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Abstract—The interfacial interaction and effect of biopolymer
on crystal structure of hydroxyapatite in biomimetically
synthesized nanocomposites, chitosan/hydroxyapatite (Chi-
HAPS50), polygalacturonic acid/hydroxyapatite (PgAHAPS50),
and chitosan/polygalacturonic acid/hydroxyapatite (ChiPgA-
HAPS50) have been investigated using atomic force microscopy
(AFM), Fourier transform infrared (FTIR) spectroscopy,
and Rietveld analysis. AFM phase images show nano-sized
hydroxyapatite particles uniformly distributed in biopolymer.
FTIR spectra indicate that chitosan interacts with hydroxy-
apatite through NH; " groups, whereas in polygalacturonic
acid/hydroxyapatite, dissociated carboxylate groups (COO")
form unidentate chelate with calcium atoms. A change in
lattice parameters of hydroxyapatite in all nanocomposites is
observed using Rietveld analysis. The increase in lattice
parameters was most prominent along c-axis in ChiHAP50
and ChiPgAHAPS50 nanocomposites, which was 0.388% and
0.319%, respectively. Comparison between particle sizes of
hydroxyapatite, determined from AFM and Rietveld analysis,
indicates presence of amorphous phase in hydroxyapatite
particles, which is believed to be present at the interface of
hydroxyapatite and biopolymer.

Keywords—Hydroxyapatite, Chitosan, Polygalacturonic
acid, Nanocomposites.
INTRODUCTION

The “bottoms-up” approach adapted by organisms
to produce well-defined hierarchical structure has
attracted a great deal of attention.'*'>1%3%3 QOrgan-
isms produce complex structures containing minerals
with controlled size, shape, crystal orientation, poly-
morphic structure, defect texture, and particle assem-
bly. This process of mineralization in organisms is
called as biomineralization. Biomineralization is a
complex process, which is controlled by organisms by
secretion of various organics, mainly proteins. It is
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indeed a challenging task to fully mimic this complex
cellular process; however, the material chemistry as-
pects of biomineralization are being studied to develop
materials with desired properties.'*?*3'3¢ In this
methodology, an organic phase provides a template for
inorganic crystals to nucleate and grow from super-
saturated solution. Such methodology has shown lot of
potential for synthesis of materials with tailor-made
properties.”! 11?3238 Organic phase may cause accel-
eration or inhibition of crystal growth depending on its
functionality, molecular weight, concentration, density
of functional groups on the backbone chain or side
chain, and whether polymer is adsorbed on surface or
present in solution.”® The role of polymers on miner-
alization has been the focus of many studies.>%!7-20:34
Various polymers, both of biological and synthetic
origin, with different functionalitiecs have been used
to understand fundamental principles governing bio-
mineralization. Amino acids and polymers containing
carboxylate groups are specifically found to inhibit
growth rate of hydroxyapatite when present in solu-
tion.”> These functional groups have high affinity to
bind to calcium ions on growth surface or in solution.

In our previous work, we synthesized composites of
chitosan and polygalacturonic acid with hydroxyapa-
tite following a similar approach.’” The composites
were synthesized by allowing precipitation of
hydroxyapatite in presence of biopolymers. These
nanocomposites were developed for their possible
application as bone biomaterials. Three kinds of
hydroxyapatite/biopolymer composites were made:
chitosan/hydroxyapatite (ChiHAPS50), polygalactu-
ronic acid/hydroxyapatite (PgAHAP50), and chitosan/
polygalacturonic acid/hydroxyapatite (ChiPgA-
HAPS50). Both chitosan and polygalacturonic acid are
biocompatible and biodegradable polysaccharides.
Chitosan is one of the most extensively investigated
polymers for tissue engineering.”® It promotes cell
adhesion, proliferation, and differentiation, and
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evokes minimal foreign body reaction on implantation.
Polygalacturonic acid is a de-esterified pectin. Pectin
has been investigated for drug delivery applications.”>!
Recently, it has also been investigated for possible
application in bone tissue engineering.'® It showed
improvement in growth of osteoblast cells. The reason
to use these two biopolymers together is to improve the
mechanical response of the composites. The major
interactions between chitosan and polygalacturonic
acid complex are the electrostatic interactions. Polyg-
alacturonic acid being the de-esterified pectin contains
higher number of carboxylate groups and is so ex-
pected to improve the interfacial interactions and thus
mechanical response of the composite. In our previous
work the mechanical response of ChiHAPS50, PgA-
HAP50, and ChiPgAHAPS50 was conducted and
ChiPgAHAPS50 showed significant improvement in
mechanical properties over ChiHAP50 and PgA-
HAPS50. The particle size, shape, and interfacial inter-
actions in a biomaterial have significant impact on its
mechanical response, biocompatibility, and biode-
gradability. In the current work, we have investigated
the effect of biopolymers on crystallite structure,
crystal size, and interfacial interactions using atomic
force microscopy (AFM), X-ray diffraction (XRD),
and Fourier transform infrared (FTIR) spectroscopy.

