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The use of nanostructured materials is becoming
more widespread1–3; they are capable of giving unique
physical and chemical properties and are gaining
importance in areas such as biomedical sciences,
optics, magnetics, mechanics, catalysis and energy
science. However, the preparation of such
nanostructured materials poses several unique
challenges. Several different manufacturing
techniques are in use, that usually employ atomistic,
molecular and particulate processing in a vacuum or
in a liquid medium. Most of the techniques are capital
intensive, as well as inefficient in materials and
energy use. However, completely novel materials
with unexpected properties might emerge from
biomimetics, an interdisciplinary approach that can
be defined as ‘materials science and engineering
through biology’4. This article describes the use of
bacteria in a ‘living factory’ for the production of new
functional materials.

It is well known that biological systems can
provide a number of metal or metal-containing
particles in the nanometer size range5. For example,
many multicellular organisms use inorganic
materials (such as calcium carbonate or silica) in
combination with an organic matrix (proteins, lipids
or polysaccharides) to produce hard materials, such
as skeletal units, teeth and bones. Single-celled
organisms can also produce mineral structures that
form inorganic materials either intracellularly or
extracellularly; examples include magnetotactic
bacteria, which produce magnetite (Fe3O4) or greigite
(Fe3S4) and diatoms, which produce siliceous
materials. These particulate systems can be used as
precursors for the manufacturing of functional

materials6. The examples below deal with optical
coatings for solar energy applications7 and ion
insertion materials for electrical battery applications.
The potential of this approach is immense and
biomimetic materials will probably be of considerable
interest in the future8.

Microorganisms and metals

Bacterial cells are constantly exposed to stressful
situations and an ability to resist those stresses is
essential for their survival. The ability of
microorganisms to grow in the presence of high metal-
concentrations might result from specific
mechanisms of resistance. Such mechanisms include:
efflux systems; alteration of solubility and toxicity by
changes in the redox state of the metal ions;
extracellular complexation or precipitation of metals;
and the lack of specific metal transport systems9–11.

Metal–microbe interactions have an important role
in several biotechnological applications, including the
fields of biomineralization, bioremediation,
bioleaching and microbial corrosion, and have gained
growing attention in recent years. For example, the
understanding of microbial-influenced corrosion
processes in terms of localized changes in the surface
chemistry of carbon steel or other alloys has
improved12. Bacteria also intervene in mineral
precipitation reactions directly as catalysts of aqueous
chemical reactions and indirectly as geochemically
reactive solids13. The bacterial oxidation of minerals is
important in the formation of acid mine drainage and
in the extraction of gold, copper and uranium from
ores14,15. These processes are commercially exploited
in bacterial leaching operations, such as the recovery
of gold from arsenopyrite–pyrite ores16. Recent
advances in the understanding of the role and
application of microorganisms for the remediation of
toxic metal and radionuclide-contaminated sites have
also been reported17. These developments include the
use of natural and genetically engineered bacterial
strains that are capable of mobilization and
immobilization of metal ions. Effective techniques will
require bacterial bioremediation coupled with
effective chemical and engineering strategies17.

Metal micro-/nano-particles with suitable chemical modification can be organized

into new ceramic–metal (cermet) or organic–metal (orgmet) composites or

structured materials.These materials are attracting significant attention because

of their unique structures and highly optimized properties.However, the synthesis

of composite materials with inhomogeneities on the nanometer or sub-

micrometer scale is a continuing challenge in materials science.Many industrial

physical and chemical surface-coating processes using conventional techniques

are both energy and cost inefficient and require sophisticated instrumentation. In

the future,biology might offer a superior option.
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Microbial-based technology presents an economic
alternative for today’s mining, and mineral and waste
water treatment industries, at a time when high-
grade mineral resources are being depleted, energy
costs are increasing, and adverse environmental
effects are becoming more apparent as a result of
conventional technologies18. In addition, the
formation of inorganic particles within organisms has
a number of broad implications in materials science
and might become a central discipline for major
advances in biomimetic and bioengineering
applications.

