EDC in the aqueous media is considered
very complicated (Fig. 7) since it might result cross-
linked networks by rapid mechanism as well as slow
mechanism, hydrolysis, and or N-acrylurea residues.

Gelatin as a protein has variety of functional
groups such as –NH2, -OH, and -COOH, which will
make the pathway of reaction with carbodiimide very
complicated [13]. In the study done by Zeeman et al.
[17], EDC known to form intra-molecular cross-links
within a gelatin molecule or short-range inter-molecular
cross-links between two adjacent gelatin molecules as
long as the cross-linked carboxylic acid and amino
groups are less than 1.0 nm apart. EDC itself can be
hydrolyzed in low pH or in the absence of carboxyl
groups [13], producing the corresponding urea
derivative which can react with ionized carboxyl group
to form product O-acylisourea. Reprotonation of O-
acylisourea will change O-acylisourea to be a
carbocation that followed by transferring carbocation in
absence of nucleophile to form urea derivative. The
ionized carboxyl group is a very strong base, so that
the reaction with carbocation may produce carboxylic
anhydride in the case of cyclizable carboxyl group,
which quickly forms the corresponding amide when
amine is present. Therefore, in the case of non-
cyclizable carboxyl group, carbocation will react with a
water molecule or an unionized amine to yield
carboxylate or amide respectively.

The complexity of the reaction can explain the
disadvantage of EDC as a cross-linking agent, wherein
N-acylurea will be a by-product that might be yielded
during reaction if EDC is in excessive amount. In this
point, N-acylurea is potential to be a toxic compound
when implanted to human body. To overcome the
problems, there are two solutions proposed, those are
by using N-hydroxysuccinimide (NHS) to convert N-
acylurea into NHS activated carboxylic acid group which
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Fig 7. Illustration of the effect of cross-linking on a gelatin network structure [16]

is very reactive towards amine groups of
(hydroxyl)lysine, producing cross-linking structure
product (No. 7, Fig. 7) or making the amount of EDC
less than gelatin so that N-acylurea will not be produced
during reactions. Therefore, the understanding of cross-
linking mechanism and the products by cross-linking
reaction are very useful to design cross-linked apatite
gelatin hybrid by minimizing the risk when implanted to
human body in the future.

CONCLUSION

Cross-linking method which is done during the
suspension state of the hybrid fabrication has feasibility
to increase mechanical property of apatite gelatin hybrid
significantly. In our laboratory now in vitro studies as well
as the animal experiments and initial clinical research
related to apatite-gelatin hybrids have been being done
to understand both physico-chemical and physiological
phenomena with regard to the future applications of the
hybrids for biomedical purposes.
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