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Many multicellular organisms pro-
duce hard tissues such as bones,

teeth, shells, skeletal units, and spicules
(1). These hard tissues are biocomposites
and incorporate both structural macro-
molecules (lipids, proteins, and polysac-
charides) and minerals of, perhaps, 60
different kinds, including hydroxyapatite,
calcium carbonate, and silica. A number of
single-celled organisms (bacteria and al-
gae) also produce inorganic materials ei-
ther intracellularly or extracellularly (2).
Examples include magnetotactic bacteria,
which synthesize magnetite (3); chryso-
phytes (4), diatoms, and actinopoda (ra-
diolarians; ref. 5), which synthesize sili-
ceous materials; and S layer bacteria that
have gypsum and calcium carbonate sur-
face layers (6). Normally, hard tissues are
mechanical devices (e.g., skeletal, cutting,
grinding), or they serve a physical function
(e.g., magnetic, optical, piezoelectric).
Bioinorganics are also ion sources that are
vital for physiological activities and, there-
fore, integral parts of the organisms (1, 2).

Recently, a different single-celled or-
ganism has been added to the list of
inorganic particle producers. Klaus et al.
(7) have found that single crystalline sil-
ver-based particles of well defined com-
positions and shapes are synthesized by
Pseudomonas stutzeri AG259, a bacterial
strain previously isolated from a silver
mine (8). The study reports on the de-
tailed structure and phase composition of
the silver-containing particles with a flat
morphology that form within the periplas-
mic space. Currently, neither the synthesis
mechanism nor the physiological nature of
the particles is known.

The presence of inorganic materials
within organisms has broad implications
in physical sciences, such as geology, min-
eralogy, physics, chemistry, and materials
science (9, 10), as well as in biological
fields, such as zoology, microbiology, mor-
phology, physiology, evolution, and cellu-
lar biology (1, 2). The structures of bio-
composites are highly controlled from the
nanometer to the macroscopic levels, re-
sulting in complex architectures that pro-
vide multifunctional properties. There-
fore, there is much interest in inorganic
material formation by organisms in these
scientific fields (9–11). While biosciences
are studying the implications of biominer-

alization in organismal physiology and its
importance in species diversity and evo-
lution, physical sciences focus on the
mechanisms of formation and functional
characteristics of inorganic materials. The
synthesis mechanisms of inorganics by
multicellular and single-celled organisms
may be vastly different. Nonetheless, the
presence of an inorganic compound in
conjunction with a biological macromole-
cule within a tissue is intriguing in terms of
the phase compatibility in these complex
systems (9, 10). Furthermore, many as-
pects of composite materials biosynthesis
are unusual from the traditional point of
view of materials synthesis. These charac-
teristics include the mineralogy of the
inorganic; its phase composition, size, dis-
tribution, and morphology; its crystallog-
raphy; its long-range orientational order
of domains (texture); and its hierarchical
organization.

In multicellular organisms, bioinorgan-
ics are synthesized by a coordinated pro-
cess involving cohort of similar cells, such
as, in mammals, osteoblasts in bone (12)
or dentinoblasts in dentin (13). Both of
these hard tissues are extracellularly syn-
thesized by these cells that control size,
distribution, and morphology of the hy-
droxyapatite mineral particles (14). The
resulting hard tissues are composites of
particles within structural proteins (Fig.
1A). Dentin, enamel, and bone are known
to be multifunctional, serving as load-
bearing systems with piezoelectric prop-
erties. Similarly, in shell-forming mollus-
can species, mantel cells synthesize hard
tissues that are differentiated into many
different architectures. These include lay-
ered, columnar, and foliated structures of
crystalline units that are allotropic forms
of calcium carbonate (15). For example, in
Haliotis rufescens, the gastropod com-
monly known as red abalone, columnar
calcitic crystals constitute the prismatic
section, whereas layered aragonitic plate-
lets form the nacre (mother-of-pearl; Fig.
1B). Such a microarchitecture is a result of
an evolutionary design for an ideal im-
pact-resistant material providing armor to
the mollusk (16, 17).

Small inorganic particles could be syn-
thesized by many species of bacteria and
algae, and these particles could be oxides,
sulfides, carbonates, or phosphates (1, 2).