Nanostructures in biology

Biological systems provide many examples of
specifically tailored, nanostructured molecules with
highly optimized properties and characteristics.
These biological materials can be used in their native
form directly extracted from the living systems, or
they can be processed after extraction and modified to
their desired form. Thus, the biological material can
be seen as a nanophase system in its own right and as
the starting point for producing other novel
nanophase systems. The formation of these materials
in vivo is often owing to a biologically controlled
mineralization process that produces materials with
well-defined characteristics. Many multicellular
organisms produce hard materials, such as bones,
shells and spicules using inorganic materials to build
complex structures19. These biominerals are
composite materials and consist of an inorganic
component and a special organic matrix; the organic
matrix has a vital influence on the morphology of the
inorganic compound.

Single-celled organisms also use inorganic
materials to produce cermet or orgmet composites,
formed either intracellularly or extracellularly. An
example of biologically controlled mineralization in
single-celled organisms are the magnetotactic
bacteria, which represent a heterogeneous group of
procaryotes with a variety of morphological types.
The vast majority of magnetotactic bacteria,
including cocci and rods, as well as all cultivable
vibrios and spirilla, are members of the 
α-Proteobacteria20,21. They all intracellularly
synthesize magnetic nanocrystals in magnetosomes.
The particles consist of Fe3O4 or Fe3S4 have a specific
size range (35–120 nm) and are surrounded by a
membrane. The morphologies of the magnetic-iron
particles include cubo-octahedral, elongated
hexagonal prismatic and bullet-shaped21. The
formation of magnetic particles within biological
membranes is of great interest, and small highly
uniform synthetic particles are grown under closely
controlled conditions. Numerous uses of these small
magnetic crystals have been considered. For example,
it has been suggested that magnetotactic bacteria
could be employed for the removal of heavy metals
and radionuclides from wastewater22. Another more
esoteric application regards the use of magnetotactic

bacteria to locate magnetic poles on meteoritic
magnetic grains23. Isolated magnetosome particles
are used as carriers for the immobilization of
bioactive substances such as enzymes, antibodies,
DNA and RNA (Ref. 24). Future applications might
include the incorporation of magnetite conjugates in
medical diagnostics, as well as new memory devices
for technological applications.

Further examples of nanostructures in biology
include diatoms (which produce siliceous materials),
bacteria that play an active role in the precipitation of
carbonates25,26 or in the formation of calcium
pyrophosphate crystals27, and S-layer-producing
bacteria28. Crystalline bacterial cell surface layers 
(S-layers) are the outermost cell envelope component
of many eubacteria and archaea and are composed of
2D crystalline arrays of identical protein or
glycoprotein subunits. The potential biotechnological
applications of these monomolecular arrays lies in the
production of ultrafiltration membranes, their usage
as stabilizing structures for lipidfilms and liposomes
and as matrices for the controlled immobilization of
biologically active macromolecules29,30.

Bacteria are capable of forming a diverse array of
minerals. Several investigations have shown that
cadmium sulphide particles can be microbially
produced in Klebsiella aerogenes31 and the yeasts
Candida glabrata and Schizosaccharomyces
pombe32,33. S. pombe detoxifies cadmium in the
environment using the active intracellular uptake of
the metal followed by its sequestration within small
iso-peptides. The metal–peptide complexes form
cadmium sulphide microcrystallites, which can
function as quantum semiconductor crystallites and
are ~1.8 nm in diameter. Such metal sulphide
crystallites have optical absorption, photosynthetic
and electron transfer properties that are size-
tuneable. The formation of biominerals by several
bacteria has been reported. Crystalline, needlelike
deposits are formed around the cells of Pseudomonas
aeruginosa in the presence of La(NO3)2 (Ref. 34). The
cells of E. coli sp. form electron-dense La deposits in
the periplasm35. A Citrobacter sp. accumulates heavy
metals as metal phosphates derived from
enzymatically liberated phosphate. The tolerance of
bacterial cells to metal ions and the formation of the
mineral particles is very much dependent on the
composition of the growth environment. The
absorption capacity of cells for metal ions can be
relatively high. Uranyl phosphate accumulates as
polycrystalline HUO2PO4 at the cell surface with a
maximum uptake of ~900% of the cellular dry
weight36. A maximum uptake of ~20% of the total
biomass has been reported for Klebsiella aerogenes
cells grown in the presence of 2mM Cd(NO3)2 (Ref.
31). Silver concentrations up to 25% of the bacterial
dry mass were reached in a mixed culture of
Thiobacillus ferrooxidans and Thiobacillus
thiooxidans after leaching of a sulphide mineral37.
Other biomineralization phenomena, such as the
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formation of tellurium in E. coli K12 (Ref. 38), the
direct enzymatic reduction of Tc(VII) by resting cells
of Shewanella putrefaciens and Geobacter
metallireducens39 and the reduction of selenite to
selenium by Enterobacter cloacea, Desulfovibrio

