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The exciting possibility of biosynthesis of minerals of variable morphology and with polymorph selectivity by
challenging microorganisms such as fungi and actinomycetes has been described. Many fungi and actinomycetes
are known to produce reasonable amounts of CO, during growth. We show here that CO, and characteristic
proteins released from an endophytic fungus, Verticillium sp. and an extremophilic actinomycete,
Thermomonospora sp. may be reacted with aqueous Ca”>* and Ba>" ions to produce truly biogenic CaCO5 and
BaCOj; crystals. While extracellular synthesis of the highly unstable vaterite polymorph of CaCOj; in a spherical
morphology was observed with the fungus, both extra- and intracellular formation of CaCO; in the form of
composites of flat plates and branched elongated flat plates, were observed with the actinomycete. Reaction of
Ba?* ions with Verticillium sp. and Thermomonospora sp. resulted in the extracellular synthesis of BaCO5
crystals of spherical and flat, plate-like morphologies respectively. The action of specific proteins secreted by the
microorganisms in directing crystal structure and morphology has been addressed.

Introduction

Natural organisms are capable of generating crystalline
materials with complex morphologies at ambient temperature
in water by the process of biomineralization. The biominer-
alization process occurs in many different species and tissues,
including bone mineral, tooth enamel and marine shells. Many
of the mineralized tissues formed by organisms are functional
and have advantageous mechanical properties. In biological
systems, almost all mineralized tissues consist of a distinctive
assemblage of acidic proteins, glycoproteins and polysacchar-
ides and it is widely accepted that these highly anionic, soluble
biomacromolecules, play an important role in biomineraliza-
tion and act as nucleators, growth modifiers, and anchoring
units in the mineral formation.! Apart from controlling their
nucleation and growth into specific sizes and shapes, these
biomacromolecules also exert exquisite control over the
polymorphism of a particular mineral phase.'-

Biological systems provide a number of examples of
inorganic materials in both unicellular and multicellular
organisms synthesized either intra- or extracellularly.** Some
well-known examples of bio-organisms synthesizing inorganic
materials include magnetotactic bacteria (which synthesize
magnetite nanoparticles),”” diatoms (which synthesize silic-
eous materials),> ! and S-layer bacteria (which produce
gypsum and calcium carbonate layers).!"!> The secrets gleaned
from nature have lead to the development of biomimetic
approaches for the growth of advanced inorganic materials.

The biomimetic laboratory synthesis of metal carbonates,
especially calcium carbonate (CaCO;), has been studied in
great detail due to their abundance in nature and also their
important industrial application in the paint, plastics, rubber
and paper industries. CaCO; has three known polymorphs:
calcite, aragonite and vaterite. Calcite is thermodynamically
the most stable polymorph, aragonite is slightly less stable than
calcite, whereas vaterite is the most unstable polymorph.
Calcite and aragonite are often found in biominerals, whereas
the metastable polymorph vaterite is not often seen in
biological systems.'>!* The three polymorphs have markedly
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different physicochemical characteristics, and it is often found
that the less stable forms are stabilized kinetically and/or
biochemically.

Elucidation of general biomineralization principles has
followed from studies into the growth of minerals in biological
organisms™'> and on biomacromolecules extracted from
organisms.'® The important biomineral CaCO; has received
considerable attention and these principles have been used in
the development of a number of biomimetic templates such as
Langmuir monolayers,!” 2! dynamic liquid-liquid interfaces,*?
self-assembled monolayers,?* lipid bilayer stacks,?* vesicles*
and functionalized micro-patterned surfaces”® for its synthesis.
Morphology variation and polymorph selectivity of CaCOj;
crystals have also been achieved by growth in solution in the
presence of suitably designed additives such as proteins
extracted from CaCOj;-rich organisms'® or synthetic molecules
such as polymers.2’ 28

Barium carbonate (BaCOs) is another important mineral
that exists in nature as a thermodynamically more stable crystal
modification among the heavy metal carbonates. BaCO;5 has
also attracted attention due to its close relationship with
aragonite and many important applications in the ceramic and
glass industries. It is also a highly utilized precursor in the
synthesis of magnetic ferrites and ferroelectric materials.”’
Related biomimetic approaches for BaCO; crystallization
include influence of urease,® presence of polyelectrolytes,?
and double hydrophilic block copolymers3 Uas crystal modi-
fiers.

As discussed above, laboratory processes for the synthesis of
metal carbonate minerals have mostly relied on an external
source of CO, for reaction with desired metal cations in the
presence of synthetic molecules or very specific proteins from
mineral producing organisms to achieve polymorph and
morphology control. Many fungi and actinomycetes are
known to produce reasonable amounts of CO, during
growth.* We show in this paper that CO, and characteristic
proteins released from a fungus, Verticillium sp. and an
actinomycete, Thermomonospora sp. may be reacted with
aqueous Ca®" and Ba®' ions to produce truly biogenic

ew-Gnline

J. Mater. Chem., 2004, 14, 2333-2340

2333



http://dx.doi.org/10.1039/b401431f

Downloaded on 04 July 2011
Published on 31 March 2004 on http://pubs.rsc.org | doi:10.1039/B401431F

