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Bioleaching is examined as a low temperature (50 �C) soft chemical approach to nanosynthesis and sur-
face processing. We demonstrate that fungus based bioleaching of borosilicate glass enables synthesis of
nearly monodispersed ultrafine (�5 ± 0.5 nm) silicate nanoparticles. Using various techniques such as
X-ray diffraction, X-ray photoelectron spectroscopy and FTIR we compare the constitution and composi-
tion of the nanoparticles with that of the parent glass, and establish the basic similarities between the
two. The bioleaching process is shown to enhance the non-bridging oxygen component and correspond-
ingly influence the Si–O–Si network. The root mean square roughness of glass surface is seen to increase
from 1.27 nm for bare glass to 2.52 nm for 15 h fungal processed case, this increase being equivalent to
that for glass annealed at 500 �C.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Bioleaching is a well-known process in the context of metal
extraction from minerals [1–7]. However, its unique low tempera-
ture soft processing green chemistry capabilities has hardly been
exploited in the context of nanosynthesis and nanoscale surface
processing. Indeed, biofluids generated by micro-organisms con-
tain multiple organic acids capable of controlled slow leaching of
elements and proteins which can dynamically cap and control
the growth of molecular complexes, rendering the right conditions
for the synthesis of capped ultrafine nanoparticles. Most impor-
tantly this can be implemented at or near room temperature in
an environmentally friendly manner.

In the case of complex compounds such as multicomponent oxi-
des, sulphides, carbonates etc. valence-controlled synthesis of stoi-
chiometric nanosized particles is difficult because at low
temperature the proper phase may not form due to limitations of
phase equilibria and at high temperature the particle size can not
be easily controlled within the nano-regime. In such cases a prom-
ising approach is to start with a bulk source of the compound,
either naturally extracted or synthesized by high temperature pro-
cessing, and subject it to stoichiometric extraction and nanosyn-
thesis. Given the properties of biofluids described above,
ll rights reserved.
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bioleaching and biotransformation clearly offer a viable top–down
route to near room temperature nanosynthesis of such complex
systems.

Glass is a complex functional material that is found in diversi-
fied applications ranging from window panes, optical gadgets,
watches, contact lenses and goggles, bioactive glasses for tissue
engineering, energy systems, chemical containers and microfluidic
channels [8–10]. It is therefore of great interest to synthesize nano-
particles of glass for potential use as filler or additive materials in
composites, paints etc. or for biomedical applications. Glasses are
of various types with varying chemical compositions and micro-
structural properties. It is of interest then to examine whether
and to what degree a top–down nanosynthesis approach can trans-
fer the composition and constitution from the bulk glass to the
synthesized nanoparticles. In this work we have used borosilicate
glass for bio-processing and have shown that the nanoparticles
thus synthesized have a glassy state along with the desired inclu-
sion of boron. Borosilicate glass is a heat resistant glass with a very
low thermal expansion coefficient (third of normal glass) and a low
refractive index across the visible range. The corresponding nano-
particles may also find interesting applications exploiting these
unique properties. Finally, we have also examined the bio-pro-
cessed glass surface for any modifications.

Since the present work concerns fungal processing of glass a
few remarks may be made about the available background knowl-
edge related to bio-processing especially in the context of
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bioleaching [1,3,5,6]. Although bioleaching is accomplished by
several micro-organisms, its effectiveness varies for different
organisms and ambient conditions. Bacteria and fungi have at-
tracted particular attention in this regard. Several mechanisms
such as acidolysis, complexolysis, redoxolysis and bioaccumulation
are suggested to be involved in bioleaching. Compared to bacterial
leaching, fungal leaching has the advantages of the ability to grow
under higher pH, thereby being more suitable in bioleaching of
alkaline solids, and rendering a relatively faster leaching. Acidoly-
sis is shown to be the principal mechanism in bioleaching with
Aspergillus niger [1,11]. The fungus has been reported to produce
organic acids, which include citric, oxalic, and gluconic acids dur-
ing bioleaching. In bioleaching of sand a two step process involving
leaching of silica in the form of silicic acid followed by hydrolysis of
silicate complexes has been suggested [12]. In other studies, the
mechanism of fungal bioleaching is suggested to be complex and
not simply a direct chemical attack on the minerals. Indeed, the
micro-organism is suggested to participate in the process actively
[4]. For example, as bioleaching proceeds and the chemical consti-
tution of the ambient evolves, live bio-organism can dynamically
change the battery of chemical it can secrete. This has been sug-
gested to be the case for bioleaching of minerals using Aspergillus
sp. and Penicillium sp. [4].
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Fig. 1. Transmission electron micrographs of the nanoparticles obtained by biole-
aching of glass and biotransformation.
2. Experimental