desulfuricans and Rhodospirillum rubrum40, have
been reported. Elemental selenium that is deposited
inside or outside cells is found in the form of spherical,
fibrillar and granular structures or amorphous
aggregates. However, the metal ions involved are less
favourable in materials science. Fragments of the
wall of Bacillus subtilis that had been treated with
gold chloride (AuCl3) revealed dense granules of 5–25
nm within the cell wall substance and exhibited
definite geometrical shapes41.

Advanced materials, naturally

One example of a metal-accumulating bacterium
(Pseudomonas stutzeri AG259) that is capable of
producing silver-based single crystals in the size
range of a few nm up to 200 nm is shown in Fig. 1.
These biologically fabricated nanostructures show
well-defined shapes and composition. To protect the
cells from the toxic consequences of silver, this
bacterial strain takes advantage of a detoxification
mechanism by the precipitation of silver in the
periplasmic space and its reduction to elemental
silver. The capability of producing crystalline silver
particles in a nanometer size range and with
controlled morphology is the basis of using this
biological method in the field of materials science.
Transmission electron microscopy and quantitative
energy dispersive X-ray analysis, together with
electron diffraction, reveal a variety of crystal
typologies (Fig. 2), such as hexagons and equilateral
triangles, as well as three different types of particles:
elemental crystalline silver, monoclinic silver sulfide
acanthite (Ag2S), and a further undetermined
structure42. The thickness of the periplasm constrains
the thickness of the crystals, but not their width,
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Fig. 1. Transmission electron micrograph of a Pseudomonas stutzeriAG259
cell grown on a 50 mM Ag+ containing agar substrate. Silver-based single
crystals with different size and morphology are associated with the cell.

Fig. 2. A variety of silver (Ag) crystal morphologies. The particles are a selection of different crystal morphologies that are found in whole cell
preparations and thin sections.



which can be rather large (100–200nm). This is also in
agreement with the findings published by Brown et
al.43 who developed a genetic system in E. coli to study
the protein-mediated control of crystal growth using
the crystallization of gold as a model system; a flat-
plate-like morphology then follows. However, the
transport mechanism by which silver enters the cell,
and the mechanism for the intracellular heavy-metal
deposition, remain to be elucidated. The silver ions
can be complexed to amine molecules at the cell wall
or in the growth medium and the translocation event
could be coupled to metabolic energy. Following the
interaction of the metal with chemical reactive groups
located on the bacterial surface or its translocation
into the cell, these sites nucleate the deposition of
more metal as a chemical precipitate thus leading to
the formation of mineralized crystalline particles.
Metal accumulation might therefore, occur in two
steps: a rapid reversible and metabolically
independent surface binding followed by
metabolically dependent, irreversible, intracellular
accumulation44,45. It is also possible that P. stutzeri
AG259 uses the electron-transport system of the
cytoplasmic membrane for the reduction of the silver
ions to elemental silver. However, the production of
the silver-based crystalline particles seems to be
connected with the ability of bacterial cells to survive
in an environment that would be highly toxic for other
bacteria. Such a response results in the detoxification
of Ag+ because Ag0 is a less toxic form.