View Online

CaCOj; and BaCOj crystals. Very recently we have shown that
biogenic CaCOj crystals of complex morphology may be
grown by simple exposure of aqueous Ca>" ions to a fungus,
Fusarium sp. and an actinomycete, Rhodococcus sp.>* and this
report represents an important advance in developing this
strategy to encompass other microorganisms and mineral
compositions. While extracellular synthesis of the highly
unstable vaterite polymorph of CaCO; in a spherical
morphology is obtained with Verticillium sp., both extra-
and intra-cellular formation of CaCQOs in the form of flat plates
and branched elongated flat plates was observed with
Thermomonospora sp. Extracellular synthesis of BaCOj;
crystals of spherical morphology and flat plate assemblies
were observed using Verticillium sp. and Thermomonospora sp.
respectively. Significant differences in the morphology and
polymorph selectivity of the minerals were observed indicating
that the proteins secreted by the fungus and the actinomycete
play crucial roles in stabilizing and directing the crystal growth.
The interesting morphology variation and polymorph selectiv-
ity during the mineralization process, as a result of proteins
secreted by organisms such as fungi and actinomycetes, which
are not normally (if ever) exposed to such metal ions, is an
exciting outcome and underlines the untapped potential of
biological methods in expanding the scope of crystal engineer-
ing. Presented below are the details of this study.

Experimental

In typical experiments, an endophytic fungus, Verticillium sp.
(isolated from the Taxus plant) and an extremophilic
actinomycete, Thermomonospora sp. (isolated from self-heating
compost) were maintained on potato-dextrose-agar (PDA)
slants. Stock cultures were maintained by sub culturing at
monthly intervals. After growing at pH 7 and 27 °C (pH 9 and
50 °C for Thermomonospora sp.) for four days, the slants were
preserved at 15 °C. From actively growing stock cultures,
subcultures of both the fungus and actinomycete were made on
fresh slants and after four days of incubation at pH 7 and 27 °C,
were used as the starting materials for fermentation experi-
ments. For the synthesis of CaCO3 and BaCO; crystals both
the fungus and actinomycete were grown in 500 ml Erlenmeyer
flasks containing 100 ml malt extract-glucose-yeast extract-
peptone (MGYP) medium which is composed of malt extract
(0.3%), glucose (1%), yeast extract (0.3%) and peptone (0.5%).
After adjusting the pH of the medium to 7, the cultures were
grown under continuous shaking on a rotary shaker (200 rpm)
at 27 °C for 96 hours. After 96 hours of fermentation, mycelia
of the fungus and the actinomycete were separated from the
culture broth by centrifugation (5000 rpm) at 20 °C for 20
minutes and then the mycelia were washed thoroughly with
sterile distilled water under sterile conditions. The harvested
mycelial mass (20 g wet wt. of mycelia) of Verticillium sp. and
Thermomonospora sp. was then resuspended in 100 ml of
1073 M CaCl, and BaCl, solutions in 500 ml Erlenmeyer flasks
separately. These flasks were then put into a shaker at 27 °C
(200 rpm) and the reaction carried out for a period of 72 hours.
The biotransformation of Ca>" and Ba>" ions into CaCO; and
BaCOj; respectively was monitored by separating the fungal
and actinomycete mycelia from the respective reaction media
by filtration, and subjecting both the filtrate and mycelia to
analysis as described below. That formation of the minerals
had occurred could be inferred from the fact that the filtrate
became turbid and milky white after roughly 2 days of reaction.
pH values of 5.3 and 6.2 were recorded from the reaction
medium after 3 days of reaction of Ca®>" ions with Verticillium
sp. and Thermomonospora sp. respectively. The residues after
3 days of reaction were washed thoroughly several times using
copious amounts of double distilled water and the washed
biomass was cast in the form of films onto different solid
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supports. The filtrates were subjected to centrifugation at
10000 rpm and the pellets obtained were washed repeatedly
with copious amounts of double distilled water. The purified
pellets were solution-cast in the form of films onto different
solid supports for further analysis. Please note that consider-
able care was taken to wash the CaCO; and BaCOj crystals
synthesized using fungus and actinomycetes, prior to analysis.
This precaution was taken to remove uncoordinated proteins in
the reaction medium from the biogenic CaCO; and BaCO;
crystals. These films were then characterized by Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), scanning electron microscopy (SEM) and energy
dispersive analysis of X-rays (EDAX). FTIR spectroscopy
measurements of the purified and dried biogenic CaCO; and
BaCO; powders taken in KBr pellets were carried out on a
Perkin-Elmer Spectrum-One instrument at a resolution of
2 cm~!. XRD measurements of solution-cast films of the
biogenic CaCO; and BaCOj; crystals on glass substrates were
carried out on a Phillips PW 1830 instrument operated at a
voltage of 40 kV and a current of 30 mA with Cu K, radiation.
For SEM analysis, solution-cast films of biogenic CaCO3 and
BaCO; crystals were made on Si (111) substrates. SEM
measurements were performed on a Leica Stereoscan-440
instrument equipped with a Phoenix energy dispersive analysis
of X-rays (EDAX) attachment. Please note that the mass of
materials used in the FTIR and XRD analysis were 2 mg and
10 mg respectively to obtain acceptable signal to noise ratios.

Control experiments were performed wherein the biomass of
the fungus, Verticillium sp. and the actinomycete, Thermo-
monospora sp. were soaked in water for 3 days. The aqueous
component with secreted proteins was separated by filtration
and CaCl, and BaCl, were added to the filtrates separately to
attain a concentration of 10~> M of the metal cation. CO, was
bubbled very slowly through these solutions and the CaCO;
and BaCOj; crystals formed were washed thoroughly and were
analyzed by FTIR, XRD, SEM and EDAX.