For the extracellular bioleaching of glass cover slips a novel alk-
alotolerant and thermophilic fungus, Humicola sp., was isolated
from self-heating compost from the Pune district of Maharashtra,
India. It was maintained on MGYP (malt extract, glucose, yeast ex-
tract, and peptone) agar slants. Stock cultures were maintained by
sub culturing at monthly intervals. After growing the fungus at pH
9 and 50 �C for 4 days, the slants were preserved at the tempera-
ture of 15 �C. From an actively growing stock culture, subcultures
were made on fresh slants and after 4 days incubation at pH 9
and 50 �C, the same were used as the starting material for fermen-
tation experiments. For the bioleaching of glass slides, the fungus
was grown in 250 mL Erlenmeyer flasks containing 50 mL of MGYP
medium which is composed of malt extract (0.3%), glucose (1%),
yeast extract (0.3%), and peptone (0.5%). Sterile 10% sodium car-
bonate was used to adjust the pH of the medium to 9. After the
pH of the medium was adjusted, the culture was grown with con-
tinuous shaking on a rotary shaker (200 rpm) at 50 �C for 96 h.
After 96 h of fermentation, mycelia were separated from the cul-
ture broth by centrifugation (5000 rpm) at 20 �C for 20 min and
then the mycelia were washed thrice with sterile distilled water
under sterile conditions. The harvested mycelial mass (20 g of
wet mycelia) was then resuspended in 100 mL of distilled water
in 250 mL Erlenmeyer flasks at pH 9. Several glass slides (commer-
cially available borosilicate cover slips) were then added to the
solution and the same was put into a shaker at 50 �C (200 rpm)
and maintained in the dark.

The various fractions of the bioleached solution (used for the
treatment of the glass cover slips) were collected during the course
of reaction, by separating the fungal mycelia from the aqueous
component by filtration. The diluted bioleached solution was drop
cast on a carbon coated copper grid and analyzed using Transmis-
sion Electron Microscope JEOL model 1200 EX instrument operated
at an accelerating voltage of 120 kV at room temperature. HR TEM
images were also obtained using FEI Technai G2 system. FTIR spec-
tra of all samples were recorded on Perkin Elmer spectrum one B in
diffuse reflectance (DRS) mode. The AFM images were also re-
corded using Veeco multimode SPM Model-Nanoscope-IV to reveal
and estimate the surface roughness changes due to fungal process-
ing. X-ray diffraction data were recorded on Panalytical ‘X’ Pert
PRO system, while X-ray photoelectron spectra were recorded on
VG MicroTech ESCA 3000 instrument at a pressure <1 � 10�9 Torr.

3. Results and discussion

First, we analyzed the extracted solution for its contents. The
corresponding transmission electron micrographs (Fig. 1 and the
insets) bring out the formation of very tiny (�5 ± 0.5 nm) nearly
monodispersed nanoparticles by the bioleaching process. The his-
togram shown in the top inset clearly brings out the extremely nar-
row nanoparticle size distribution. As stated earlier, in addition to
organic acids the biofluids also have a set of proteins, which play a
role of capping agents in the process. As the dissolved components
get into the solution, they form reactive molecular complexes (that
eventually lead to the inorganic nanoparticles) that are also
dynamically capped by the proteins present. This arrests the
growth of the complexes and hence that of the corresponding
nanoparticles thus formed. Preliminary gel electrophoresis mea-
surements indicate that the fungus secretion exhibits four distinct
protein related bands, distinct with respect to their electro-mobil-
ity; the latter being a collective function of their molecular
weights, mobility and other characteristics. One or more of such
proteins may be the enzymes that act as the leaching agents as
well as the capping agents for the extracted silicate nanoparticles
(NPs). The presence of high concentration of such functionalizable
proteins should explain the tiny size of the nanoparticles.