The interest in bacterial nanophase systems
relates to their use as functional materials with
specific properties. The possible medical,
biotechnological and materials science applications of
these nanophase systems depend on several factors.
The large-scale cultivation capacity of the biomass
and the extraction techniques of the intracellular
particles are some of the biological prerequisites for
the manufacture of practical materials. On a
commercial scale, applications require a fundamental
understanding of the biochemical and genetic
principles by which the bacterial cell controls the
nucleation and growth of the particles. Bacterial
metal-ion resistance systems have been found on
plasmids, chromosomes and transposons10,11. Heavy
metals induce specific responses, including
modifications in gene expression that lead to the
synthesis of stress proteins. Identification of induced
genes, molecular cloning and sequencing and analysis
of the gene products will reveal the genetic and
molecular basis for silver resistance and crystal
growth in P. stutzeri. Initial studies that adressed
molecular genetics in P. stutzeri AG259 were made
using high voltage electrotransformation and
intrageneric transfer of silver resistance in
Pseudomonas46,47. Genetic engineering techniques
could potentially be used to improve the particle
properties and to control their chemical composition.

The possibility of directly synthesizing metal
particles in an organic carbonaceous matrix points

towards new uses of metal-containing bacteria in thin
film and surface technology, for which a composite or
cermet structure can yield controlled optical,
electrical, magnetic and other properties. The
following two examples elucidate this in particular.

Spectrally selective coatings for solar energy

absorption

Efficient photothermal conversion of solar energy
requires spectrally selective surfaces with a high
absorption of solar radiation and a low emittance of
thermal radiation48. The desired optical properties
can be achieved using a number of different
techniques48, with metal–insulator composite films
backed by infrared-reflecting surfaces being the most
widely used. Compositional grading, antireflection
coating, surface texturing can be used to boost the
properties.

Several surface coatings are already being used
commercially for solar collectors, such as
electroplated ‘black nickel’49, anodically prepared
nickel pigmented anodic aluminum oxide50 and
incompletely oxidized nickel coatings made by
reactive magnetron sputtering onto aluminum ribbon
in a roll-coating configuration51. In addition, optically
selective paint is used in some systems. An
alternative way to produce such coatings using
biomimetic techniques is demonstrated in the
following example.

A carbonaceous coating containing silver,
produced from P. stutzeri AG259 and backed by an
aluminum substrate shows strong wavelength-
selective absorption and has a potential application
as a solar absorbing coating52. Figure 3 shows a
typical film after heat treatment on a glass substrate.
Crystalline metallic silver particles, previously
synthesized in the bacterial cell, are homogeneously
embedded in the film.

These biologically prepared coatings exhibit
spectral selectivity, although they cannot compete
with surface coatings prepared using the more
traditional techniques (Fig. 4). However, optimization
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Fig. 3. Scanning electron microscopy image of a cross section of a thin
film on a glass substrate. The film is prepared from the biomass of the
Ag-accumulating bacterial strain Pseudomonas stutzeri AG259
following heat treatment for 1h at 400°C. Small granular silver particles
are embedded in the carbonaceous host matrix.



of the solar absorption performance is possible by
shifting the absorption edge towards longer
wavelengths, which is in agreement with theory. This
absorption edge can be adjusted by a heat treatment
process and by enhancing the metal concentration in
the organic material. A broad band antireflecting
coating is then possible by a graded index-type
structure – one that is achieved by increasing the
metal concentration towards the metallic substrate.

Lithium ion intercalation materials for electrical

batteries

Another example of biomimetically produced silver
carbon coatings demostrates their possible
applications in electrical devices. Porous carbon is an
excellent intercalation host of considerable interest in
modern battery technology53. Carbon anodes are thus
commonly used in efficient lithium ion batteries. High
reaction efficiency, high volumetric specific capacity
and a long life cycle can be achieved via a high
porosity of the intercalation host material and

through improved contacts by increasing the
electronic conductivity as a result of these metal
inclusions. New metal–graphite composite anodes
with ultrafine silver particles supported on a graphite
surface have a higher volumetric specific capacity and
longer life cycle than conventional graphite
anodes54,55.

Scanning electron microscopy shows that a
carbonaceous coating produced from organic material
from P. stutzeri AG259 has a highly porous structure
following heat treatment. Lithium ion intercalation
studies show that biomimetic carbonaceous coatings
might work well as battery electrodes. Furthermore,
a high porosity of carbonaceous films obtained from
templating the biological cellular structures increases
the active carbon surface and might thus yield
superior electrical properties. Thus, it can be expected
that, owing to the excellent proton or lithium-
conducting properties, biomimetically produced
carbonaceous coatings will work well as electrodes for
micro-batteries and electrochemical capacitors.