Control experiments were also performed to understand
whether repeated washing of the biogenic CaCOj crystals
synthesized using Verticillium sp. and Thermomonospora sp.
results in the partial dissolution of the crystals or surface
rearrangement in the minerals. The biogenic CaCOj; crystals
filtered from the respective culture media without any washing
were vacuum dried to a powder and analyzed by FTIR and
SEM. In order to realize the presence of proteins in the biogenic
CaCOs; crystals synthesized using Verticillium sp. and Thermo-
monospora sp., the aqueous solutions containing biogenic
CaCOs; crystals were treated with 4% sodium hypochlorite
(NaOCl) solution. Thereafter, the solutions containing NaOCl
treated biogenic CaCOj crystals were subjected to centrifuga-
tion and the pellets obtained were washed with copious
amounts of double distilled water. The purified pellets were
dried and analyzed by FTIR and SEM.

Results and discussion

Figs. 1A & B show representative SEM images recorded from
solution-cast films of the aqueous CaCl, solution after reaction
with Verticillium sp. for 3 days. After 3 days of reaction, the
formation of very uniform CaCO; nanocrystallites was
observed (Fig. 1A). The size of the crystallites determined
from the SEM image was in the range 70-100 nm. The higher
magnification SEM image clearly shows that the CaCO;
crystallites are circular in shape with some evidence of their
being flat (Fig. 1B). One of the circular CaCO; crystals is
shown in the inset of Fig. 1B. Such spherical/circular
morphology of CaCOj crystals is indicative of the formation
of the highly unstable vaterite polymorph.!® The FTIR
spectrum recorded from the circular CaCO; crystals synthe-
sized using Verticillium sp. is shown in Fig. 2A, curve 1. The
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Fig.1 (A and B) Representative SEM micrographs of CaCOj; crystals
grown after 3 days of reaction of aqueous Ca* ions with Verticillium
sp. The inset in B shows a magnified view of one of the flat, circular
CaCO;j crystals (scale bar = 100 nm). (C) SEM micrograph of CaCOj3
crystals (shown in A & B) after calcination at 300 °C for 3 h. The inset
shows a magnified view of the faceted CaCOj; crystals obtained in the
main figure. (D) SEM micrograph of CaCOj; crystals grown using
extract from Verticillium sp. (see text for details).
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Fig.2 (A and inset) FTIR spectra in different spectral windows
recorded from: CaCOj; crystals obtained by the reaction of aqueous
Ca®" ions for 3 days with the fungus Verticillium sp. before (curve 1)
and after calcination at 300 °C for 3 h (curve 2) and CaCOj; crystals
grown using extract from Verticillium sp. (curve 3). (B) XRD patterns
recorded from solution-cast films of CaCOj crystals synthesized using
Verticillium sp. on glass substrate before (curve 1) and after calcination
at 300 °C for 3 h (curve 2). Curve 3 corresponds to the XRD pattern
recorded from a solution-cast film of CaCO; crystals grown using
extract from Verticillium sp. (curve 3). In the XRD spectra, ‘V’ stands
for vaterite and ‘C’ for calcite (see text for details).

absorption bands at 744 and 877 cm ™' are characteristic of
vaterite.'® XRD analysis of the CaCO; crystallites formed by
the reaction of aqueous Ca’* ions with Verticillium sp. for
3 days was performed and the pattern obtained is shown as
curve 1 in Fig. 2B. The Bragg reflections identified by ‘V’ agree
excellently with those reported for vaterite.** The broad Bragg
reflections in the XRD spectrum are clearly indicative of small
crystallites in agreement with the SEM results (Figs. 1A & B).
Studies on the synthesis of spherical vaterite crystals are
relatively scarce with the synthesis having been achieved in the
presence of divalent cations,* using AOT microemulsions,>®
and poly(vinyl) alcohol®*’/double hydrophilic block copolymers
as additives.’®*® Control over the size of spherical vaterite
crystals would be important in application of the minerals as
pigments, fillers, and in cosmetics/pharmaceutical formula-
tions. Vaterite is thermodynamically the most unstable
polymorph of the three crystal structures of CaCO; and is
used for specific applications requiring high specific surface
area, high solubility, high dispersion, and smaller specific
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Fig. 3 (A) Spot-profile EDAX spectra recorded from films of CaCOj3
crystals synthesized using Verticillium sp. before (curve 1) and after
calcination at 300 °C for 3 h (curve 2). Curve 3 corresponds to the
EDAX spectrum recorded from CaCOj crystals grown using extracts
of Verticillium sp. (B) Spot-profile EDAX spectra recorded from the
films of CaCOj; crystals synthesized extracellularly (curve 1) and
intracellularly (curve 2) using Thermomonospora sp., the extracellularly
synthesized CaCO; sample after calcination at 300 °C for 3 h (curve 3).
The EDAX spectrum recorded from CaCOj crystals grown using
extracts from Thermomonospora sp. (curve 4).

gravity.*® As mentioned in the experimental section, the pH of
the Ca®* — Verticillium sp. reaction medium 3 days after
reaction was measured to be 5.3. It is known that synthesis of
vaterite is facilitated by low pH conditions®' — clearly, the
synthesis of vaterite by Verticillium sp. is not due to pH effects
and is due to specific proteins secreted by the microorganism.

