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Abstract. Construction of modified inorganic mineral with controlled mineralization analogues of
those produced by nature is now of current interest for understanding the mechanisim ofubéio-
mineralization processes, as well as looking for fresh industrial and technological applications. Low-
molecular-weight chiral poly-carboxylate ligands derived from naturally occurrim@mino acids have

been used as model systems to study the effect of molecular properties on crystal growth modification.
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1. Introduction toughness. In organisms, several different intercon-
necting levels regulate the physico-chemical proper-
Biominerals are the bridges between the organic livinges of minerals. There is strong inter-relationship
and the nonliving mineral world. Living organismsbetween biomineralization and biomimetic material
form these crystalline minerals. Biominerals are mahemistry! There are fundamentally two different
terials such as bones, teeth etc. that perform importambdes of biomineralization. One is called biologi-
functions, and provide robust support and defeneally induced mineralization (BIM), in which an or-
(mollusk shell, skeleton) to the individual. They arganism modifies its local microenvironment creating
also used as gravity sensors, for metal storage agrnhditions suitable for the chemical precipitation of
for detoxification Biominerals are formed by all extra-cellular mineral phases. The second mode is
living organisms, starting from bacteria to highegalled boundary-organized biomineralization (BOB),
plants and animals. These minerals are formed in tifewhich inorganic particles are grown within or on
matrix of bio-macromolecules like proteins, poly-S0me organic matrix produced by organisms. For the
saccharides and lipids. Most biominerals are orgalst two decades, extensive studies have been done
ized hierarchically and are ordered over many leng@f the biomineralization of calcium minerdl§rom
Sca|es Starting from nano- to micro_scza]'mey Often theSQ StUdieS |t haS nOW. been eStainSheq that
have remarkable physical characteristics. KinetRiominerals grow on organic templates containing
control on the nucleation and crystal growth of bio?xygen and nitrogen donor atoms. These structures
minerals morphology is important for functional use2r€ stabilized through ion—ion, hydrophobic-hydro-
Biomineralization is the process of mineralizatioRilic interactions etc., which in turn control the
in living system. These materials are deposited fHructure and morphology of the crystals. Metals like
the intra- or extra-cellular matrix. These process&"’12 and B&" prefer oxygen donor ligands owing to
are intimately connected to cellular metabolic prd?ard acid-hard base interactions. A studyno¥ivo
cesses. Thus, biomineralization as a field of scientiffe2C3 b|0m+|ne_rals of mollusk shell has revealed the
study falls within several branches of basic scfact that C& binds to polyanionic sitéof proteins,
ences Intimate association of organic and inorgani®/hich change the CaGGrom the calcite to the ara-
parts is the hallmark of biomineralizatibaln many 9onite phase. These proteins contain special kind of
cases, the integration is at the super-structural levéfduence that mainly containsaspartic acid and-
where mineral particles and biopolymers are orgaflutamic acid residuesDepending on the amino ac-

ized to give composites of unusual strength arigs present at the nucleation centre biominerals grow
with different morphologiés that perform various

physiological roles. Synthetic biominerals of cal-
*For correspondence cium barium” and irort have been prepared.
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Here we report modified, efficient, one-pot synthe2.2d Differential scanning calorimetric (DSC) and
ses of some low-molecular-weight chiral poly-carbthermo gravimetric analysis (TGA):In order to de-
oxylate ligands derived form naturally occurring termine the presence of organic matrices and water
amino acids. We also presents the preliminary ref crystallization in the obtained mineral crystals,
sults of using these chiral poly-carboxylate ligandthe samples were analysed from 25 to T@Qsing
as templates for crystal growth modifiers in the DT-40 thermal analyser. Temperature was increa-
processes of biomineralization. sed at a rate of°’Z/min.

2. Experimental 2.3 Synthesis

2.3a General synthesis of ligands;_,; N-alky-
lations of amino acids were done by treating them

The anhydrous sodium carbonate, anhydrous calciLY?‘htr:1 chloro acetic acid lat_ banIC hIpH following ”
chloride and sodium sulphate used were analytica em((ajdl.dAn aqu]Jeousl SO u“%? of chloro ac_ztlt_: aci
pure. The water used in the experiment was t S added to the solution aFa-amino acid in