These particles have highly intricate archi-
tectures and are ordered during assembly.
In many cases, the particles have a well
defined shape formed within a certain size
range and have orientational (when they
are crystalline) and geometrical (even
when noncrystalline) symmetry. These
structural features are species-specific,
and all are thought to originate in the
macromolecules that control particle syn-
thesis. For example, in Aquaspirillum mag-
netotacticum, a magnetotactic bacterium,
small magnetite particles form within cy-
toplasmic vesicular compartments (mag-
netosomes) in ordered geometries (3), and
these particles are perfectly crystalline
(Fig. 1C). The magnetic particles are mag-
netic-sensing devices that steer bacteria
toward anaerobic sediments. Single-
crystalline semiconducting particles, e.g.,
CdS, are synthesized in algae as a result of
a toxification mechanism (18). Actinop-
oda and diatoms, single-celled organisms,
synthesize amorphous siliceous units that
are resting spores with highly intricate and
symmetrical geometrical shapes (Fig. 1D).
Similar structural skeletal units, spicules
of SrSO4, are found in Acantharia (19).
The cyst around a chrysophyte is a pro-
tective shell-like wall made of amorphous
silica with elaborate geometries (4). Fi-
nally, in some cyanobacterial species, an
outer cell surface proteinaceous mem-
brane, an S layer, is a template for calci-
um-sulfateycarbonate synthesis. The thin
layer of inorganic shell is a protective
covering, consisting of highly organized
two-dimensional ordered tiles (tessella-
tions; ref. 6).

Based on their observations, Klaus et al.
(7) note potential uses of bacteria for
nanostructured thin film or particulate
materials synthesis to support technolog-
ical applications. These uses, in fact, are
exciting prospects for all hard tissues in
that the understanding of the principles of
ultrafine particle (and hard tissue) synthe-
sis could potentially be exploited in ma-
terials sciences. The use of biological prin-
ciples in materials formation is an emerg-
ing field called biomimetics (9, 10). The
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fundamental premise in another emerging
field, nanotechnology, is that the physical
properties of materials are substantially
determined by the length scales that char-
acterize their structure and organization
(20–22). For example, the mechanical
properties of nanostructured composites,
the electronic structure of low-dimen-
sional semiconductors, the magnetic prop-
erties of superlattices, the properties of
single-domained particles, and the solu-
tion properties of colloidal suspensions,
all correlate directly to the nanometer-
scale structures that characterize these
systems (20). However, most traditional
approaches to synthesis of nanoscale ma-
terials are energy inefficient, require strin-
gent synthesis conditions (e.g., high tem-
perature, pressure, pH), and often pro-
duce toxic byproducts. Furthermore, the
quantities produced are small, and the
resultant material is highly irreproducible
because of the difficulty of control of
agglomeration (23). Despite the premise
of science and technology at the
nanoscale, the control of structural prop-
erties and ordered assemblies of materials
in two- and three-dimensions remains elu-
sive (24, 25).

Materials produced by organisms, on
the other hand, have properties that usu-
ally surpass those of analogous syntheti-
cally manufactured materials with similar
phase compositions. Biological materials
are assembled in aqueous environments
under mild conditions by using biomacro-
molecules (26, 27). Organic macromole-

cules both collect and transport raw ma-
terials and consistently and uniformly self-
assemble and coassemble subunits into
short- and long-range ordered nuclei and
substrates. The resulting structures are
highly organized from molecular to nano,
micro, and macro scales, often in a hier-
archical manner, with intricate nanoarchi-
tectures that ultimately make up a myriad
of different tissues (28). They are simul-
taneously ‘‘smart,’’ dynamic, complex,
self-healing, and multifunctional (29),
characteristics difficult to achieve in
purely synthetic systems. Therefore, bio-
mimetics, the use of biological principles
in materials synthesis and assembly, may
be a path for realizing nanotechnology.

Unfortunately, the current understand-
ing of the mechanisms of inorganic mate-
rials formation (biomineralization) in or-
ganisms and their regulation are far from
complete. The macromolecules associated
with hard tissues may act as nucleators,
growth modifiers, anchoring units, com-
partments, or scaffolds in mineral forma-
tion (30). Their major role may be due to
either templating (31–33) or enzymatic
effects (34). A macromolecular template
could provide stereochemistry and physi-
sorption for the inorganic formation. On
the other hand, an enzyme could regulate
inorganic phase synthesis by controlling
local chemistry. However, there has been
only limited work completed in assessing
the effects of these macromolecules in the
regulation and control of biomineraliza-
tion. Some elegantly performed research

has studied functions of the proteins that
were isolated from hard tissues and used
them in a purified state in materials syn-
thesis. Examples include amelogenins for-
mation in human enamel (35) and lustrin
in abalone nacre synthesis (36). In these
cases, the effects of proteins in various
mineral forms were investigated during in
vitro biomineralization (37–39). These
studies, however, are preliminary, because
a large number of macromolecules are
present in a hard tissue and may affect,
independently or in concert, the assembly
of hard tissue through control of the min-
eral synthesis. Further studies, therefore,
are essential to elucidate the specific ef-
fects of macromolecules in simulated in
vivo conditions that mimic natural, phys-
iological synthesis (40).