MATERIALS AND METHODS

Materials

Na,HPO,, ultrapure bioreagent, was obtained from
J.T. Baker. CaCl,, GR grade, was obtained from EM
Science. Chitosan (deacetylation, >75%) and polyg-
alacturonic acid were obtained from Sigma-Aldrich
chemicals. All these chemicals and polymers are used
as obtained.

Hydroxyapatite and Hydroxyapatite/ Biopolymer
Composites Preparation

The nanocomposites were synthesized using a bio-
mimetic method. The details of synthesis method have
been given elsewhere.”” Briefly, ChiHAP50 and PgA-
HAPS50 are synthesized by dissolving of 2 g of each
chitosan and PgA in 1 L of 11.9 mM Na,HPO, solu-
tion separately. Later, to each of these solutions 1 L of
19.9 mM CacCl, solution was added and further pH
was maintained at 7.4 by adding NaOH solution. The
precipitates were allowed to settle for 24 h. Further,
water was removed by centrifuging followed by drying
at 50 °C. ChiPgAHAPS0 was synthesized by mixing
together Na,HPO, solutions containing chitosan and
PgA in 1:1 ratio. Further, precipitates were removed by

centrifuging and drying at 50 °C. All these steps except
drying were conducted at room temperature.

Experimental

X-ray powder diffraction studies of hydroxyapatite
and hydroxyapatite/biopolymer composites were car-
ried out using a Philips diffractometer using CuK,
radiation (1 = 1.5405 A). PA-FTIR spectroscopy
study was done using Thermo Nicolet, Nexus 870
spectrometer equipped with MTEC Model 300
photoacoustic accessory. Linear photoacoustic spectra
(500 scans) of all samples were collected in the range of
4000-400 cm™' at a mirror velocity of 0.15 cm/s.
AFM-phase imaging was performed using a Multi-
mode™ AFM having a Nanoscope-I11a™ controller
equipped with a J-type piezo scanner (Veeco Metrol-
ogy Group, Santa Barbara, CA). Before AFM imag-
ing, all composites were polished under dry conditions
using silicon carbide grinding paper (P4000, median
particle diameter, 2.5 um). The image collection and
particle size measurement was performed using
NanoScope (R) II software (version—5.30r3.sr3). For
each sample, particle sizes of more than 300 particles
were performed.

Structure Refinement

Figures 1-4 show XRD plots of hydroxyapatite,
ChiPgAHAP50, ChiHAP50, and PgAHAPS50 com-
posites. XRD plots were compared with the joint
committee for powder diffraction studies (JCPDS)
standard (09-0432). All samples show characteristic
peaks of HAP. The major peaks in hydroxyapatite are
due to planes (002), (211), (112), (300), (202), (310),
(222), (213), and (004). Rietveld analysis of pure
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FIGURE 1. The experimental XRD plot (a—dots) of hydroxy-
apatite is superimposed over calculated plot (a—thick solid
line). The difference plot (b) of hydroxyapatite is shown at the
bottom.
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FIGURE 2. The experimental XRD plot (a—dots) of PgA-
HAPS50 is superimposed over calculated plot (a—thick solid
line). The difference plot (b) of PQAHAP50 is shown at the
bottom.
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FIGURE 3. The experimental XRD plot (a—dotted line) of
ChiHAP50 is superimposed over calculated plot (a—thick
solid line). The difference plot (b) of ChiHAP50 is shown at the
bottom.
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FIGURE 4. The experimental XRD plot (a—dotted line) of
ChiPecHAP50 is superimposed over calculated plot (a—thick
solid line). The difference plot (b) of ChiPecHAP50 is shown at
the bottom.

hydroxyapatite and its composites with chitosan, po-
lygalacturonic acid, and both chitosan and polygalac-
turonic acid were performed using Reflex ™ module of
Materials Studio™ (Accelrys Software Inc.) Software.
The refinement was done in the range of 20-60° 20.
The lattice parameters of starting model were a =
b =19424A and ¢ = 6879 A with P6s/m space
group. The occupancy factor of all atoms was fixed to
1 except for OH. The occupancy factor for OH was
fixed at 0.5. The profile function used was Pseudo-
Voigt. The temperature factors were refined using
atomic anisotropic parameters. The sample parame-
ters: crystallite size, lattice strain, and preferred ori-
entation were also refined. Preferred orientation was
refined using March-Dollase function.

