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ABSTRACT

In the preparation of hydroxyapatite (HAp)/gelatin (GEL) nanocomposite, GEL matrix was modified by the introduction of
chondroitin sulfate (ChS) to obtain a strongly organized composite body. The formation reaction of the HAp/GEL-ChS nanocom-
posite was then investigated via XRD, DT/TGA, FT-IR, TEM and SEM. The organic-inorganic interaction between HAp nanoc-
rystallites and GEL molecules was confirmed from DT/TGA and FT-IR. According to the DT/TGA results, the exothermal
temperature zone between 300 and 550°C showed an additional peak temperature that indicated the decomposition of the com-
bined organics of the GEL and ChS. From the FT-IR analysis, calcium phosphate (Ca-P) was covalently bound with the GEL
macromolecules modified by ChS. From TEM and ED, the matrix of the GEL-ChS molecules was mineralized by HAp nanocrys-
tallites and the dense dried nanocomposite body was confirmed from SEM micrographs.
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1. Introduction

ydroxyapatite (HAp: Ca,,(PO,),(OH),) has been inten-

sively investigated as a bone substitutes due to its sim-
ilar biocompatibility and osteoconductivity to bone.'”
Calcified tissue, such as bone and teeth, is basically consid-
ered a biologically and chemically bonded composite bet-
ween HAp nanocrystals and type-I collagen. Bone is an
extracellular matrix mainly composed of HAp nanocrystals
and COL fibers in which the HAp nanocrystals align their c-
axes with the COL fibers.*” As an artificial bone substitute,
HAp-embedded gelatin (GEL) nanostructure®” has been
reproduced using a biomimetic*'" coprecipitation reaction
of HAp nanocrystals in a soluble GEL matrix.'*'¥ Such a
composite would be especially advantageous for application
as a bone substitute; hydroxyapatite is one of the major con-
stituents of hard tissue. There have been some difficulties to
attain sufficient mechanical strength and a proper pore size
compared to biological bone. The properties of biological
bone tissue'” are essentially based on the organic-inorganic
interaction between calcium phosphate (Ca-P) and the pro-
tein matrix, which consists of each type of COL, gly-
cosamine or other proteins. The large quantities of
chondroitin sulfate (ChS) found on aggrecan are thought to
play an important role in the hydration of articular carti-
lage. The resilience of cartilage results from the ChS chains
in proteoglycan.’® The ChS is part of a large protein mole-
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cule (proteoglycan) that gives cartilage its elasticity.

In this report, the GEL matrix was modified with ChS
and the organic-inorganic interaction between the GEL-
ChS matrix and HAp was investigated in the HAp/GEL-
ChS nanocomposite. The prepared slurry paste was very
sticky compared to that of the HAp/GEL nanocomposites®”
and a dense dry body was obtained. The organic-inorganic
interaction between the Ca-P and the GEL matrix was
affected by the addition of ChS molecules. The organic-
organic interaction between the GEL and ChS greatly con-
tributed to the mineralization of the GEL macromolecule as
a result of the HAp phase.

2. Materials and Methods

The details of the preparation process of the HAp/GEL
nanocomposite are available in the literature.*” The precur-
sors used here were CaCO, (Alkaline analysis grade, Wako,
Japan), H,PO, (AP grade, Wako, Japan), GEL (Unflavored,
Natural Food Inc., Canada) and chondroitin sulfate (Derma-
tan, Aldrich). Pure Ca(OH), was obtained through the
hydration of CaO calcined at 1150°C for 3 h. The slurry for
the HAp/GEL composite was prepared using the simulta-
neous titration method with peristaltic pumps, a water bath
and a pH controller (Bukert 8280H, Germany). The amount
of Ca(OH), and H,PO, was calculated to formulate 10 g of
HAp. A homogeneous suspension of Ca(OH), in DI water
was prepared after 12 h stirring in a beaker. Three grams of
GEL and 100 mg of chondroitin sulfate (ChS) were dis-
solved in DI water with H PO, at 37°C. A homogeneous sus-
pension of Ca(OH), of 2 liters and an aqueous solution of
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GEL and H,PO, ChS of 1.5 liters were simultaneously
added to the reaction vessel through peristaltic pumps. The
sample name was coded as HG3-ChS. As controls, HG3
denotes the HAp/GEL nanocomposite sample prepared
using 3 g of GEL, and HAP is the HAp sample prepared
without GEL. After a coprecipitation reaction, the total vol-
ume became 4 liters through a pH adjustment. During the
co-precipitation process, the temperature and pH of the
reaction solution in the vessel were set and maintained at
37°C and 8.0, respectively. After the reaction, the obtained
slurry was aged at 37°C for 24 h. A part of the slurry was
used for the TEM observation and the microstructures were
characterized by transmission electron microscopy (TEM,
JEOL, Japan). The precipitated slurry was then passed
through a glass filter. The final cakes were dried naturally
at 25°C in air, and a chemical interaction between the HAp
crystallites and the functional groups of the GEL-ChS
matrix template was estimated using diffuse reflectance
FT-IR (Magna 750R, Nicolet, USA) on the crushed powders.
The diffusive reflectance of the IR was measured for powder
specimens diluted with KBr powder of spectroscopic grade
(Spectratech) by one tenth: background noise was corrected
with pure KBr data. In order to determine the precise spec-
tral constituents, the band positions were analyzed using
GRAMS AI(7.0) (Thermo Galactic, Salem, USA). The micro-
structure of the dry body was characterized via scanning
electron microscopy (SEM, JEOL, Japan). Thermal analysis
(TG-DTA TG8120, USA) was carried out on the dried sam-
ples. The measurements were done between 25°C and
1200°C at a heating rate of 10°C/min. All experiments were
carried out in platinum pans in an air atmosphere.. ALO,
powders (10 mg) were used as a reference.