It would be instructive to understand the chemical
composition of the vaterite crystallites synthesized using
Verticillium sp. This is conveniently done by spot-profile
EDAX measurement of one of the circular vaterite crystals
grown using the fungus (curve 1, Fig. 3A). In addition to the
expected Ca, C and O signals, we observe the presence of N and
S signals in the vaterite crystals. This indicates the presence of
proteins within the circular vaterite crystallites. That these
signals are likely to be due to proteins secreted by the fungus is
supported by the FTIR measurement of the vaterite crystals
(inset of Fig. 2A, curve 1), which clearly shows the presence of
amide I and I bands at 1547 and 1644 cm ™! respectively. This
observation indicates that the vaterite crystals in the spherical/
circular morphology are present with proteins that are possibly
occluded into the crystals or are bound to the surface of the
crystals. It is clear that specific (and as yet unidentified)
proteins secreted by the microorganism play a crucial role in
defining the morphology and indeed, crystal structure of the
CaCO; crystals formed. While the exact nature of binding of
the proteins with specific crystallographic faces needs elabora-
tion, the location of the proteins in the crystals (surface
adsorption vs. uniform intercalation in the crystals) may be
indirectly determined by removal of the proteins by calcination.
Fig. 1C shows an SEM image of biogenic vaterite crystals
grown using Verticillium sp. after heating at 300 °C for 3 h.
Upon calcination, the original spherical/circular crystals are
transformed into more faceted crystals. The inset of Fig. 1C
shows a magnified view of the faceted crystals which show an
increase in the surface roughness suggesting removal of
proteins occluded into the crystalline framework on heating.
The morphology change from circular to polyhedral suggests a
concomitant variation in the crystal structure upon heat
treatment, which was ascertained by FTIR and XRD
measurement of the calcined samples. The FTIR spectrum of
the calcined Verticillium sp.-biogenic CaCOj; crystals exhibited

J. Mater. Chem., 2004, 14, 2333-2340 _



http://dx.doi.org/10.1039/b401431f

Downloaded on 04 July 2011
Published on 31 March 2004 on http://pubs.rsc.org | doi:10.1039/B401431F

View Online

absorption bands at 712 and 874 cm™ ! (curve 2, Fig. 2A)
clearly showing that the calcination-induced morphology
variation seen in the SEM images is due to transformation
of vaterite into calcite.*' The XRD pattern recorded from the
calcined crystals shows the presence of Bragg reflections
characteristic of calcite (peaks marked ‘C’ in curve 2,
Fig. 2B) thus supporting the phase transformation inferred
from the FTIR results. The spot-profile EDAX spectrum
recorded from the biogenic vaterite crystals after calcination at
300 °C for 3 h is shown as curve 2 in Fig. 3A. As expected,
strong Ca, C and O signals are observed but this is
accompanied by complete disappearance of N and S signals
from the CaCOj; crystals indicating removal of the occluded
proteins. The complete disappearance of N and S signals after
calcination is also observed in the FTIR spectrum (curve 2 in
the inset of Fig. 2A), which clearly shows the absence of the
amide bands in the crystals after calcination. Vaterite is the
least stable of the polymorphs of CaCO; and the room
temperature synthesis of vaterite by Verticillium sp. is a salient
feature of this work.

A control experiment was performed wherein the Verticil-
lium sp. biomass was immersed in water for 3 days and the
aqueous component separated by filtration. The aqueous
fraction was taken up with 1073 M CaCl, and CO, was
bubbled very slowly through this solution. The CaCOj; crystals
formed in this manner were analyzed by SEM, EDAX, FTIR
and XRD. SEM analysis shows the formation of spherical
CaCO; crystals (Fig. 1D) similar to those shown in Figs. 1A &
B, indicating that the proteins secreted by Verticillium sp. into
solution are responsible for the polymorph and morphology
control and more importantly, that the growth of the crystals
does not take place within specific reactions sites in the fungal
biomass. The inset of Fig. 1D shows a higher magnification
SEM image of spherical CaCOj; crystals obtained, indicating
that the crystallites in the control experiment are bigger (size
~ 500 nm) than those synthesized in the presence of the fungus
(70-100 nm, Figs. 1A & B). The FTIR spectrum recorded from
the crystals in the control experiment (Fig.2D) exhibited
absorption bands at 744 and 877 cm™ ' which indicates
formation of the vaterite polymorph (curve 3 in Fig. 2A).
This occurs together with a weak absorption band at 712 cm ™!,
that is characteristic of calcite.!® XRD analysis of the CaCO;
crystals in this control experiment also confirms the formation
of vaterite (curve 3, Fig. 2B; peaks labeled by “V’) with evidence
of a much smaller percentage of calcite (peaks labeled by ‘C’).>*
It is clear that the circular CaCOj crystallites are dominated by
the vaterite polymorph. The presence of proteins in stabilizing
the vaterite polymorph in the control experiment was detected
by FTIR measurements (curve 3 in the inset of Fig. 2A) which
shows the amide I and II bands and EDAX results show that
the presence of strong N and S signals together with Ca, C and
O signals (curve 3, Fig. 3A). We did not find any evidence for
CaCOj; growth on the fungal biomass.