RESULT AND DISCUSSION

Nanostructure Analysis Using AFM

Figures 5a—c¢ show AFM-phase images of PgA-
HAPS50, ChiHAP50, and ChiPgAHAPS50 composites.
The HAP and biopolymer phases are clearly distin-
guishable from AFM-phase images. In PgAHAPS0,
ChiHAP50, and ChiPgAHAPS50, the average HAP
particle sizes are 29.9 + 8.2 nm, 43.3 + 14.9 nm, and
32.4 £ 10.4 nm, respectively. There are clearly no par-
ticularly significant changes in particle sizes observed.

Interfacial Interactions

Figure 6 shows PA-FTIR spectra of HAP, PgA,
and PgAHAP50. The band observed at 1743 cm™' in
PgA is assigned to carbonyl stretching of un-dissoci-
ated carboxylate groups. The intensity of this band is
significantly reduced in PgAHAPS50 as compared to
PgA. A new band at 1615 cm™ is observed in PgA-
HAPS0. This band is attributed to asymmetric
stretching of dissociated carboxylate groups.'* The
presence of band due to dissociated carboxylate groups
suggest that in PgAHAPS0, PgA interact with
hydroxyapatite through dissociated carboxylate
groups. Since carboxylate groups are negatively
charged, Ca atoms of HAP act as potential sites for
attachments. The band at 2933 cm™ is assigned to C—
H stretching vibration and bands at 1331 and
1234 cm™" are assigned to C-H bending vibrations of
the ring. The band at 2575 cm™', observed as shoulder
to the broad OH band at around 3360 cm™" originates
from OH stretching vibration in free carboxyls bonded
by hydrogen bonds into dimers. The absence of this
band in PgAHAPS0 composite suggests breaking of
PgA dimers. The breaking of dimers is consistent with
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FIGURE 5. AFM-phase image of (a) PQAHAP50 composite, (b) ChiHAP50 composite, and (c) ChiPgAHAP50 composite.

the observation of dissociation of carboxylate groups.
The band at 1422 cm™' in PgAHAP50 composite
(Fig. 6) originates from symmetric stretching of car-
bonyl from dissociated carboxylate groups. The che-
lation between dissociated groups can be determined
from difference in wavenumber between carbonyl
asymmetric stretching and symmetric stretching.'***
Here, a difference of 193 cm™' suggests unidentate
chelation.

Figure 7 shows PA-FTIR spectra of HAP, chitosan,
and ChiHAP50. The bands at 1653 cm™' and 1319 cm™
in chitosan are characteristic of N-acetylated chitin and
are assigned to amide I and amide II bands. The band at
1593 cm™' in chitosan is assigned to amino characteristic
peak.”® Figure 7 shows chitosan and ChiHPAP50
composites spectra in the range of 1800-1200 cm™'.
The spectra are normalized with respect to band at
1376 cm™'. This band originates from C—H symmetric
deformation. The second derivative plots (Fig. 8) sug-
gest presence of new bands at around 1654, 1558, and
1512 cm™". Presence of these bands in ChiHAP50 indi-

cates that -NH, transforms to -NH; . The bands at
1654 cm™" and 1580 cm™' have been assigned to asym-
metric deformation and band at 1512 cm™ is assigned to
symmetric deformations of -NH;". The presence of
NH; " in ChiHAPS50 is consistent with the presence of a
band appearing as shoulder to the broad OH band at
around 3340 cm™'. This band is assigned to stretching
vibration of NH; . The band at around 2066 cm ™' is
also characteristic of NH; " moieties. The NH; * func-
tional groups being positively charged, forms complex
with phosphate ions. This complex further facilitates
nucleation and growth of hydroxyapatite.