Milli-Q water. All four poly-carboxylate ligands ,_’ M”“'Q_ water (~1 mM) in a round-bottomed flasl_<
were synthesized modifying the known procedure and stirred for ~15 minutes at RT to make the solution

homogeneous. The resulting solution was refluxed.
_ The pH of the solutions was maintained at B1f@r
2.2 Physical measurements different periods of time (table 1). Different equiva-
o o _ _ lents of chloro acetic acids were added depending on
2.2a Morphological investigations: Optical miCro-  he number of replaceable amine hydrogens present
graph images of air-dried samples on glass mic{g the amino acids used. The resulting solution was
slides were taken using a Zeiss-Axio Cam-MRC Mipen concentrated to about half of the original vol-
croscope fitted with a digital camera. Scanning electrofne under reduced pressure. On cooling, a precipi-
micrograph (SEM) images were obtained by meangie of NaCl started forming. The precipitate was
of a LEO-1430 VP electron microscope on samplgfered and filtrate was acidified with dilute hydro-
glued onto an aluminum stub and gold sputtered. chjoric acid and kept overnight for re-crystallization.

_ _ Crystals were collected by filtration and driéd
2.2b FT-IR spectrometry: IR analysis were carried \5cuq

out on air-dried mineral samples. All spectra recor-
ded at 4 cnt resolution with 10 scan with a Perkin—2_3b L, [2-(Bis-carboxymethyl-amino)-propionic
Elmer Spectrum One FT—-IR spectromdtem 4000 acidl: m.p.: 198C; ESI-MS,m/z (%): 205 (86)
to 450 cm’. A background spectrum was measureﬂ_ J"; Analysis — Calcd. for @,:NOg: C, 4098; H,
for pure KBr. 5[0; N, 683%. Found: C, 4R7; H, 596; N 714%;
, _ ~ H NMR (400 MHz, DO, 25°C, TMS)d (ppm): 14
2.2c Powder X-ray diffraction (PXRD) analysis: d, 3H), 33 (s, 4H), 37 (qt, 1H),"*C NMR (100 MHz

To confirm the crystalline nature of the minera ,0, 25C, TMS) 5 (ppm): 174, 562, 614, 1752
sample, PXRD data of air-dried sample were recoj-77 ’ ’ ’ ’

ded with Seifert powder X-ray diffractometer (XRD

3003TT) with CuK, source 4 = 154 A), onaglass 5 3¢ |, [2-(Bis-carboxymethyl-amino)-3-phenyl-

surface. propionic acid]: m.p.: 212C; ESI-MS,m/z (%):
281 (92) L,]"; Analysis — Calcd. for GH1sNOg: C,
5531; H, 538; N, 498%. Found: C, 582; H, 596;

2.1 Materials

Table 1. Synthesis of ligandk; 4.

L a-Amino acid n Time (h) Yield (%)

1 L-Alanine 2 5 95 HOOC)_NH o pH ~ 10.0 HOOC N/—COOH
2 L-Phenylalnine 2 6 92 K 27 " COOH reflixinH,0 K \—COOH
3 L-Aspartic acid 2 8 67 L-amino acid Li4

4 L-Lysine 4 10 52

¥ solated yields Scheme 1. Synthesis of ligandk;_4.
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N 523%;'H NMR (400 MHz, RO, 25°C, TMS)J operating in nature. Since the proteins that have
(ppm): 29 (m, 2H), 33 (s, 4H), 41 (t, 1H), MA-713 been found to be associated with biomineralization
(m, 5H), **C NMR (100 MHz, DO, 25C, TMS)J are usually highly acidic macromolecules, simple
(ppm): 417, 563, 618, 1274, 1297, 1312, 1409, water soluble chiral poly-carboxylate ligands were
1793, 1843. examined as models of biomineralization in aqueous
solution.
2.3d Ls; [2-(Bis-carboxymethyl-amino)-succinic The following sections describe our recent research
acid]: m.p.: 196C; ESI-MS,m/z (%): 249 (57) on crystal nucleation and growth of calcium carbon-
[Ls]"; Analysis — Calcd. for §H4,:NOs: C, 3856; H, ate and calcium sulphate in aqueous solution using
4[45; N, 962%. Found: C, 3®7; H, 487; N 531%; low-molecular-weight poly-carboxylate ligands.
'H NMR (400 MHz, RO, 25C, TMS)J (ppm): 26
(d, 2H), 35 (s, 4H), 40 (t, 1H), **C NMR (100 MHz,
D,0, 25C, TMS) ¢ (ppm): 345, 583, 618, 1793,
1843.