The above experiments, particularly the control experiment
involving proteins secreted by the fungus, clearly establish the
important role played by the proteins in dictating morphology
and polymorph control in CaCO; synthesis. The fact that the
fungus also acts as a source of CO, makes this a truly biogenic
method for the synthesis of minerals and is thus not merely
biomimetic. That a non-calcareous microorganism such as a
fungus should be capable of crystal growth and engineering at a
high level of sophistication opens up the exciting possibility
that other microorganisms when challenged with metal ions
may lead to similar if not more exciting results. With this in
mind, an actinomycete, Thermomonospora sp. isolated from
self-heating compost was tested for CaCOj; crystal growth in a
manner similar to that carried out with Verticillium sp.
Actinomycetes are microorganisms that share important
characteristics of fungi and prokaryotes such as bacteria.*
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Even though they are classified as prokaryotes due to their
close affinity with mycobacteria and the coryneforms (and thus
amenable to genetic manipulation by modern recombinant
DNA techniques), they were originally designated as “Ray
Fungi” (Strahlenpilze). Focus on actinomycetes has primarily
centered on their phenomenal ability to produce secondary
metabolites such as antibiotics.*> We have enlarged the scope
of our studies and have identified the alkalothermophilic
(extremophilic) actinomycete Thermomonospora sp.** as an
exciting candidate for the biosynthesis of minerals. Unlike the
case of Verticillium sp., Thermomonospora sp. upon reaction
with aqueous Ca®" ions resulted in the formation of CaCO;
crystals both extracellularly and on the mycelia of the biomass.
Figs. 4A—C show representative SEM images of extracellularly
grown CaCOj crystals after reaction of aqueous Ca®" ions with
Thermomonospora sp. for 3 days. The CaCO; crystals in this
case exhibit a morphology completely different from those
biosynthesized using the fungus, Verticillium sp. (compare with
Figs. 1A & B). A large number of plate-shaped crystals of
CaCO; are observed which are organized in a composite
superstructure (Figs. 4A & B). Viewed at higher magnification
(Fig. 4C), the CaCO; plates appear to be quite uniform in
thickness with smooth surfaces that are stacked on top of each
other (Fig. 4C). The thickness of the CaCOj plates is calculated
from the SEM images to be in the range 20-30 nm. Composite
inorganic materials created by biological organisms from
calcium salts and proteins are known to be architecturally
complex and functionally diverse. These composites are known
to provide superior mechanical stability in biological systems.*’
Such a bricks and mortar structure for composite crystals is
known to occur in biominerals such as aragonite in gastropod
nacre.'”> The bricks are flat crystals of CaCO; whereas the
mortar is composed of biomacromolecules such as hydro-
phobic proteins and chitin.'*!> These hybrid structures are
known to have high mechanical strength and unusual optical
properties.

The FTIR spectrum recorded from the Thermomonospora
sp.-biogenic CaCOj; composite crystals (Figs. 4A-C) is shown
in Fig. 5A, curve 1. Three absorption bands are observed at
712, 856 and 874 cm ™! that provide evidence of the formation
of a mixed phase of calcite (712 and 874 cm™ ') and aragonite
(856 cm™1).* The XRD pattern recorded from the CaCO,
composite crystals is shown as curve 1 in Fig. 5B. It is observed
that the CaCOj3; composite crystals consist of a mixed phase of
the aragonite and calcite (reflections identified by ‘A’ for
aragonite and ‘C’ for calcite) in agreement with the FTIR
results. The EDAX spectrum recorded from the Thermomo-
nospora sp.-biogenic CaCOj; composite crystals is shown in
Fig. 3B, curve 1. In addition to Ca, C and O signals, strong N
and S signals are observed in this case as well indicating the
presence of proteins within the composite plate-like crystals.
The presence of proteins in the Thermomonospora sp.-biogenic
CaCOs; crystals is also indicated in the FTIR spectrum from
this sample (curve 1, inset of Fig. SA) where prominent amide I
and II bands from the proteins are seen.

Figs. 4D-F show representative SEM images of CaCO;
crystals that were growing on the surface of the actinomycete
biomass (residue) after 3 days of reaction of aqueous Ca*>* ions
with Thermomonospora sp. It is observed that the CaCOj;
crystals grow radially outward from the biomass surface in the
form of highly elongated flat plates. The nature of the CaCO;
crystals growing on the biomass is rather similar to those
synthesized extracellularly (Figs. 4A-C) — the crystals are
essentially in the form of flat plates that are then assembled into
close-packed superstructures. One significant difference is
observed, and that concerns the in-plane dimensions of the
CaCO:; plates. While the in-plane dimensions of the crystals are
quite large in the case of extracellular growth, the CaCOj;
crystals growing on the biomass are in the form of slender
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Fig. 4 (A-C) Representative SEM micrographs of extracellular CaCOs crystals after 3 days of reaction of aqueous Ca’" ions with
Thermomonospora sp. (D—F) SEM micrographs of intracellular CaCOjs crystals after 3 days of reaction of aqueous Ca>* ions with Thermomonospora
sp. (G,H) SEM micrographs of extracellular CaCOj crystals (shown in A-C) after calcination at 300 °C for 3 h. (I) SEM micrograph of CaCO;
crystals grown using extracts of Thermomonospora sp. (see text for details).

plates (Figs. 4D-F) that are much larger in length (5-15 pum)
than in width (200-700 nm). The thickness of the CaCOj; plates
was measured to be 80-100 nm. While the exact reasons for the
difference in behavior of the fungus and the actinomycete is not
clear at the moment, Thermomonospora sp. appears to be
capable of immobilizing Ca®>" ions on the surface, possibly
through electrostatic interactions with the mycelial wall
surface. Reaction of these entrapped ions with CO, released
by the actinomycete could then lead to the formation of seed
crystals on which secondary crystal growth could occur and
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Fig.5 (A and inset) FTIR spectra recorded in different spectral
windows from CaCOj; crystals synthesized extracellularly (curve 1) and
on the biomass (curve 2) by the reaction of aqueous Ca>" ions for 3
days with Thermomonospora sp.; the extracellularly synthesized sample
after calcination at 300 °C for 3 h (curve 3) and FTIR spectrum
recorded from CaCOj; crystals grown using extract of Thermomonos-
pora sp. (curve 4, text for details). (B) XRD patterns recorded from
solution-cast films of CaCOj crystals synthesized extracellularly (curve
1) and on the biomass (curve 2) using Thermomonospora sp. on glass
substrates and the extracellularly synthesized crystals after calcination
at 300 °C for 3 h (curve 3). Curve 4 corresponds to the XRD pattern
recorded from a solution-cast film of CaCOs; crystals grown using
extract from Thermomonospora sp. In the XRD spectra, ‘A’ stands for
aragonite and ‘C’ for calcite (see text for details).