Figure 9 shows spectra of PeAHAPS50, ChiHAP50,
and ChiPgAHAPS50. To have a better insight into
interfacial interaction in ChiPgAHAPS50 composites, a
comparison between the photoacoustic FTIR spec-
trum of ChiPgAHAPS50 and the spectrum obtained by
addition of ChiHAP50 and PgAHAPS50 spectra with
50% weightage of each has been done (Fig. 10). As
seen, the comparison between these spectra suggests
that, ChiPgAHAPS50 composite does not result from
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FIGURE 6. Photoacoustic FTIR spectra of (a) hydroxyapatite, (b) PgA, and (c) PgAHAP50 in the region of 4000-400 cm™~" obtained
at mirror velocity of 0.15 cm/s.
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FIGURE 7. Photoacoustic FTIR spectra of (a) hydroxyapatite, (b) chitosan, and (c) ChiHAP50 in the region of 4000-400 cm™’
obtained at mirror velocity of 0.15 cm/s.

simple mixing of ChiHAP50 and PgAHAPS50, but also intensity of band at around 1815cm™ and
there are further interfacial interactions occurring in 1422 cm™ is higher compared to mathematically
the composite. The intensity of band at around added spectrum. The above-mentioned observations
1743 cm™" is lower in ChiPgAHAP50 composites and clearly indicate that carboxylate groups further
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FIGURE 8. Photoacoustic FTIR spectra of (a) ChiHAP50, (b) chitosan, (c) second derivative plot of ChiHAP50 spectrum, and (d)
second derivative plot of chitosan spectrum in the region of 1800-1200 cm™" obtained at mirror velocity of 0.15 cm/s.
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FIGURE 9. Photoacoustic FTIR spectra of (a) PQAHAP50, (b)
ChiGAP50, and (c) ChiPgAHAP50 in the region of 4000-
400 cm™" obtained at mirror velocity of 0.15 cm/s.

dissociate and are involved in interfacial interactions
between ChiHAP50 and PgAHAPS0 particles. These
dissociated carboxylate groups may interact with
hydroxyapatite phase or chitosan functional groups
present on the surface of the ChiHAPS50 particles. It is
also observed that there are changes in phosphate
stretching and bending regions. This suggests that
phosphate groups of hydroxyapatite are also involved
in the interfacial interactions.
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FIGURE 10. Photoacoustic FTIR spectra (1800-700 cm~") of
(a) ChiPgAHAP50 and (b) mathematically added (PgA-
HAP50 + ChiHAP50) in the region of 1800-700 cm™' obtained
at mirror velocity of 0.15 cm/s.

Effect of Biopolymers on Structure of Hydroxyapatite

Hydroxyapatite crystallizes in a hexagonal crystal
lattice with P65;/m space group.'? The lattice parame-
ters calculated from Rietveld refinement are given in
Table 1. The Rietveld analysis indicates that there is a
change in lattice parameters of hydroxyapatite present
in biopolymer/hydroxyapatite nanocomposites as
compared to pure hydroxyapatite. The biomimetic
hydroxyapatite showed similar trend in all nanocom-
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posites, i.e., positive shift (elongation) was observed
along c-axis whereas negative shift (contraction) was
observed along a-axis (¢ = b). The elongation along
c-axis was significantly higher in ChiHAPS50 and
ChiPgAHAPS50 than PeAHAPS0 (Table 2). This large
change is rather significant in a ceramic material such
as HAP. The composites consist of nano-sized HAP
particles and hence a very large surface interacts with
biopolymers. This large interfacial interaction may
lead to large lattice distortions of hydroxyapatite. The
shift in ChiHAP50 and ChiPgAHAPS50 was signifi-
cantly higher than PgAHAPS50 composites, which
suggest that the shift in lattice parameters also depend
on the type of biopolymers. Recently, the change in
lattice parameters of biogenic aragonite of nacre
(biological composite) has been reported.?’ 2° Nacre is
an inner iridescent layer of many mollusk seashells and
made of aragonite platelets of thickness ~0.5 um sep-
arated by organic layers primarily composed of pro-
teins. The organic content in nacre varies from 2% to
5%. Pokroy et al. have shown that shift in lattice
parameters of biogenic aragonite is a widespread
phenomenon in mollusk seashell species.”’ The shift
along c-axis was as high as 0.2% in some species. The
origin of lattice distortions in biogenic aragonite has

TABLE 1. Lattice parameters determined from Rietveld
analysis XRD data.

HAP (A) ChiHAP50 (A) PgAHAP50 (A) ChiPgAHAP50 (A)

9.455 |
6.878 T

9.453 1
6.858 T

9.460 |
6.882 T

a b 9.464
c 6.856

The ({) symbol depicts decrease in lattice parameter of biomimetic
hydroxyapatite with respect to hydroxyapatite and (T) symbol de-
picts increase in lattice parameters of biomimetic hydroxyapatite
with respect to pure hydroxyapatite.

TABLE 2. The percentage change in lattice parameters of
biomimetic hydroxyapatite with respect to pure hydroxy-
apatite.

ChiHAP50 (%)  PgAHAP50 (%)  ChiPgAHAPS50 (%)

a b -0.019
c +0.388

—0.085 —0.068
+0.039 +0.319

been attributed to organics present within the arago-
nite platelets.