3. Results and Discussion

3.1. XRD

In Fig. 1, the crystal development in HG3-ChS was identi-
fied as HAp (JCPDS card 9-432), and the XRD pattern was
found to be similar to that of HG3. The XRD peaks were dif-
fusive. It was not easy to compare the degree of crystallinity
because the (201) and (211) peaks were overlapped with the
(002) and (112) peaks, respectively. As controls, HAP is a
typical nanocrystalline HAp, and HG3 is a nanocrystalline
composite between the HAp and GEL macromolecules.®”
The shift of the (002) peak in HG3-ChS may be affected by
the organic-inorganic interaction between the complex mol-
ecules of GEL-ChS and the nuclei of the HAp crystallites. It
was noted that the XRD intensity of HG3-ChS and HGS3
was much lower than that of HAP. The reason has been
explained as a heterogeneous nucleation of HAp clusters in
the GEL matrix template.>”'* That is, number of nucleation
sites in the GEL molecules results in a lower likelihood of
crystal growth.” The precipitated product in HG3-ChS may
be a nanocomposite between the HAp nanocrystallites and
the GEL-ChS matrix. This can be confirmed from DT-TGA,
FT-IR and TEM with electron diffraction (ED).
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Fig. 1. XRD pattern for HG3-ChS, HG3 and HAP. It shows
the mineralization of HAp phase in the combined
matrix of GEL with ChS. The crystal development of
calcium phosphate of HG3-ChS is very fine, compared
to HAP sample.
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Fig. 2. DT and TG thermal analysis for HG3-ChS. The noted
temperature in the Figure indicates the phase change
and/or decomposition. From DT and TG it shows the
decomposition of organics between 300°C and 500°C.

3.2. DT-TGA

From the DT-TGA for HG3-ChS in Fig. 2, an endothermic
peak appears at approximately 80°C, indicating the exist-
ence of absorbed water. The DT/TGA curves show similar
thermal analysis spectra for the HAp/GEL nanocomposite.?
There are exothermic peaks between 300 and 550°C. The
organic components of HG3-ChS are dissociated with an
increase in the temperature. Carbon dioxide is released
from carbonate in the HAp phase above 790°C and the crys-
tal lattice water eventually disappears at approximately
980°C. There are several steps in the decomposition of the
organic components in HG3-ChS, including 340, 352, 381
and 453°C. This is caused by the decomposition of the GEL,
ChS and/or the combined molecules. In the HAp/GEL nano-
composite, three temperature zones of T1, T2 and T3 typi-
cally appear,® but HG3-ChS shows an additional tiny peak
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Fig. 3. FT-IR spectra for HG3-ChS, HG3 and HAP between
3800 and 650 cm™ (a). (b) High resolution amide and
PO4 spectra between 1800 and 650 cm™. The detail
spectra analysis was performed for amide spectra and
PO4 spectra. (c) Second derivative analysis showing
the peak band frequencies through GRAMS AI(7). All
of band frequencies were derived from (c).

Modification of Hydroxyapatite/gelatin Nanocomposite with the Addition of Chondroitin Sulfate 575

at 352°C. It appears that the 352°C peak may be caused by
the decomposition of ChS. It was considered that the GEL
macromolecules were modified by a small amount of ChS
that was incorporated into the molecular structure and that
the mineralizing clusters of Ca-P phase interacted with the
interpenetrating network (IPN) structure of the GEL-ChS
complex. This will be discussed further via FT-IR analysis
and by micrographs of TEM and SEM.