Conclusions and perspectives

An interdiciplinary culture has evolved in
nanotechnology that requires the collaboration
between physicists, chemists, biologists and
engineers. The corresponding disciplines have made
remarkable progress in the synthesis, visualization,
manipulation, modification and control of materials
on the nano- and micrometer scale.

Using metal-accumulating microorganisms as a
tool for the production of nanoparticles, and their
assembly for the construction of new advanced
materials, is a completely new technological
approach. The transfer of natural elements of 
cellular processes into a technical context using a
bottom-up strategy can be seen as counterpart to the
top-down-structuring procedure in microelectronics.
Bacteria that produce mineral phases, in which
inorganic particles are grown within or on an organic
matrix produced by the organism, exert strict control
over size, morphology, composition, and
crystallographic orientation of the particles. These
unconventional properties have the potential to form
new advanced materials in what could be called ‘the
living factory’.
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Fig. 4. Spectral reflectance for metal-dielectric composite coatings
backed by aluminum for three commercially available solar collector
surfaces (plots 2, 3 and 4) and the biomimetic material fabricated with
the Pseudomonas stutzeri AG259 cells as a carbonaceous host matrix
(plot 1). Plot 1, biomimetic; Plot 2, carbon based paint; Plot 3, FeMnCuOx

based paint; Plot 4, sputtered.

TRENDS in Biotechnology

0.3 0.6 1 2 3 4 5 7 10 20
Wavelength (µm)

R
ef

le
ct

an
ce

1

2

4

3

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Acknowledgments
The authors’ work was
supported in part by
grants from the EU and by
The Ångström Solar
Center at Uppsala
University. Because of
space limitations we have
focused on recent
publications; we apologize
to colleagues whose
original articles have
therefore not been cited.

References

1 Hayashi (1996) Ultra-Fine Particles; Exploratory
Science and Technology, Noyes

2 Edelstein, A.S. and Cammarata, R.C. (eds) (1996)
Nanomaterials: Synthesis, Properties and
Applications, IOP Publishing

3 Jauho, A.P. and Buzaneva, E.V. (eds) (1996)
Frontiers in Nanoscale Science of
Micron/Submicron Devices, Kluwer Academic
Publishers

4 Sarikaya, M. et al. (1999) Biomimetic assembly of
nanostructured materials. Mater. Sci. Forum 293,
83–98

5 Dickson, D.P.E. (1999) Nanostructured
magnetism in living systems. J. Magn. Magn.
Mater. 203, 46–49

6 Mann, S. (ed.) (1996) Biomimetic Materials
Chemistry, VCH Publishers

7 Joerger, R. et al. (1999) Spectrally selective solar
absorber coatings prepared by a biomimetic
technique. Proc. Soc. Photo-Opt. Instrum. Engr.
3789, 2–7

8 Mann, S. (1993) Molecular tectonics in
biomineralization and biomimetic materials
chemistry. Nature 365, 499–505

9 Beveridge, J.T. et al. (1997) Metal-microbe
interactions: contemporary approaches. Adv.
Microb. Physiol. 38, 178–243

10 Silver, S. (1996) Bacterial resistance to toxic
metal ions – a review. Gene 179, 9–19

11 Rouch, D.A. et al. (1995) Understanding cellular
responses to toxic agents: a model for mechanism-

choice in bacterial metal resistance. J. Ind. Micro.
14, 132–141

12 Angell, P. (1999) Understanding microbially
influenced corrosion as biofilm-mediated changes
in surface chemistry Curr. Opin. Biotechnol. 10,
269–272

13 Zierenberg, R.A. and Schiffman, P. (1990)
Microbial control of silver mineralization at a sea-
floor hydrothermal site on the northern Gorda
Ridge. Nature 348, 155–157

14 Lundgren, D.G. and Silver, M. (1980) Ore
leaching bacteria. Annu. Rev. Microbiol. 34,
263–283

15 Dopson, M. and Lindstrom, E. B. (1999) Potential
role of Thiobacillus caldus in arsenopyrite
bioleaching. Appl. Environ. Microbiol. 65, 36–40



