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Abstract corrosion.Other applications, such as in biosers are
relevant, as well.

An interdisciplinary aproach to materials science is pro . ) , .
posed, irolving biological methods that complement The recent dlscovgry d@fiosynthsis of silver-based sin-
existing physical and chemical coating techniques. Silve@l€ Crystals in the size range of a few nm up to as large as
dielectric composite thin films were produced by a bio?00 nm, with well defined copwsitions and shapes, in
logical technique, using microbial biomass and metallie periplasmic space of the bacterial strgirstutzeri
silver nanoparticles, biosynthesised in the bacterial straff3259 points towards new uses of metaltadming
Pseudomonas stutzeri AG259. The organic material, to- bacteria as precursors in thin film and surface coating
gether with the metal particles, is used as precursor fiichnology [2,3]

film synthesis. Heat treated films backed by a metal dis-

played pronounced spectral selectivity of a kind that The metals of interest for use in functional coatings are
makes them interesting for photothermal conversion @fften toxic to organic cells. However, a large number of
solar energy. Tailoring of the optical properties of th&icro-organisms are classified with respect to their affin-
films is discussed in terms of effective medium theority to specific metal ions and their tolerance against high
with respect to particle shape and metal volume fractiometal concentrations. Some micro-organisms are known
The metal content of the films is controlled and monitore® bind considerable amounts of metals to different cel-

in-situ in the biological system. lular structures and are thus capable to actatmithese
metals [4,5] Metal binding mechanisms are currently the
1 INTRODUCTION subject of scientific discussion.

Biomimetics, i.e., materials science and engineerivr\llgESpeC'a”y silver is highly toxic to most microbial cells

through biology, and biomimetic materials gained gro and was often useq asa biogide or antir_nicrobigl agent [6]
ing attention in recent years[iThe synthesis of com- Pseudomonas stutzeri AG259 is a bacterial strain, which

osite materials with inhomogeneities on the nanometspOWS a remarkably high resistance against usually toxic
b ) omogenertie YMElElver corcentrations in the ambient medium. The resis-
or sub-micrometer scale is a continuing challenge in m

terial . Exiist 4 industriall lied phvsi lﬁ’:{nce mechanism that allows this bacterial strain to grow
enals science. xislg and industrially applied physical nqer such extreme conditions is yet unclear. Cellular

and chemllcal surface coating processes include phy&gﬁlmx pumping systems that protect the cytoplasm against
and chemical vapour deposition (PVD/CVD), chemicajyyic concentrations and small periplasmiwesitbinding
solution deposition (CSD) and electrochemical methodgyqeins that bind silver specifically are discussed in con-
Concerning material, energy and investment costs, polljection with other bacterial straif8,7]. Metal transport,
tion or reproducibility and bmompatibility all these tech- tolerance and deposition by bacteria are economically
niques have their specific drawbacks. Therefore, nemteresting in such applications as biomining and biore
addtional coaing techniques, especially biological onesmediation.
would be highly desirableNew biological production
methods for these composite materials may complemenOur work concerns studies of the development of proce-
existing physical and cheral methods in an entirely new dures and biological methods to produce metal or metal
and interdisqilinary way. New, three-dimensional andion containing functional surface coatings utilismécro-
selfassembling structures might become possible yganisms to help in the preparation of these new metal-
biomimetic techniques. containing coatings for practical applications. chké-
organisms, which are able to accumulate metals either in
The following examples can be given as areas of appflemental or in ionic form, are used to produce fional
cation of metal containing functional civags: surface coatings. Metal binding bacteria are catéd in
Optical anti-reflection coatings, reversibly colourable ometal-salts-containing media. After the metal ions are
switchable coatings, optical filters or polarisers, structuregccumulated by the cells, functional surface coatings can
surfaces as angular selective reflection/absorption co®€e obtained by reductiorf the metal ions or by minerali-
ings, biocompatibly passivated surfaces for implantation.
catalytically functional coatings, corrosion prdien
layers for metallic and non-melialsurfaces and texturing
of surfaces by carefully directed and controlled microbial



Fig. 2 Scanning electron microscopy (SEM) im
of the cross section of a thin film on a glass subs
The film is prepared from the biomass of the
accumulating bacterial straih stutzeri AG259 ani
heat treated for 1h at 480. Small granular silvs

Fig.1 Crystals with a variety of different types, particles are embedded in the caraceous ho

morphology, size and chemical composition, ca

produced byP. stutzeri AG259. Particles have he matrix.