3.3. FT-IR

In Fig. 3(a), HG3-ChS shows that the typical FT-IR spec-
tra are similar to those of the HAp/GEL nanocomposites.®”
From Fig. 3(b) comparing the spectral features of HG3-ChS,
HG3 and HAP, the organic-inorganic interaction between
the Ca-P phase and the organics of the GEL with ChS can
be investigated. The amide I, II, IIT bands were clearly
developed in the HG3-ChS and HG3. The 1335 cm™ band in
HGS3 shows a spectral pattern, indicating the resonance of
the Ca-COO- complex, which is caused by the wagging
vibration of proline side chain through covalent bond forma-
tion with the HAp phase.” The GEL represents the same
band®*® at 1339 em™, and a red shift of this band exists for a
series of HAp/GEL nanocomposites. The lower chemical
shift for the 1339 cm™ band in the GEL is caused by the
critically small size of the HAp crystals bound with GEL
molecules,” suggesting lower energy wagging of the proline
side chain. The band peak of HG3-ChS shown in Fig. 3(b) is
estimated as 1339.4 cm™' in Fig. 3(c). the HAp/GEL-ChS
nanocomposites are likely to have been formed by the inter-
action between the critically smaller size of the HAp crystal-
lites and the GEL molecules, which were modified by the
addition of ChS.

In Fig. 3(b) PO4 v3, the vl spectra correspond to the
bands from the phosphates of the Ca-P phase or HAp. It
was noted that the PO4 spectra pattern of HG3-ChS is
much smoother than that of HG3. There was relatively
strong interaction between Ca-P and the GEL-ChS matrix
and/or there are greater amounts of organized components
in the final nanocomposite of HAp/GEL-ChS. From CO3 v3,
the v2 bands of the HG3-ChS sample was less carbonated,
indicating less potential for the carbonation of the HAp
phase due to the highly active interaction between HAp and
the GEL-ChS matrix during the coprecipitation stage. The
organic-inorganic interaction was likely to be very active to
formulate the nanocomposite of HAp/GEL-ChS. This was
likely enhanced by the modified molecular architecture of
the GEL-ChS. The IPN structure of the GEL-ChS was
chemically very efficient to the point that it could coordinate
with the Ca® and phosphates in order to form HAp.

Fig. 3(b) shows the critically different bands among HAP,
HG3 and HG3-ChS in the range of 1750 and 1450 cm™ . The
amide I, IT bands for HG3 and HG3-ChS show the typical
organic spectra patterns of HAp/GEL nanocomposites.®”
From Fig. 3(c) the spectral peak bands of HG3-ChS appear
more clearly compared to those of HG3. The amide II band
spectra of HG3-ChS, represented at 1547 and 1512 cm™,
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show a more complicated and delicate spectral feature, indi-
cating the possibility of GEL-ChS interaction. The organic-
organic interaction'™'® between the GEL and ChS sensi-
tively occurred for the HG3-ChS sample. This can also be
demonstrated from the PO4 band spectra shown in Fig.
3(b)(c). The smooth spectra for the PO4 v3 band in HG3-
ChS indicate a greater amount of organic-inorganic interac-
tion between HAp and the GEL-ChS compared to HG3.
Even when 100 mg of ChS were added to 3 g of the GEL
matrix, the organic-organic interaction between the GEL
and ChS was fairly strong. The clusters of Ca-P were associ-
ated with the matrix template of the GEL-ChS mixture;
therefore, the organic-inorganic interaction was strongly
induced. The smoothness of the spectral feature of HG3-
ChS was close to that of the HG5 sample,® which was pre-
pared using 5 g of GEL. The incorporation of ChS into the
GEL matrix contributed to the increase of the organic-inor-
ganic interaction between HAp and the organic matrix of
the GEL-ChS mixture. A small amount of ChS considerably
enhanced the organic-organic interaction between GEL and
ChS, indicating the formation of the IPN structure.. The
consistency of the obtained slurries paste was very sticky;
the high degree of toughness of the dry body resulted from
the enhanced organic-inorganic interaction.

Before the coprecipitation process, the GEL powders were
mixed with ChS powders in an aqueous solution of H,PO, at
37°C. As the GEL and ChS dissolved in phosphoric acid
water, the molecules of GEL and ChS became phosphory-
lated; therefore, a molecular mixture formed among the
phosphorylated molecules.'” The mixture of the phosphory-
lated molecules will become the matrix template for the
mineralization by the HAp clusters. From the DTA spec-
trum in Fig. 2, showing the decomposition of the organics,
there is an additional tiny peak beside the three typical
peak temperatures of T1, T2, and T3. During the coprecipi-
tation of HAp in the GEL-ChS matrix, ionic clusters of Ca-P
are coordinated with the chemically combined GEL-ChS
molecules to form the HAp/GEL-ChS nanocomposites. This
can be confirmed from the TEM morphology with ED.