thus formation of the elongated plate-like crystals. The
anisotropy in the crystal shape and the assembly of the crystals
observed could be due to constrained growth of the crystals due
to the presence of the biomass surface that would affect the
diffusivity of Ca®>" and CO5>" ions to nascent nuclei. It is clear
that such a constraint would not occur for growth in solution
and this is mirrored by the larger crystals grown extracellularly
(Figs. 4A-C).

The FTIR spectrum recorded from the CaCOj; crystals on
the actinomycete biomass (Figs. D-F) is shown in Fig. 5A,
curve 2. Absorption bands are observed at 712, 856 and
874 cm ™' in this case as well indicating the formation of a
mixed phase of calcite and aragonite. The aragonite absorption
bands (856 cm ™!, curve 2 in Fig. 5A) are enhanced relative to
those observed with extracellularly synthesized CaCOj; crystals
(curve 1 in Fig. 5A). The XRD pattern provides clear support
to the FTIR result showing that the percentage contribution of
aragonite to the mixed phase with calcite is enhanced in the
case of CaCO; grown on the Thermomonospora sp. biomass
(curve 2 in Fig. 5B). The presence of proteins in the elongated
CaCO; plates was determined by EDAX (curve 2 in Fig. 3B, N
and S signals) and FTIR (curve 2 in the inset of Fig. 5A, strong
amide I and II signatures) measurements.

To remove occluded proteins from the CaCO; composites
grown using Thermomonospora sp., the protein—-CaCOs;
composite crystals were calcined at 300 °C for 3 h. Figs. 4G
& H show SEM images of the extracellularly synthesized
CaCOs; crystals after calcination. It is observed that, upon
protein removal by calcination, the originally compact CaCO;
plates collapse with no semblance of the original organized
structure (Fig. 4G). The higher magnification SEM image
(Fig. 4H) shows that the CaCOj; plates have further disin-
tegrated into smaller plates/needles. However, on a gross level
the CaCOs; crystallites have maintained their overall flat plate-
like morphology after calcination. FTIR (curve 3 in Fig. 5A)
and XRD (curve 3 in Fig. 5B) measurements of the calcined
CaCOj; samples still show the presence of a mixed calcite and
aragonite phase with an increase in the percentage of calcite in
the calcined crystals. The spot-profile EDAX spectrum
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recorded from the calcined CaCOj crystals is shown as curve 3
in Fig. 3B. The complete disappearance of N and S signals
from the EDAX spectrum indicates removal of proteins from
the CaCO; composites, which is backed by the absence of
amide bands in the FTIR spectrum shown as curve 3 in the
inset of Fig. 5A.

A control experiment was performed in this case as well
wherein the Thermomonospora sp. biomass was soaked in water
for 3 days and the filtrate reacted with CaCl, and thereafter
bubbled with CO, gas. The SEM image of CaCOj; crystals
formed in this manner is shown in Fig. 41. This picture clearly
shows the formation of flat CaCOj; plates assembled into a
superstructure rather similar to that observed for the crystals
grown extracellularly during direct exposure to the actinomy-
cete (Fig. 4C). The FTIR (curve 4 in Fig. 5A) and XRD (curve
4 in Fig. 5B) measurements revealed the formation of a mixed
phase of aragonite and calcite. The presence of proteins in the
CaCO;s crystals in the control experiment was ascertained from
EDAX (curve 4 in Fig. 3B, S and N signals) and FTIR
measurements (curve 4 in the inset of Fig. SA, strong amide
bands).

The above experiments clearly indicate that the proteins
secreted by the Verticillium sp. and Thermomonospora sp. are
significantly different and capable of not only crystal
morphology control but also polymorph selectivity. This is
an important result with exciting implications for crystal
engineering using biological systems. We believe the growth of
the crystals proceeds in the following manner. In the first step,
the Ca®" ions (in the form of counterions) complex with the
proteins secreted by the microorganisms leading to the
formation of stable aggregates in solution. The entrapped
Ca®" ions then react with CO, in situ thereby forming CaCOs
crystals in the mosaic structure inferred from FTIR and spot-
profile EDAX analysis. This would explain the large concen-
tration of proteins occluded in the crystals and provide a basis
for understanding the morphology and polymorph control. On
a more fundamental level, a clearer understanding of the mode
of binding of specific proteins secreted by the microorganisms
with different exposed faces of the crystals, the nature of the
proteins (molecular weight, isoelectric point and possibly
amino acid sequence as well) ezc. would be important and is
currently being pursued in this laboratory. Clearly, the use of
proteins from non-calcareous microorganisms in crystal
engineering is a new concept with much potential for
development.

