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The synthesis of nanoparticles of different chemical composi-
tions, sizes, and controlled monodispersity is an important area
of research in nanotechnology. As far as the synthesis of metal
nanoparticles (and gold in particular) is concerned, a number of
chemical methods exist in the literature." Ever-increasing
pressure to develop environmentally benign nanoparticle syn-
thesis has lead to a renewed interest in biotransformations as a
route to growth of nanoscale structures. While many biotechno-
logical applications, such as remediation of toxic metals, employ
microorganisms like bacteria? and yeast® (the detoxification
often occurring through reduction of the metal ions/formation
of metal sulfides) it is only recently that microorganisms for use
in the synthesis of nanomaterials have been viewed with
interest.*% We have just demonstrated that the fungus
Verticillium sp., when treated with an aqueous solution of
AuCl,~ or Ag" ions, resulted in the in situ reduction and
consequent intracellular formation of gold® and silver” nano-
particles of good monodispersity. However, such biotransforma-
tion-based nanoparticle synthesis strategies would have greater
commercial viability if the nanoparticles could be synthesised
extracellularly directly in the aqueous medium. Towards this
objective, we have screened a number of species of fungus
belonging to different genera and have observed the extrac-
ellular synthesis of gold nanoparticles by treatment of the
fungus Fusarium oxysporum with aqueous AuCl,~ ions. The
details of this investigation are presented below. Most probably,
the reduction of the AuCl,~ ions occurs due to reductases
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released by the fungus into solution; this opens up a novel
fungal/enzyme-based in vitro approach to nanomaterials.

The inset of Figure1 shows two conical flasks with the
Fusarium oxysporum biomass before (A) and after (B) reaction
with AuCl,~ ions for 72 h.”®! The biomass has a pale yellow colour
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Figure 1. UV/Vis spectra recorded after addition of 2 x 10-3m HAuCl, solution
(100 mL) to water (100 mL) in which Fusarium oxysporum biomass (10 g ) was
incubated for 72 h. The curves are recorded after different reaction times. The
inset shows conical flasks with Fusarium oxysporum before (A) and after (B)
exposure to AuCl,” ions for 72 h. A colour version of the inset can be seen in the
Table of Contents.

before reaction with the gold ions (A) which changes to dark
purple on completion of the reaction (B). The appearance of the
purple colour clearly indicates the formation of gold nano-
particles in the reaction mixture.” The characteristic pink-purple
colour of colloidal gold solutions is due to excitation of surface
plasmon vibrations in the nanoparticles and provides a conven-
ient spectroscopic signature of their formation.® Upon filtration,
it was observed that the biomass was still pale yellow but that
the aqueous solution contained the gold nanoparticles. This
indicates that the reduction of the AuCl,~ ions takes place
extracellularly, which is an important observation that we will
return to subsequently.

In another experiment, the biomass (10 g) was immersed in
water (100mL ) for 72 h. After immersion the solution was
filtered and exposed to 103m AuCl,” ions in the dark. It was
observed that the metal ions were slowly reduced in solution as
evidenced by a gradual and steady increase in intensity of purple
coloration in the solution. Figure T shows the UV/Vis spectra
recorded from the reaction solution after different reaction
times. The strong resonance centred at about 545 nm is clearly
seen and increases in intensity with time, after 48 h it stabilises.
Quite interestingly, the solution was extremely stable with no
evidence of flocculation of the particles even a month after
reaction. The resonance is sharp and indicates only little
aggregation of the particles in solution.

It is clear from the above that the fungus Fusarium oxysporum
releases reducing agents into solution that are responsible for
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formation of the gold nanoparticles. UV/Vis and fluorescence
measurements of the aqueous solution exposed to Fusarium
oxysporum for 72 h clearly showed the presence of proteins in
solution (data not shown). Preliminary gel electrophoresis
investigations indicate that a number of proteins are released
by the biomass. The protein extract obtained by suspending the
Fusarium oxysporum mycelial biomass for 48 h contains a
minimum of four proteins of molecular masses between
66 kDa and 10 kDa as seen on gel electrophoresis.'® This extract
was concentrated by ultrafiltration through a YM-3 ultrafiltration
membrane and then dialysed against distilled water by using a
3K cut-off dialysis bag. This process removes the low molecular
weight components in the extract such as co-factors. The protein
mixture obtained after dialysis failed to reduce AuCl,~ ions.
However, on addition of stoichiometric amounts of NADH to the
protein extract, the reduction of AuCl,™ ions occurs quite readily.
This clearly indicates the reduction of AuCl,~ ions by NADH-
dependent reductases in the extract. It may be mentioned here
that in bacteria, an NADH-dependent iron(i) reductase has been
observed in the outer membrane of Geobacter sulfurreducens™
while a periplasmic iron(i) reductase has been isolated from
Magnetospirillum magnetotacticum.'? We believe that out of
four proteins of this study, one is responsible for the reduction of
AuCl,~ ions and the subsequent formation of gold nanoparticles.
This reductase is specific to Fusarium oxysporum—prolonged
reaction of AuCl,~ ions with Fusarium moniliforme did not result
in the formation of gold nanoparticles either intra- or extracell-
ularly. It is well known that proteins could bind to gold
nanoparticles through cysteine residues as well as by linkage
through amine groups in lysine residues.! The long term
stability of the gold nanoparticles in solution may be due to
stabilisation by the proteins.