From HG3-ChS in Fig. 3(b), there is a small HPO,* band,

(@)
Fig. 4. TEM micrographs for HG3-ChS. (a) stuffs of needle-shaped particle composites of HAp/GEL-ChS (b) fine image of needle

particle composites with ED, indicating the HAp phase. The clear spots of HAp crystallites are shown in the ring pattern.
Each needle particle is the nanocomposite of HAp/GEL-ChS.
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indicating a small amount of reaction product between
HPO 42’ and the GEL-ChS matrix. From Fig. 3(c), the
HPO,” band of HG3-ChS is centered at 905.6 cm™, which
was shifted from the band of HAP at 903.7 cm™. HAP shows
the strong spectral intensity of the HPO,” band relative to
those of HG3 and HG3-ChS.. As the H,PO, dissolved in DD
water, triprotic phosphates kinetically formed, including
monobasic (H,PO,"), bibasic (HPO,”) and/or tribasic (PO AD)
phosphate ions.'” These basic ions are coordinated with side
chains of the amide in the GEL macromolecules. Normally,
HPO,* at 903 cm™’ indicates the existence of the OCP phase
during the mineralization stage.'*'® The HAp/GEL nano-
composite samples showed the HPO,” band spectra,” and
the OCP phase'” was regularly observed under TEM. How-
ever, the OCP phase for HG3-ChS via TEM observations
was not observed. In ChS, with its carboxyl group in the sul-
fate chain, interaction can occur to form the Ca-COO bond.
This can be confirmed from the 1339.4 cm ' band, indicating
the Ca-COO bond. The 1339.4 cm™ spectra band of HG3-
ChS is fairly strong compared to HG3. The molecular struc-
ture of the GEL was modified via organic coordination using
ChS, and/or the single ionic Ca* from Ca(OH), in DD water
may be quickly consumed through the interaction with the -
COO sites of the GEL molecules and ChS molecules. The
HAp phase will be formed mostly through the reaction with
PO,*, and there is kinetically not enough time for the diffu-
sion of HPO,” for the reaction to formulate OCP. This is
another example of evidence for the organic-organic interac-
tion between the GEL and ChS molecules in phosphoric
water.

3.4. TEM

Tig. 4 shows TEM micrographs of the slurries of the HG3-
ChS sample. In Fig. 4(b), which is a magnified view of Fig.
4(a), needle-shaped crystallites can be observed. The crys-
tallites in Fig. 4(b) are the typical HAp phase from ED,
which appear as clear ring spots. The ring patterns appear
on the plane of (002), (210) and (112), corresponding to the
HAp phase. The needle crystallites clearly show the nano-
composites of the HAp phase in the mixture matrix of the
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Fig. 5. SEM micrographs for HG3-ChS. (a) low magnification picture. (b) high magnification picture, showing the very fine and
dense microstructure as a reason of higher toughness. A magnified picture of the arrowed rectangle region shows a dense
microstructure in the right side of (b). The scales bars are 10 um and 1 pm for (a) and (b), respectively.

GEL-ChS, as confirmed from DT and FT-IR. The organic-
organic interaction in the final GEL-ChS matrix could be
confirmed via FT-IR analysis, as shown in Fig. 3.

3.5. SEM

From the SEM micrographs in Fig. 5, the dense composite
body can be observed. In the magnified image in Fig. 5(a)
shown again in Fig. 5(b), the dense microstructure can be
confirmed. The inset in Fig. 5(b) is a magnified image of the
rectangular region indicated by the arrow. The higher
toughness body of the HG3-ChS samples resulted from the
formation of the very sticky slurry during the coprecipita-
tion stage.

In conclusion, two key points can be summarized in this
report. The organic-inorganic interaction between the HAp
and GEL-ChS matrix was analyzed using FT-IR and DT/
TG. The organic-organic interaction between the GEL mac-
romolecules and ChS molecules was analyzed using FT-IR
analysis with GRAMS Al (7.0). In order to develop the
micro-meter sized pore in the dense tough body, it is neces-
sary to control both factors of the organic-inorganic interac-
tion and the organic-organic interaction. The organic-
inorganic interaction is suitable for the control of the tough-
ness and density of the nanocomposite. The organic-organic
interaction will also be suitable for the control of matrix
organic templates and for the formation of micrometer-sized
pores. A polymer precursor can be used for the modification
of the GEL, as was reported using PVA and PAA*** In
order to obtain better toughness and micrometer pores, it is
necessary to elucidate the organic-organic interaction mech-
anism between the GEIL and another organic material such
as a protein, proteoglycan, or polymer.

4. Conclusion

A dense dry product of the HAp/GEL-ChS nanocomposite
was obtained. The SEM microstructure showed the dense
composite crystallites of HAp in the GEL-ChS matrix. The
feasible toughness was found to have resulted from the
organic-inorganic interaction between the HAp and the
organic matrix of the GEL and ChS. Organic-organic inter-
action between GEL macromolecules and ChS was also con-

firmed.
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