In order to understand whether the repeated washing of the
biogenic CaCOj; crystals synthesized using Verticillium sp. and
Thermomonospora sp. results in the partial dissolution of the
crystals or surface rearrangement in the minerals, the biogenic
CaCOs; crystals filtered from the respective culture media
(without further washing) were analyzed by FTIR and
SEM. Figs. 6A and C show SEM images recorded from the
biogenic CaCOj; crystals synthesized using Verticillium sp. and
Thermomonospora sp. respectively under the above conditions.
It is observed that the washing procedure does not lead to a
significant structural and morphological change (compare
Fig. 6A with Fig. 1A and Fig. 6C with Fig. 4C). We believe
the washing process was successful in removing only free
uncoordinated proteins present in the reaction medium and
thus does not have any effect on the nature of the crystals
formed.

In order to locate the large amount of proteins which are
either deposited on the surface of the crystals or intercalated
within the crystals, the solution containing biogenic CaCOs;
crystals were treated with 4% sodium hypochlorite (NaOCI)
solution to remove any surface adsorbed proteins while
preserving the proteins within the crystals. NaOCI treatment
is known to be an efficient method to denature surface bound
proteins due to its oxidizing capability. Figs. 6B and D show
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Fig. 6 (A and B) Representative SEM micrographs of CaCOj; crystals
grown after 3 days of reaction of aqueous Ca>" ions with Verticillium
sp. before (A) and after (B) treatment with NaOCI solution. (C and D)
Representative SEM micrographs of CaCOj crystals grown after 3 days
of reaction of aqueous Ca>" ions with Thermomonospora sp. before (C)
and after (D) treatment with NaOCI solution. (E and F) FTIR spectra
in different spectral windows recorded from: CaCOj crystals obtained
by the reaction of aqueous Ca*" ions for 3 days with Thermomonospora
sp. before (curve 1) and after treatment with NaOCI solution (curve 2)
(see text for details).

SEM images recorded from solution-cast films of the biogenic
CaCOs; crystals synthesized using Verticillium sp. and Thermo-
monospora sp. respectively after NaOCl treatment. On the
spherical vaterite crystals (Fig. 6A, obtained using Verticillium
sp.), nucleation of secondary crystallites is observed which
indicates partial dissolution of vaterite crystals (Fig. 6B) upon
NaOCl treatment and the recrystallization to the more stable
calcite polymorph (as evidenced from FTIR results, data not
shown). Similarly, NaOCl treatment of CaCOj crystals
synthesized using Thermomonospora sp. leads to the collapse
of originally organized CaCO; plate-composites (Fig. 6C) into
smaller individual plates (Fig. 6D). This suggests that most of
the proteins which were present on the surface of the crystalline
framework have been removed upon addition of NaOCl and
contribute to the change in the crystal structure and
morphology described above. FTIR spectra were recorded
from the biogenic CaCOj crystals synthesized using Thermo-
monospora sp. before (curve 1 in Fig. 6E) and after (curve 2 in
Fig. 6E) NaOCl treatment. The amide bands in the FTIR
spectrum (curve 1 in Fig. 6E) indicate the presence of protein in
the CaCOj; crystals. Removal of large amounts of proteins
from the biogenic CaCOj3 crystals upon NaOCI treatment is
evidenced from the FTIR measurement (curve 2 in Fig. 6E),
which clearly shows that the amide bands are reduced
considerably in intensity. It is also possible that other soluble
biomacromolecules/molecules such as polysaccharides secreted
by the cells may have contributed to CaCO; morphology and
control observed in reactions using the fungus and actinomy-
cete. The presence of a strong ~OH band in the FTIR spectrum
obtained from CaCOj crystals, synthesized using Thermo-
monospora sp. before (curve 1 in Fig. 6F) and after (curve 2 in
Fig. 6F) NaOCl treatment, may be attributed to the presence of
polysaccharides released by the microorganisms during for-
mation of the CaCOj; crystals. While some loss in overall
structure of the vaterite and calcite assemblies is observed
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during removal of surface-bound protein by NaOCI treatment
(Figs. 6B and D), indicating that proteins play an important
role in directing the morphology and crystallography of the
minerals, the role of polysaccharides and other biomolecules is
yet to be fully understood.

To demonstrate the generality of this method for the
biosynthesis of minerals, we have also examined the synthesis
of another important metal carbonate, BaCO; with Verticil-
lium sp. and Thermomonospora sp. by reaction of aqueous Ba>*
ions with the biomass. Figs. 7A & B correspond to
representative SEM images recorded from solution-cast films
of the aqueous BaCl, solution after exposure to Verticillium sp.
for 2 days. The formation of spheroidal BaCOj; particles along
with needle like structures is observed in this experiment. The
formation of BaCOj; in a needle-like morphology is known to
commonly occur in solution whereas the formation of
spheroidal BaCOj; is possibly mediated by proteins secreted
from the fungus. The higher magnification SEM image
(Fig. 7B) clearly shows the BaCO; spheroids in greater
detail. The size of the BaCOj; spheroids are calculated to be
in the range of 200-500 nm. The surface of the spheres is highly
irregular and they appear to be composed of smaller crystal-
lites. The XRD pattern recorded from the BaCOj; spheroids is
shown as curve 1 in Fig. 8. A number of Bragg reflections are
identified and have been indexed with reference to the unit cell
of the Witherite structure of BaCOj3 (orthorhombic structure
with cell constants « = 5.315A, b = 8.904 A, ¢ = 6.433 A and
space group Pnma).*’ The spot-profile EDAX measurement of
one of the spherical BaCOj; crystals yielded Ba, C and O signals
close to the expected stoichiometric values along with the
presence of N and S signals that are indicative of the presence
of proteins within the spherical BaCOj; superstructures (data
not shown). It is observed that the BaCO; spheroids consist of
nanosized subunits in the form of needles. It is quite possible
that the nanosized precursors (needles) are formed initially and
act as nucleating agents for the subsequent growth/aggregation
into spheroids and stabilization by protein. BaCO; in a
spheroidal morphology has previously been observed in the
presence of double hydrophilic block copolymers as a
template.>! Matijevic et al. have observed similar spheroidal
morphology for BaCO; and SrCOj crystals synthesized by the
enzyme-catalyzed decomposition of urea by urease at low
temperatures.*® To remove occluded proteins from the BaCOs
spheroids grown using Verticillium sp., the protein-BaCOs3
composite crystals were calcined at 300 °C for 3 h. Fig. 7C
shows an SEM image of calcined biogenic BaCOj3 spheroids. It
is observed that, upon protein removal, the originally compact
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20 (degrees)