3.1 Crystallization of calcium carbonate

CaCQ crystal formation in the solution can be ob-

] ) ) served as an increase in the turbidity of the solution
2.3e L4[2,6-Bis-(bis-carboxymethyl-amino)-hexa-ith time. Crystallization of CaCOin the presence
noic aC|d+]: m.p.: 243C; ESI-MS,m/z (%): 378 of |, ligand with five pendant carboxylic acid
(42) [La])"; Analysis — Caled. for GH:N20100 C, groups resulted in the formation of Cag@ystals
44145; H, 1536; N, 740%. Found: C, 481; H, 607; ot harfect octahedron shape (figures 1 and 2) after 5
N 7121%; "H NMR (400 MHz, DO, 25C, TMS)d  gays. Time-dependent formation of Cagfystals
(ppm): I3 (M, 2H), 17 (M, 2H2é 21 (m, 2H), 32 (M, ghows that each octahedron is formed by four parts
2H), 33 (s, 8H), 42 (t, 1H), “C NMR (100 MHz, equal shape. Each part is 20@ in length. In the

D:0, 25°C, TMS) d (ppm): 232, 285, 302, 414, ,resence of the low-molecular-weight organic addi-
5602, 591, 1753, 1804.

2.3f Growing of crystals: The reaction systems
were divided into three different groups: Milli-Q
water system (control),-amino acid system (con-
trol) and poly-carboxylate ligand system. In a typi-
cal experiment, @005 M ligand solution is mixed
with 0001 M CaC} solution in Milli-Q water and
kept at RT for 12 h without stirring. Theri0®1 M
Na,CO; or Na&SQO, solution is added slowly without
much mechanical disturbance. The solution is kept
at 25+ 2°C for several days without any mechanical
disturbance. When there are a large number of crystalgure 1. Optical micrograph images of CaGd pres-
present in the reaction vessel, the crystalline prence ofL: (a) after 2 days andbj after 5 days.

ducts are collected, vacuum-filtered and washed
with Milli-Q water several times to remove the organic
additives, and then finally washed with anhydrous
ethanol. The crystals are air-dried and kept in a des-
iccator for 24 h before analysis.

3. Results and discussion

An in vitro study of biomineralization provides use-
ful information for the design of organic templates.
Model systems, in which low-molecular-weight or-
ganic additives are used to study the effect of crystal
growth modification on inorganic mineralization,
provide useful insights into the possible mechanisms Figure 2. SEM image of CaC@in L,.
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tive, further washing of the crystals with water did The precipitation of CaCfQin the presence of

not change crystal morphology.
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Figure 3. FT-IR spectrum of CaC{xrystals.
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Figure 4. Powder X-ray diffraction pattern of CaGO

crystals.

Figure 5. Optical micrograph images of CagG® pres-

ence ofL3: (a) after 2 days andb] after 5 days.
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simpleL-lysine was also carried out under the same
conditions as the control. In this case, spherical
crystalline CaC@®is formed similar to that reported
earlier®™ TGA analysis shows the loss of one mole-
cule of CQ at 750C and DSC analysis shows an
endothermic peak centred around A&&orrespond-

ing to the removal of one mole of GG-T—IR spectra

of CaCQ crystals show the presence of absorption
peaks at 1084, 876, 745 and 712 tiffigure 3).
These peaks show the co-existence of both the calcite
and vaterite phases in Cag@ystals. This observa-
tion was reinforced by powder XRD data. The powder
XRD pattern (figure 4) shows the diffraction peaks
from the calcite as well as the vaterite phase. The
assignment of polymorphs to calcite or vaterite was
carried out by comparison of the literature data with
their XRD patterns. Absolute contents of calcite and
vaterite in the CaCfQcrystals are 80 and 20% res-
pectively.

Addition of ligand L; derived from L-aspartic
acid, the prompted formation of plate type crystals
(figure 5). These plates also stacked to give octahe-
dron structure with time. Each side of the octahedron
is 200um in length. The crystal phase is also shown
to be calcite (55%) along with vaterite (45%), as
confirmed by FT-IR and powder XRD patterns.

In contrast to the above observations, the ligands
L,_, derived from non-polar amino acids does not
show any modification in crystal growth., shows
the formation of bulk precipitate of amorphous
CaCQ without any definite structure (figure 6).

Figure 6. SEM image of precipitated CaG@n pres-
ence of ligand. ;.
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3.2 Crystallization of calcium sulphate 1500
Similar crystal growth modification is followed for
the formation of CaSgxrystals.
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Figure 7. Optical micrograph images of Gypsum in 2theta
presence ok ,: (a) after 3 days andb] after 7 days. i ) i
Figure 10. PXRD analysis of gypsum formed in the

presence ok 4.

Figure 8. SEM images of gypsum in presence Lof
after 15 days.

PJ Figure 11. Optical micrograph images of gypsum in
presence ok ; after 10 days.
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Figure 9. FT-IR spectrum of gypsum formed in theFigure 12. Optical micrograph images of amorphous
CaSqQ in presence of ligant;.

presence ok 4.
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