A film of the gold nanoparticle solution formed by reaction of
gold ions with extracellularly secreted reductases for 72 h was
cast on a Si (111) substrate and carbon-coated transmission
electron microscopy (TEM) grids and than analysed by Fourier
transform infrared (FTIR) spectroscopy and TEM (Figure 2 A and
2B, respectively).® The FTIR spectrum shows the presence of
three bands at 1650, 1540 and 1450 cm~". The bands at 1650 and
1540 cm~! are identified as the amide | and Il bands (labelled 1
and 2 in Figure 2A) and are due to carbonyl stretch and -N—H
stretch vibrations in the amide linkages of the proteins,
respectively.'> ¥ The positions of these bands are close to that
reported for native proteins!™ and are in excellent agreement
with that observed in gold colloid:pepsin bioconjugates.'™ The
FTIR results thus show that the secondary structure of the
proteins is not affected as a consequence of reacting with the
AuCl,~ ions or binding with the gold nanoparticles. The band at
approximately 1450 cm~' is assigned to methylene scissoring
vibrations from the proteins in the solution.

The two TEM pictures recorded from different regions of the
gold nanoparticle film are shown in Figure 2 B. In the left picture,
well-separated gold particles having spherical and triangular
morphology are seen. These particles have a size range of 20—
40 nm. The right picture shows aggregates of gold nano-
particles. Even though there is large-scale association of the
particles, individual, discrete gold nanoparticles can clearly be
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Figure 2. A) FTIR spectrum recorded from a drop-coated film of an aqueous
solution incubated with Fusarium oxysporum and treated with AuCl,~ ions for
72 h. B) TEM micrographs recorded from two different regions of a drop-coated
film of an aqueous solution incubated with Fusarium oxysporum and treated
with AuCl,~ ions for 72 h.

discerned in this micrograph. The gold nanoparticles are thus
undoubtedly stabilised by the proteins that prevent their
sintering, a result in agreement with the UV/Vis spectroscopy
measurements which showed the gold solutions to be excep-
tionally stable. Optical microscopy analysis of this picture yielded
nanoparticles of 8—40 nm. The TEM results indicate that it is
indeed possible to synthesise gold particles of nanoscale
dimensions and tolerable monodispersity by using the fungus
Fusarium oxysporum. The gold nanoparticles synthesised with
Fusarium oxysporum are much smaller and more monodisperse
than those synthesised intracellularly with bacteria.™ 3

This, to the best of our knowledge, is the first report on the
extracellular synthesis of gold nanoparticles by a eukaryotic
system such as fungi. We would like to point out that even
though gold/silver nanoparticles have been synthesised by
using prokaryotes such as bacteria® ! and with the fungus
Verticillium sp.® the nanoparticles grow intracellularly presum-
ably by reduction of the metal ions by enzymes bound to the cell
walls of the organisms. This first report will be followed up with a
more detailed study aimed at controlling the nanoparticle size,
monodispersity, etc. by varying the gold ion concentration and
reaction time. The use of specific enzymes secreted by
organisms such as fungi in the extracellular synthesis of
nanoparticles is exciting for the following reasons: the synthesis
of nanoparticles in solution would be of importance in
homogeneous catalysis, while the nanoparticles may be immo-
bilized in different matrices or in thin-film form for optoelec-
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tronic applications. Indeed, the bioconjugates of gold nano-
particles with the proteins in solution might show novel
nonlinear optical properties. We believe the biggest advantage
of this method based on fungal enzymes is the possibility of
developing a rational approach for the synthesis of nanoparticles
over a range of compositions such as oxides or nitrides, and we
are currently working towards this end.
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Liposomes have been used extensively to analyze membrane
protein functions because they are realistic membrane substi-
tutes. In many applications liposomes are immobilized on solid
supports,? which often causes protein malfunctions.® This
problem was alleviated by suspending the lipid bilayers by long
tethers that extend from the solid support to a lipid molecule
immersed in the bilayer.® Such a lipid, however, cannot grip the
bilayer tightly enough to yield high stability. Here we report the
large-scale production of an engineered version of the small
membrane protein OmpA, which fastens the outer membrane of
Escherichia coli to the cell wall.”™ The presented OmpA derivative
attaches liposomes to streptavidin molecules wherever these are
located.

OmpA consists of an integral membrane domain (residues 1-
171) and a periplasmic peptidoglycan-binding domain (residues
172-325). A fourfold mutant (F23L/Q34K/K107Y with an addi-
tional methionine residue at the N terminus) of the membrane
domain® forms an eight-stranded 3 barrel with an aliphatic
waist bordered by two girdles of aromatic side chains (Figure 1).
This (3 barrel is tightly anchored in the membrane. We added the
mutation N26C, which introduces a cysteine residue at the tip of
one of the four long and mobile extracellular loops. The gene for
this cysteine-containing fivefold mutant “OmpAfc” was verified
by DNA sequencing. OmpAfc can be mass-produced in E. coli
inclusion bodies and (re)natured therefrom.”! Labeling Cys26
with a tethered biotin® permits a tight association of mem-
branes to streptavidin and their release by disulfide reduction.

The accessibility of Cys26 was checked photometrically by
Ellman’s reaction,” which resulted in 0.7 thiols per OmpAfc. The
disulfide exchange reaction with tethered biotin (Scheme 1)
yielded 80% “OmpAfc-biotin” as determined by photometric
detection of the leaving pyridine-2-thione. Given the length of
the spacer arm and the exposed position of Cys 26 (Figure 1), the
maximum distance between the biotin and the membrane
center amounts to about 70 A.

Solutions of OmpAfc-biotin in buffer A (20 mm tris(hydroxy-
methyl)aminomethane (Tris)-HCl (pH 8.5), 140 mm NaCl, 0.6%
(w/w) octyltetraoxyethylene (C4E,)) were tested for streptavidin
binding by titration of a fixed amount of OmpAfc - biotin with
streptavidin. Streptavidin and OmpAfc - biotin keep their overall
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