Our results indicate that crystal distortions by
organics are not limited to mollusk phylum; it can also
be achieved by following a biomimetic synthesis
method. The spatial mismatch between functional
groups of biopolymer and hydroxyapatite lattice sites
can cause residual stresses at the biopolymer/mineral
interface. This residual stress can lead to distortion in
the crystal structure of hydroxyapatite. The second
phenomenon, which could cause stress on crystal lat-
tice, is the conformational change in biopolymers,
while compaction of composites during drying.

For further understanding of structure of hydroxy-
apatite nanoparticles, the crystallite sizes of hydroxy-
apatite determined from Rietveld analysis were
compared with their particle sizes determined from
AFM images. The crystallite sizes calculated from
Rietveld analysis are found to be smaller compared to
the particle size determined from AFM-phase images
(Table 3). This suggests that either HAP particles ob-
served from AFM-phase images have multi-granular
structure or they contain significant amount of amor-
phous phase. The difference between particle size and
their respective crystallite size is more pronounced in
ChiHAP50 and ChiPgAHAPS50. The growth of
hydroxyapatite particles in presence of chitosan or
PgA resemble the biomineralization process, where
proteins and other biopolymers control the growth of
the mineral. Nacre, the protein-aragonite composite is
one such example. The presence of amorphous phase
at polymer/mineral interface is also being found in
nacre.”

The functional sites of biopolymers act as a nucle-
ating site for crystallization of mineral. The negatively
charged carboxylate groups of polygalacturonic acid
are known for their calcium binding ability. The dis-
sociated carboxylate groups and calcium ions form a
complex, which initiate further growth of hydroxyap-
atite.** On the other hand, in case of chitosan, amine
being positively charged, form complex with phos-
phate groups. Because, these nucleating sites in chito-
san or polygalacturonic acid are not spatially arranged
and oriented to have perfect match with lattice sites of
phosphate or calcium ions, it is most likely that
hydroxyapatite precipitate as amorphous phase near
polymer surface (Fig. 11). DiMasi et al. investigated

TABLE 3. Crystallite sizes of biomimetic hydroxyapatite from Rietveld analysis using XRD data.

ChiHAP50 (nm)

PgAHAP50 (nm) ChiPgAHAPS50 (nm)

HAP (nm) X-ray AFM X-ray AFM X-ray AFM
a b 11.1 172 +1.2 43.3 +14.9 239+29 289 +82 10.0+0.3 32.4+10.4
c 17.1 285+25 16.4 +1.0 16.5+ 0.4
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FIGURE 11. Schematic showing amorphous phase in PgA-
HAP50, ChiHAP50, and ChiPgAHAP50 nanocomposites.

precipitation of mineral from supersaturated calcium
carbonate solution on fatty acid monolayer. They ob-
served that precipitation of mineral started with
amorphous hydrated calcium carbonate phase.’

CONCLUSIONS

In this work, we have investigated the interfacial
molecular interactions between biopolymers and
hydroxyapatite. Also analyzed is the effect of bio-
polymer on structure of hydroxyapatite in biomimetic
composites using Rietveld analysis. The intermolecular
interactions between different components have been
studied using FTIR spectroscopy. The FTIR spectra
indicate that in PeAHAPS50, polygalacturonic acid at-
taches to hydroxyapatite surface through dissociated
carboxylate groups, whereas in ChiHAPS50, chitosan
interacts with hydroxyapatite through NH groups. The
FTIR results also indicate that in ChiPgAHAPS50
composites, chitosan, PgA, and hydroxyapatite, all
participate in interfacial interactions. The AFM-phase
images indicate a uniform dispersion of hydroxyapatite
nanoparticles in biopolymer matrix. A comparison
between hydroxyapatite particle size determined from
AFM imaging and Rietveld analysis, suggest either
hydroxyapatite particles have multi-granular structure
or may contain significant amount of amorphous
phase. Rietveld analysis has also shown a change in
lattice parameters of biomimetic hydroxyapatite. A
significant change in crystal structure may potentially
arise from existence of amorphous phase at the inter-
face. The shift in lattice parameters was found to be
highest along c-axis in chitosan containing (ChiHAP50
and ChiPgAHAP50) nanocomposites. A change of
0.4% in the structure of hydroxyapatite is observed.
This is a rather significant change resulting from
nanoscale interaction of biopolymer and mineral. It is
expected that such weak interactions also occur in
many biological and bio-replacement materials which

result in significant changes to lattice structure of
mineral.
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