agonal, triangular and spheroidal shape. Elem lises as silver sulphide. A third crystal type with a yet

analysis (i.e. EDX) and electron diffraction revei unspecified structure is neither pure Ag noL®\g

metallic Ag (shown to the right) as well as mi

amdounts AgS. The Ti peak is from the suppiog 3 COMPOSITE MATERIALSAS

gn. FUNCTIONAL THIN FILM COATINGS
2 SILVER-BASED CRYSTALLINE Ceramic;—metal_ composites (c_ermets) are known to exhibit
NANOPARTICLES, MICROBIALLY  [ElEeld ekt absorption and tuneable electrioal

FABRICATED

resistivity; these properties differ qualitatively from those

o ) . of the single components. Unique optical and electrical
Here we show a new phenomenon: biosynthesis of silvefzerties of cermet materials arise from the existence of

based single crystals_wnh weII_—deflned compositions "’?”sdmall (usually metallic) particles in a sounding (usually
shapes, such as equilateral triangles and hexagoRs, ifngyjating) matrix material, provided that the inhomoge-
stutzeri AG259, a bacterial strain, which was origily  pejties are small enough not to beaked on the length
isolated from a silver mine [8]The biologically synthe- ¢.aje of the probing electromagnetic field.

sised particles, together with the surrounding organic

material may be used as presons in thin fim and sur- oy approach to the preparation of cermet materials
face coating technogy, for which a ceramic-metal com- it inclusions being a few ten to a few hundred nm in
posite (cermet) or in this case, an organic-metal COMP¢ relies on the use of metallic nanoparticles. These are
site (orgmet) structure can yield ¢oiled optical, elec- biosynthesised in the periplasmic space, a gap between a
trical and other properties. bacterium’s sack-like cell membrane and the stronger,

. , exterior cell wall, of the silver accumulating bacé
Fig. 1 illustrates an example of a wholelceith large  gir4inp. stutzeri AG259.

accumulated particles that have crylsted in distinct

shapes such as equéadl triangles and hexagons. Fre- gjjer concentrations up to 5% of the bacterial dry mass
quently, the cell poIe; serve as preferrgd accumulatlg\l;bre reached, as was found by inductively coupled
sites, but other locations are also possible. Besides tﬁ‘%sma atomic emission spectroscopy (ICP-AES) on
large particles with distinct shapes, also small colloidg]ijeq, put otherwise untreated, cell material. The organic
particles can be found all over the cell wall. The majority,aterial surrounding the silver crystals constitutes a car-
of the silver here is accumulated and deposited as pagiaceous host matrix with atidnal interesting proper-
cles in vacole-like granules between the outer membrang.s Thin films with a thickessof a fewum were formed

and the plasma membrane as could be seen from trags-qenosition of the matial on aluminum or glass sub-
mission electron microscopy (TEM) images of thin SeCsgrates and air drying at room temperature. A subsequent
tions of cells. Particles have lineartent from a few NM  peat treatment in air was used to stabilise the films and to
up to as much as 200 nm or more. adjust the optical properties. Fig. 2 shows the cross sec-

. tion of a typical film after heat treatment on a glass sub-
At least three different crystal types could belgs®d  gyrate  Crystalline ntallic silver particles, previously

using TEM, energy dispersive X-ray analysis (EDX) andy nthesised in the bacial cell, are embedded homage

electron diffraction. .Most of the silver is deposited iNyusly in the film. The technique yielded hard coatings that
elemental form. A minor amount of the material crystalyere resistant to mechanical scratching with a knife. It
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Fig. 3 X-ray diffraction data of biologically pr
duced silver containing carbon films treated for
at the indicated temperatures. Spectra are vert
shifted and the carbon background has been
tracted. Peaks due to the [111] and the [200]tal
planes of silver indicate that silver is presen
crystalline elemental form and stable up to 450
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Fig. 4 Spectral near-normal reflectance forrpbimeti-
cally prepared films on aluminium substrates. Par
and (b) refer to carbonaceous material without
with silver particles, respectively. Spectra (1) refe
the films before heat treatment. The films weea
treated in air for 60 (2) and 150 (3) min. Opt
measurments were performed on a double-b

spectrophotometer with an integrating sphere, us
_ _ BasS( plate as reference. Also shown are calcu
can be expected that the coatings are long-ttable spectra (4) for a-C:H matel [10] produced from

since the heat treatment corresponds to an accelera ~y/p process with a thickness ofi® without (a) an
ageing of the films. Resistance against water and oth ;. (b) 2%(vol) silver.

solvents has to be investigated.