In the study by Klaus et al. (7), it is not
known whether the Ag-containing parti-
cles are a byproduct formed by some
unknown, purely accidental mechanism,
or perhaps, the organism uses the particles
in a cellular activity with a parallel mul-
tifunctionality (similar to magnetite in
bacteria; ref. 3). It is also plausible that
this species of bacteria uses the silver ions
as part of the electron-transport process in
its reduction to elemental silver. It is
interesting to note that the density of silver
would result in an increased density of the
cells in which it is formed, which would
enhance their settling out in a water col-
umn. Because P. stutzeri is known to be a
denitrifier, it can grown under anaerobic

Fig. 1. (A) This intricately architectured mouse incisor tooth has enamel rods. (B) Layered composite structure of nacre (mother-of-pearl) from Nautilus
pompelius shell. (C) Magnetite particles in Aquaspirillum magnetotacticum. (D) Siliceous skeletal structures in diatomaceous earth. Images in A and D were
recorded by scanning electron microscopy, and B and C were recorded by transmission electron microscopy.
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conditions by using nitrate in place of
oxygen as an oxidant in respiration.

Silver particles in solution normally
form equilibrium, cubooctahedral particle
morphology based on their isomorphic
crystal structure (41). This process is sim-
ilar to Au formation, for example, via the
reduction of its salts in an aqueous solu-
tion, a process known since Turkevich’s
study (42). In P. stutzeri, the Ag-contain-
ing crystallites are located within the
periplasmic space, and the flat shape
could be a consequence of the confined
space available for plate-like morphology.
On the other hand, the shape could be a
result of either an enzymatic reaction or
templating of a macromolecule that might
effect the growth kinetics. The isomorphic
crystallite with flat, hexagonal, or trian-
gular shape indicates that the crystallo-
graphic plane of the plate is the one with
the highest atomic density. Plate morphol-
ogy is preferred during crystal growth,
because material is accumulated faster
than during spherical growth. A flat crys-
tallite with a high aspect ratio (edge size to
thickness), e.g., 100y1, would have a sur-
face-to-volume ratio two orders of mag-
nitude larger than an equilibrium, sym-
metrical shape and, hence, could grow at

a comparatively higher rate. This recent
study (7), therefore, raises many interest-
ing questions regarding inorganic forma-
tion processes and associated cellular
mechanisms. It also opens up possibilities
in physical sciences. Many strains of
Pseudomonas are used in environmental
cleanup; likewise, the present strain may
be useful in bioremediation. In any case,
the article by Klaus et al. (7) is another
example revealing possibilities awaiting
interesting research activities in biomi-
metics (43, 44).

The premise in biomimetics is that in-
organic surface-specific proteins could be
used as templating or enzymatic agents for
controlled materials assembly either in
vivo, through the genetic control of the
organism, a long-term study, or in vitro,
through genetic engineering techniques, a
possible shorter-term study. There are
several ways to obtain surface-specific
proteins. The traditional approach, extrac-
tion from hard tissues, involves complex
and time-consuming procedures including
protein isolation, purification, amino acid
analysis, and sequencing (45). Another
way is to use existing proteins that are
known to bind to inorganic surfaces. A
number of proteins that bind to inorganic

surfaces do so nonspecifically, and the
primary mechanism is likely to be chemi-
sorption (46). Therefore, their use is lim-
ited and mostly depends on solution
chemistry. A more practical approach to
obtain surface-specific proteins would be
molecular design of recombinant proteins
via genetic engineering techniques. Ide-
ally, one would predict the surface topol-
ogy of the desired inorganic crystal face
and design the complementary molecule
that could fit it tightly with high binding
energy. Such designs can be accomplished
by site-directed mutagenesis of existing
proteins (47) or de novo selection of
polypeptide motifs via phage (48) or cell
surface (49) display libraries. In either
case, it may ultimately be possible to con-
struct a molecular ‘‘erector set’’ in which
different types of proteins, each designed
to perform a desired function, e.g., nucle-
ation or growth modification, could as-
semble into intricate, hybrid structures
composed of minerals and proteins. This
type of construction would be a giant leap
toward realizing genetically engineered
technological materials.
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