Fig. 8 XRD patterns recorded from solution-cast films of BaCO;
crystals synthesized using Verticillium sp. on glass substrate before
(curve 1) and after calcination at 300 °C for 3 h (curve 2). XRD patterns
recorded from solution-cast films of BaCOj crystals synthesized using
Thermomonospora sp. on glass substrate before (curve 3) and after
calcination at 300 °C for 3 h (curve 4). The Bragg reflections are
identified in all spectra.

BaCO; spheroids collapse into a disordered structure. The
XRD measurement from the calcined BaCOj spheroids is
shown as curve 2 in Fig. 8. The reduction in the (111) Bragg
reflection, along with the disappearance of some of the other
Bragg reflections, clearly indicates that protein removal from
BaCOj; spheroids leads to some internal restructuring in the
composite BaCO; crystals.

Figs. 7D & E correspond to representative SEM images
recorded from solution-cast films of the aqueous BaCl,
solution after exposure to Thermomonospora sp. for 2 days.
The lower magnification SEM image (Fig. 7D) shows the
formation of small BaCO; crystallites assembled into a
branched structure. At higher magnification (Fig. 7E), the
quasi-linear structures are seen to be composed of individual
plate-like BaCO; crystallites. The size of these individual
BaCOj plates is calculated to be in the range of 100-500 nm. As
in the case of CaCOj; synthesis using the fungus and the
actinomycete where significant differences in the crystal
morphology (and indeed, crystal structure) were observed,
we observe large differences in the BaCOj; crystal morphology
as well underlining the extremely important role played by the

A\l

Fig.7 (A and B) Representative SEM micrographs of BaCOjs crystals after 2 days of reaction of aqueous Ba>* ions with Verticillium sp. (C) SEM
micrograph of BaCOj crystals (shown in A and B) after calcination at 300 °C for 3 h. (D and E) SEM micrographs of BaCOj crystals after 2 days of
reaction of aqueous Ba®* ions with Thermomonospora sp. (F) SEM micrograph of BaCO; crystals (shown in D and E) after calcination at 300 °C for

3h.
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proteins secreted by these two microorganisms in morphology
and crystal structure control. The XRD pattern recorded from
these BaCOj; assemblies is shown as curve 3 in Fig. 8. The
Bragg reflections in the XRD spectrum are identified and have
been indexed with reference to the unit cell of the Witherite
structure of BaCO;.*” EDAX and FTIR measurements from
these BaCOj; assemblies indicated the presence of occluded
proteins. Calcination was induced to remove proteins from the
BaCO;—protein composites and resulted in the formation of
individual BaCOj platelets (Fig. 7F). The XRD measurements
from the calcined BaCOj crystals (Fig. 8, curve 4) show some
changes in the relative intensities of the Bragg reflections that
could still be indexed based on the Witherite structure. This
indicates substantial restructuring of the composite crystals
further to protein removal and some oriented assembly of the
crystallites.

The difference in morphology of the CaCO; and BaCO;
crystals synthesized using a fungus, Verticillium sp. and an
actinomycete, Thermomonospora sp. is interesting and may be
attributed to the different proteins secreted by these micro-
organisms. Further work is required to determine the nature of
these proteins, how they bind to the CaCO; and BaCO;
crystallographic faces and also how they modulate the
diffusivity of the constituent ions to the surface of growing
crystallites in solution. The formation of spherical and flat
plate-like CaCO; and BaCO; crystals by the reaction of
aqueous Ca>* and Ba®" ions with a fungus, Verticillium sp. and
an actinomycete, Thermomonospora sp. indicates that specific
proteins secreted by these organisms are responsible for the
shape and polymorph control of CaCO; and BaCOj; crystals.

In conclusion, the total biological synthesis of CaCO; and
BaCOj; crystals of interesting morphology and polymorph
selectivity by challenging microorganisms such as a fungus and
an actinomycete with aqueous Ca>* and Ba" ions respectively
has been described. We term this process ‘total biosynthesis’
since the source of carbonate ions is the microorganisms
themselves and is thus at variance with other biomimetic
methods wherein an external source of CO, was used to grow
the minerals. Through reaction of the metal ions with the two
microorganisms, we have shown that specific proteins secreted
by the microorganisms play a very important role in directing
the morphology and crystal structure of the minerals grown in
solution. Our finding that minerals of such complex morphol-
ogy can be grown by a completely biological process using
microorganisms that are not normally (if ever) exposed to such
metal ions is exciting with important implications in crystal
engineering and associated applications. From the point of
view of scale-up of production of minerals, the use of a
renewable source of CO, and crystal-modifying proteins from
microorganisms is obvious.
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