16 Harvey, P.I. and Crundwell, F.K. (1997) Growth
of Thiobacillus ferrooxidans: a novel experimental
design for batch growth and bacterial leaching
studies. Appl. Environ. Microbiol. 63, 2586–2592

17 Stephen, J.R. and Macnaughton, S.J. (1999)
Developments in terrestrial bacterial remediation
of metals. Curr. Opin. Biotechnol. 10, 230–233

18 Hutchins, S. R. et al. (1986) Microorganisms in
reclamation of metals. Annu. Rev. Microbiol. 40,
311–336

19 Lowenstam, H.A. (1981) Minerals formed by
organisms. Science 211, 1126–1131

20 Spring, S. and Schleifer, K. H. (1995) Diversity of
magnetotactic bacteria. System. Appl. Microbiol.
18, 147–153

21 Schueler, D. and Frankel, R. B. (1999) Bacterial
magnetosomes: microbiology, biomineralization
and biotechnological applications. Appl.
Microbiol. Biotechnol. 52, 464–473

22 Bahaj, A.S. et al. (1998) Continuous radionuclide
recovery from wastewater using magnetotactic
bacteria. J. Magn. Magn. Mater. 184, 241–244

23 Funaki, M. et al. (1992) The S pole distribution on
magnetic grains in pyroxenite determined by
magnetotactic bacteria. Phys. Earth Planet
Interior 70, 253–260

24 Matsunaga, T. (1991) Applications of bacterial
magnets. Trends Biotechnol. 9, 91–95

25 Kajander, E. O. and Çiftçioglu, N. (1998)
Nanobacteria: an alternative mechanism for
pathogenic intra- and extracellular calcification
and stone formation. Proc. Natl. Acad. Sci. U. S.
A. 95, 8274–8279

26 Rivadeneyra, M-A. et al. (1999) Biomineralization
of carbonates by Marinococcus albus and
Marinococcus halophilus isolated from the Salar
de Atacama (Chile). Curr. Microbiol. 39, 53–57

27 Keefe, W.E. (1976) Formation of crystalline
deposits by several genera of the family
Enterobacteriaceae. Infec. Immun. 14, 590–592

28 Schultze-Lam, S. et al. (1992) Participation of a
cyanobacterial S layer in fine-grain mineral
formation. J. Bacteriol. 174, 7971–7981

29 Sára, M. and Sleytr, U.B. (1996) Crystalline
bacterial surface layers (S-Layers): From cell

structure to biomimetics. Prog. Biophys. Molec.
Biol. 65, 83–111

30 Pum, D. and Sleytr, U. B. (1999) The application
of bacterial S-layers in molecular nanotechnology.
Trends Biotechnol. 17, 8–12

31 Holmes, J.D. et al. (1995) Energy-dispersive X-ray
analysis of the extracellular cadmium sulfide
crystallites of Klebsiella aerogenes. Arch.
Microbiol. 163, 143–147

32 Williams, P. et al. (1996) Production of cadmium
sulphide microcrystallites in batch cultivation by
Schizosaccharomyces pombe. J. Biotech. 48,
259–267

33 Dameron, C.T. et al. (1989) Biosynthesis of
cadmium sulphide quantum semiconductor
crystallites. Nature 338, 596–597

34 Mullen, D. et al. (1989) Bacterial sorption of heavy
metals. Appl. Environ. Microbiol. 55, 3143–3149

35 Bayer, M.E. and Bayer, M.H. (1991) Lanthanid
accumulation in the perplasmic space of
Escherichia coli B. J. Bacteriol. 173, 141–149

36 Macaskie, L.E. et al. (1992) Uranium
bioaccumulation by a Citrobacter sp. As a result of
enzymatically mediated growth of polycrystalline
HUO2PO4. Science 257, 782–784