The physical and chemical properties of the films dement. The optial band gap, producing the absorption in
pend in a predictable way on the special conditions of thie short wavelength range, ensues from the loss of H and
heat treatment, i.e. temperature and duration of the h&atatoms and a consequent formation df @pordinated
treatment. The embedded silver particles are stable and @=C bonds during the heat treatment, as confirmed by
oxidation of the silver occurs up to a temperature gfhotoelectron spectroscopy [9he matrix material can
450°C as can be seen from X-ray diffraction data showbe regarded as hydrogenated amorphous carbon (a-C:H)
in fig.3. However, the clionaceous matrix becomes moredoped with further inorganic cell constitnts, mainly
porous with increasing temperature and the film thickneghosphoous, sulphur, calcium, potassium and chlorine.
decreases. This effect ensues most likely from oxidatid@ompared to conventional a-C{H0] produced from a
of C and H atoms and the evaluation of Gid HO. CVD process [11], the present material has a much lower
After 1h at 450C the matrix material was rabst de- band gap, i.e., the strong change in optical behaviour
stroyed and large agglomerated silver particles remainedcurs at a longer wavelength and the transition region is
between temperature stable desis of the matrix mate- much narrower. The position of this tsiiion region can
rial. After 1h at 500C also the crystalline silver particles be shifted to different wavelengths by specific heat treat-
decay and another, yet undetermined, crystallinetstieic ment.
arises.

The width of the transition region is governed by the

Fig. 4 displays near normal reflectance spectra of thaetal volume fraction in the film. The high absorption at
matrix material alone (a) as well as spectra of silver comavelengths shorter than QU in non-tempered films is
taining films (b) on aluminum substrates after differentaused by the presence of significant amounts of silver.
steps of heat treatment. The optical properties are charac-
terised by their very distinct wavelength selective absorp- 4 ROLE OF SILVER PARTICLES
tion, which can be twred to a large extent. Materials
with broad absorion in the short wavelength range andrne optical properties of the biomimetically produced
high reflectance in the long wavelength range are fgims depend not only on the heat treatment of the carbo-
voured for applicdons such as efficient thermal solarnaceous matrix material but also on the amount, size and

absorber coatings or optical filters. The matrix materialhape of the embedded silver particles. These parameters
obtains its spectral selectivity only after the heat treat-
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Fig. 5 Spectral normal reflectance calculated f
the Bruggeman effective medium theory applied
2-um-thick carbonaceous film containing sil
particles. The filmsvere taken to be backed by o

Equation (1) presumes topologically equivalent con-
stituents of the inhomogeneous material as well as a
spherical random unit cell. We toek from the literature

cally thick aluminium. Part (a) refers to films hav
the shown volume fraction of silver, and part (b)
obtained for a material with 3 vol.% silver and
shown value of the axial ratios of spheroidal p
cles. The inset in part (b) shows TEM image

[15] and used our own optical data for carbonaceous films
to deive g,. Figure 5 shows computed data fopu2-
thick films on aluminum substrates. Part (a) refers to dif-
ferent volume fractions of silver. A principal similarity to

the experimental data in fig. 4(b) is apparefih in-
creased amount of silver displaces the transition between
high and low absorption towards the IR and increases the
) ) reflection at shorter wavelengths slightly. Part (b) de-
may be controlled to some extent by the biological growthgnstrates the effect of the particle shape. Deviation from
conditions. In the following we will illustrate theoretically spherical particle shapes has a similar effect in displacing
the influence of the silver particles on the optical prog,e transition region towards the IR as a higher metal
perties and give examples of their biological control. content.

Size effects of the dielectric function of the silver parti
cles become relevant for very small particles of only a
few ten nm in size. However, it is very likely that the
The optical behaviour of our samples can be reconcilediver particles, though crystalline, contain impurities
with the existence of a cermet type structure, as can berving as scattering centres for the free electrons. The
shown by calculations according to effective mediurgcattering can be represented by a limited mean free elec-
theories. Specifically the Bruggeman mofE2], which  tron path. This effect tends to smear and displace the
was earlier successfully applied to selectively solar alransition between high and low absorption to some extent
sorbing nickel-alumina coatingd 3], may be used to [16]. Optical spectra werealculated by averaging inter-
demonstrate the effect of varying metal content in thigrence patterns to account for inhomogeneous layer
films and different shapes of the embedded silver parthicknesses. From these calculations it may be concluded,
cles. that for applications like wavelength selective efficient

thermal solar energy conversion, samples with higher

Hexagonal, triangular and elongated rod-like shaped sihetal cotent and non-spherical particle shapes are desir-
ver particles have been observed in the bacterial cellshle.

However, there is no simple model describing the optical

response of these geometries. Oblate and prolate sphegpp Biological control of silver particles

dal shapes may then be a good approximation, which can

be treated readily. The model is expressed in analogy
the formulas given ifil4]:

crystals, which were found in the cells and ca
approximated by the considered aspect ratios.