In order to confirm the constitution of the nanoparticles, X-ray
diffraction, FTIR and X-ray photoelectron spectroscopy (XPS) tech-
niques were employed. The X-ray diffraction data shown in Fig. 2
compare the patterns for the parent glass (a), the as-extracted
nanoparticles (b), and the nanoparticles sintered at 500 �C (c).
The characteristics of the parent glass and those of as-extracted
nanoparticles compare favourably, although there are small differ-
ences in details, which can be attributed to structural relaxations
that can be expected in ultrafine nanoparticles [13]. In particular,
the primary lattice reflection is more weighted towards smaller
2h or larger d-value. For the annealed NP sample a host of well-de-
fined peak structures are seen to develop. These can be appropri-
ately marked by various peaks corresponding to silica, silicate
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Fig. 2. Comparison of X-ray diffraction patterns of (a) parent glass, (b) as-extracted
nanoparticles and (c) nanoparticles sintered at 500 �C.
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Fig. 3. (A) Comparsion of FTIR data for (a) as-extracted silicate nanoparticles, (b)
nanoparticles after annealing at 500 �C, (c) silica (SiO2) nanoparticles (100 nm)
prepared by stober’s method, and (d) commercial B2O3 powder; (B) X-ray photo-
electron spectroscopy data for boron (B 1s) for (a) parent glass and (b) drop cast film
of extracted nanoparticles on zirconia substrate.
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and boron oxide phases (JCPDS card PDF # 43-1300, 27-0784, 44-
1085). This shows that the as-extracted nanoparticles do represent
an amorphous glassy network phase comprising of various ele-
ments such as Si, Na, B, O resembling the parent glass and the same
get decomposed upon annealing at high temperature. It is very
interesting that most elements in the parent compound are ex-
tracted into the synthesized nanoparticles by the bioleaching pro-
cess. This shows that the presence of multiple complex etchants in
a biofluid have a collective ability to activate nearly stoichiometric
extraction and biotransformation.

FTIR measurements were done to identify the specific bonding
configurations in the samples. The specific interest was to examine
whether boron related bonds are present in the NPs which could
qualify it as a borosilicate rather than just silica (SiO2) NPs. Thus,
in Fig. 3(A) we compare the FTIR spectra for the cases of as-ex-
tracted (a) and 500 �C annealed (b) NPs. We also present in the
same figure the FTIR data for pure silica (SiO2) NPs (c) synthesized
in our laboratory by chemical method, and commercial B2O3 (d) for
comparison. The various stretching and bending modes identified
in the published literature have also been indicated [14–17]. These
data suggest presence of the signatures of m Si–O–Si, d B–O–Si, m
B–O–Si, m B–O bonds. This implies that the extracted nanoparticles
are borosilicate type. The presence of boron in the extracted nano-
particles was further confirmed by XPS. The corresponding data for
the parent glass (a) and the drop cast film of extracted NPs (b) on
the zirconia substrate are shown in Fig. 3(B). The signatures at
190.68 eV and 191.32 eV in the two cases correspond to boron (B
1s), albeit shifted due to small differences in the nature of bonding
between the bulk and the nanoparticles [18,19]. Upon annealing,
the peaks are seen to evolve and shift as expected and indicated
by the four arrows. For instance the signature indicated by ‘‘4”
(which is better defined than that in curve ‘‘a”) is close to but
shifted with reference to the corresponding sharper signature in
curve c for pure silica particles. Similarly signature ‘‘1” is close to
that in B2O3 and ‘‘3” overlaps well with those in curves c and d
for pure silica and B2O3. This is consistent with the evolution sug-
gested by XRD upon annealing wherein phases of SiO2, B2O3 are
seen to form.
In Fig. 4 we present the state of other elements seen in the XPS
spectra of the parent glass, the extracted nanoparticles (drop cast
film) and the bioleached glass surface. In the parent glass (a) case,
characteristic Si 2p and O 1s peaks are observed at binding energy
values of 103.2 eV and 532.64 eV, respectively, as expected. Inter-
estingly, in the case of the drop cast NPs film (b) and the fungal
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Fig. 4. X-ray photoelectron spectroscopy data for (a) parent glass, (b) the drop cast film of as-extracted nanoparticles on zirconia substrate, and (c) bioleached glass
respectively; the triangles represent the experimental data and the solid lines represent the fits to the data.
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processed glass surface (c) additional peaks appear on the lower
binding energy side for both Si 2p and O 1s at 99.12 eV and
528.87 eV, respectively. Moreover, shifts in the main peak posi-
tions towards lower energy are also observed, the shifts being
slightly higher for the nanoparticles as expected due to relaxations.
We also observed increase in the C 1s contribution towards its low
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Fig. 5. (A) Atomic Force micrographs (AFM) and (B) FTIR spectra, respectively
energy side. But since it appears in the same region as that for
adventitious carbon resulting from system hydrocarbon, it can
simply be due to the enhanced adsorption area due to roughness
as well as due to the extra proteins.