37 Pooley, F.D. (1982) Bacteria accumulate silver
during leaching of sulphide ore minerals. Nature
296, 642–643

38 Taylor, D.E. (1999) Bacterial tellurite resistance.
Trends Microbiol. 7, 111–115

39 Lloyd, J.R. et al. (1999) Reduction of technetium
by Desulfovibrio desulfuricans: biocatalyst
characterization and use in a flowthrough
bioreactor. Appl. Environ. Microbiol. 65,
2691–2696

40 Kessi, J. et al. (1999) Reduction of selenite and
detoxification of elemental selenium by the
phototrophic bacterium Rhodospirillum rubrum.
Appl. Environ. Microbiol. 65, 4734–4740

41 Beveridge, J.T. and Murray, R.G.E. (1980) Site of
metal deposition in the cell wall of Bacillus
subtilis. J. Bacteriol. 141, 876–887

42 Klaus, T. et al. (1999) Silver-based crystalline
nanoparticles, microbially fabricated. Proc. Natl.
Acad. Sci. U. S. A. 96, 13611–13614

43 Brown, S. et al. (2000) A genetic analysis of crystal
growth. J. Mol. Biol. 299, 725–735

44 Slawson, R.M. et al. (1992) Germanium and silver
resistance, accumulation, and toxicity in
microorganisms. Plasmid 27, 72–79

45 Beveridge, J.T. (1989) Role of design in bacterial
metal accumulation and mineralization. Annu.
Rev. Microbiol. 43, 147–171

46 Haefeli, C. et al. (1984) Plasmid-determined silver
resistance in Pseudomonas stutzeri isolated from
a silver mine. J. Bacteriol. 158, 389–392

47 Trevors, J.T. and Starodub, M. E. (1990)
Elektroporation of pKK1 silver-resistance
plasmid from Pseudomonas stutzeri AG259 into
Pseudomonas putida CYM318. Curr. Microbiol.
21, 103–107

48 Niklasson, G.A. and Granqvist, C.G. (1991)
Selective solar-absorbing surface coatings:
Optical properties and degradation in Materials
Science for Solar Energy Conversion Systems
Granqvist, C.G. (ed.) pp. 70–105, Pergamon Press

49 Niklasson, G.A. and Granqvist, C.G. (1983)
Surfaces for Selective Absorption of Solar Energy:
An Annotated Bibliography 1955-–1981. J. Mater.
Sci. 18, 3475–3534

50 Andersson, Å. et al. (1980) Nickel pigmented
anodic aluminum oxide for selective absorption of
solar energy. J. Appl. Phys. 51, 754–764

51 Wäckelgård, E. and Hultmark, G. (1998)
Industrially sputtered solar absorber surface.
Solar Energy Mater. Solar Cells 54, 165–170

52 Joerger, R. et al. (2000) Biologically produced
silver-carbon composite materials for optically
functional thin film coatings. Adv. Mater. 12,
407–409

53 Burchell, T.D. (1999) Carbon Materials for
Advanced Technologies, Elsevier Science

54 Lin, C. et al. (1999) Development of carbon-metal
oxide supercapacitors from sol-gel derived carbon-
ruthenium xerogels. J. Electrochem. Soc. 146,
3155–3160

55 Momose, H. et al. (1997) X-ray photoelectron
spectroscopy analyses of lithium intercalation
and alloying reaction on graphite electrodes. J.
Power Sources 68, 208–211

TRENDS in Biotechnology Vol.19 No.1 January 2001

http://tibtech.trends.com

20 Review

REVIEWS

Trends Reviews are mini-reviews of fast-moving recent research topics and form the backbone of
Trends journals’ content. They aim to provide objective, authoritative and concise overviews of

recent progress in specific areas of research. Although they may often tackle controversial topics,
it is crucial that they should give a balanced view of developments and authors must never

concentrate unduly on their own research. However, they do allow room for some speculation and
debate. They should briefly set the background and then concentrate on setting recent findings

(past 2–3 years) in context. Review articles are usually commissioned by the Editor, but the Editor
will consider short outlines for Reviews. Articles should be preceded by a summary of ~100

words and additional explanatory text or definitions of specialist terms can be put in boxes. The
Editor reserves the right to request that Reviews be shortened and all articles are subject to peer
review, whether they are commissioned or unsolicited. If you would like to contribute a Review,

please contact the Editor. 