4.1 Tailoring of optical properties

'H)\e silver content of the films can be controlled biologi-
cally via the silver uptake into the bacterial cells. High
silver concentrations in the form of AgN@ the ambient
medium of the bacterial cells effect the microbial growth
by a largely increased lag phase at the beginning of the
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Fig. 6 Optical density (OD) as a function of tii Fig. 7 Spectral absorption and scattering cross
measured in-vivo for different silver concentrati tion for the growth medium, the mainly scattel
in the liquid culture medium. Solid lines represe bacterial cells and the mainly absorbing Ag part
fit to a Gompertz function yielding lag time (*) & bound to the cells, as derived from total and dit
maximum specific growth rate of the culture. transmittance measurements in an integre
inset shows increasing Ag uptake into growing sphere.
due to increasing Ag concentrations in the aml _ _ _ _
medium, as measured by ICP-AES. are reached for the cells grown in the silver rich environ-

ment than for cells grown in the silver free medium. The
higher value for the OD does not oespond to a higher
cultivation and by a considerably reduced growth rate, gfeld of biomass but can be gained by light absorption
can be seen in fig. 6. The yield of silver contiagnvital  in the silver particles, biosynthesised in the cells. The OD
biomass is thus retarded in a silver rich enument. Con'prises both ||ght Scattering and absorption_ As pre-
Elsewhere it has been reported [17] that the actual uptak@inary results indicate, it may be possible to distinguish
of silver into the cell is a rapid process, which occurgetween the cdributions to the OD which arise from the
within a few minutes. On the other handductively mainly scatering organic cell material and the ones re-
coupled plasma atomic emission spectroscopy (ICP-AE8)iting from the mainly absorbing silver particles. This is
showed (inset of fig.6) that the amount of silver accumwone by measuring the spectral transmittance in an inte-
lated in the cell increases drastically with increasing silvgjrating sphere as described e.g[1ifi]: This technique is
concentration in the surrounding medium. This procesgjitable to disern total and diffuse signals. Scattering and
saturates for ambient silver concentrations Iarger thana%orption Cross sections may then be derived for the or-
mmol/l. ganic mateal and the metal particles separately (fig. 7).
However, higher order extinction processes, may not be
The growth dynamics of a cell culture and the retardingeglected and will complicate the theoretical treatment.
effect of the silver concentration can be monitored byhe problem of separating absorption and scattering cross
measuring the optical density (OD) in-situ at a fixe&ections for strongly absorbing particles and hereby tak-
wavelength. Lag time and maximum specific growth ratgyg higher order processes into account is discussed in
are obtained by applying existing models such as a mog0, p. 292].
fied Gompertz equation described by Palmisano [18].
Further possibilities to influence the metal uptake ca
_ O OMp &/, ] padty and the physical properties of the silver particles,
y=A @ng expa A ()‘ t)+1 QE (3) such as, the variation of the pH value in the growth me-
dium, are currently investigated.

Here, y describes the OD, which is related to the micro-

bial growth, t is the timey,, is the maximum specific 5 CONCLUSION

growth rate,A is the lag time and A is the asymptotic

value reached by y for t approaching infinity. We were able to make materials with typical cermet pro-

perties by a new biologically based technique. Silver

The OD is connected to the microbial growth, althougbrystals in the sub-micrometer size range can be used

it is not straightforward to relate the OD directly to theogether with the surrounding organic material to obtain

number of cells. In the stationary phase, higher OD valudanctional thin film coatings after a specific heat treat-
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Fig. 8 Spectral reflectance for metal-dielectric ¢

posite coatings backed by aluminum. Curves 1
2 are biomimetically prepared coatings. Curvi
and 4 represent commercial selective solar ab
ing coatings, as obtained from Refs.[13] and |
respectively.

9]
[10]

[11]

ment. The low cost and relative simplicity of the method[,lz]
together with the possibility of tailoring the optical pro-
perties, make this method an interesting biologically
based complement to conventional physical and atemi
thin film coating technologies. The biological control ofj13)
metal uptake and physical particle properties such as size
and shape opens up new common interdisciplinary re-
search fields for life science and materials science. [14]

Materials with strongly wavelength selective propertie
have useful technical applications e.g. in coatings f(f?’S]
efficient photo-thermal conversion of solar enef,16]

and optical filters. Fig. 8 demonstrates the spectral per-
formance of the presently introduced biologically prefi6)
pared coatings in comparison with commercigllg,21]
available solar collector surface coatingéhe present
coatings are not yet optimised, as apparent from the fig-
ure, but have the potential of improved properties by aﬁﬂl
plying a graded index structure and larger silver fraction.
Progress in this direction can be expected fromoory [18]
work.

Further applications of biomimetically produced metal
containing carbonaceous materials, such as electrodes [f®]
micro batteries, are currently discussed.

[20]
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