Significant, compositionally dependent changes are known to
occur in the O 1s spectra of glass samples. Previous studies have
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established that the larger binding energy peak (�532 eV) in the
spectrum is due to bridging oxygen (BO) which is covalently bound
to two silicon atoms (Si–O–Si), and the smaller binding energy
peak (�529 eV) is due to non-bridging oxygen (NBO) which is
covalently bound to one silicon and ionically bound to an alkali
ion such as sodium (Si–O–Na) [20–23]. Indeed, the intensities of
the photoelectrons from these oxygen types bonded in different
ways and the corresponding relative chemical shifts could be cor-
related with alkali and alkaline earth oxide contents and with the
related cation field strengths. Moreover, the ionic binding charac-
ter introduced into the glass networks by the alkali and alkaline
earth ions is a non-localized effect because not only the NBO atoms
are influenced but the BOs as well [25]. With increasing alkali ele-
ment fraction the line positions are shifted to lower binding energy
[26]. The intensity ratio of NBO/BO and their energy separation de-
pend on the content of the silica network modifier introducing
NBO. The XPS and FTIR data thus together imply that chemical
modification, especially the enhancements of NBO accompanies
the bioleaching process and is present in the NPs as well as the pro-
cessed glass surface.

Fig. 5(A) compares the atomic force micrographs (AFM) for the
parent (A(a)) and fungal processed (15 h) glass cover slips (A(b)).
The root mean square roughness was seen to increase from
1.27 nm for bare glass to 2.52 nm for 15 h processed case. It has
been reported that RMS roughness of this order is generated on
the glass surface by high temperature annealing at temperatures
above 500 �C [24]. It is very interesting that the same is generated
by fungal processing at 50 �C. We also compared the FTIR spectra
for the same two cases of interest (Fig. 5(B)). When normalized
at long wavelength, the spectra show significant changes in the
500–1200 cm�1 region, and small differences in the neighbour-
hood of 1800–2600 cm�1. The spectral features in low frequency
region are known to result from the Si–O–Si network (stretching
mode in the range 1000–1300 cm�1, Si–O–Si bending vibrations
around 800 cm�1 etc.) [20,25,26]. Thus, the network is clearly
influenced by fungal processing and represents an important as-
pect of chemical modification. We believe that the mild and con-
trolled surface modification of glass by fungal processing may
have applications in different fields.

4. Conclusion

In conclusion, we have demonstrated the use of fungus based
bioleaching for the synthesis of water dispersible nearly monodi-
spersed ultrafine (�5 ± 0.5 nm) silicate nanoparticles coated with
a natural secreted protein and have shown that the processed glass
surface also undergoes significant morpho-chemical modification.
Various characterizations are used to demonstrate that fairly stoi-
chiometric extraction and nanosynthesis are possible by bioleach-
ing and biotransformation.
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