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Heterogeneous Microtubules of Self-assembled Silver and Gold Nanoparticles Using Alive
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Microtubules were constructed by covering the fungus Aspergillus aculeatus sequentially with
silver and gold nanoparticles, resulting in a stable hybrid mesostructured material that presented three
distinct regions containing different combinations of silver and gold nanoparticles. These heterogeneities
were determined by the hyphal growth since the impossibility to cover the dead fungus, which suggests
the influence of the secondary metabolites produced by living fungus in the deposition mechanism.
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1. Introduction

Biotechnological and supramolecular systems can range
from a few nanometers to about one micrometer, which
makes possible to manufacture heterostructures of large
morphological and functional complexity. Among these
systems, micrometric and nanometric materials constructed
using biotemplates made of bacteria,'? DNA** or fungi®®
have attracted a great interest due their unusual morphologies.
Because of their reproducibility and variety of structures
associated with a precise morphological control, biotemplates
became an efficient alternative to overcome the limitations
of conventional materials.

Self-assembled three-dimensional hybrid materials can be
fabricated using non-functionalized inorganic nanoparticles as
building blocks, such as noble metal nanoparticles obtained
with simple and well-established techniques.”'® These
nanoparticles are widely used to obtain materials where
shape homogeneity and composition are quite important,
for example in sensors, catalysis and devices for medical
and engineering applications.!"!s

Heterostructures consisting of multilayers with controlled
thickness have been constructed owing to interactions
between nanoparticles and biotemplates.'®!” Particularly,
fungi can be effectively used as biotemplates since they are
skilled at adapting in distinct environments. This versatility
extends to their peculiar shapes, ranging from mushrooms
to microfilaments.'®!” However, studies in relation to their
uncontrolled growing after the contact with noble metal
nanoparticles and the possibility to form microtubules
containing different types of nanoparticles are still limited.?
Therefore, understanding how nanoparticles form multilayers
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on the fungi surface opens up the opportunity to study
comprehensively the physical and chemical characteristics
of bioinorganic interfaces. In this context, we are reporting
the construction of hybrid materials using biotemplates made
of fungus Aspergillus aculeatus that were covered with non-
functionalized nanoparticles of silver and gold and we are
proposing a model to explain the origin of the compositional
heterogeneities observed.

2. Experimental

Silver and gold nanoparticles were synthesized by the
Turkevich method’. Precursors were gold (IIT) chloride
trihydrate (99.9 % trace metal basis, Sigma-Aldrich) and
silver nitrate ( > 99.0 % ACS reagent, Sigma-Aldrich).
Sodium citrate was used as stabilizer and reducing agent.
All of the chemicals were used as received. Water was
previously deionized using a Millipore Elix-3 equipment.
All the solutions and deionized water were autoclaved at
120 °C for 30 minutes. The synthesis of all samples, including
gold and silver colloidal nanoparticles, were prepared under
UV-Vis light inside a laminar flow chamber that was strictly
sterilized with sodium hypochlorite and ethylic alcohol 70
%. Solutions of silver and gold salts, with the concentration
of 0.1 molsL"! and volume of 1 mL, were prepared with
deionized water. These solutions were heated until boiling
temperature under constant agitation. After approximately
one minute, 1 mL of sodium citrate with the concentration
of 0.3 mol*L"! was added into silver and gold solutions to
form nanoparticles. The flask containing silver was cooled
to room temperature after 5 minutes of reaction and the other
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with gold was cooled after 12 minutes. The XRD patterns
of silver and gold nanoparticles and their respective UV-Vis
absorption spectra are shown in the Supplementary Material
(Figure ST).

Fungal hyphae were grown in 25 mL of an autoclaved
culture medium specific for fungi by adding 200 pL of the
suspension with activated spores. After hyphae growth, the
culture medium was removed, which was followed by the
addition of the noble metal colloidal dispersions. Microtubules
were prepared containing sequentially silver (AgNP) and
gold (AuNP) nanoparticles. Microtubules constructed with
multilayers of metal nanoparticles were prepared aiming to
obtain stable hybrid materials constituted of walls made of
silver and gold nanoparticles. In this experiment, 100 mL
of the silver colloidal dispersion, previously synthesized,
were added into the mycelial mass. After 7 days, this
colloidal dispersion of silver nanoparticles was removed
using a peristaltic pump and the mycelial material was
washed exhaustively with deionized water. Then, 100 mL
of a second colloidal dispersion of gold nanoparticles were
added. This second colloidal dispersion was kept in contact
to the mycelial mass for another 7 days. Finally, this colloidal
dispersion of gold nanoparticles was removed, leaving the
hybrid material made of fungus covered with two different
nanoparticles. The hybrid material was characterized by field
emission gun-scanning electron microscopy (FEG-SEM) and
energy dispersive X-ray spectroscopy (EDX).

3. Results and Discussion

The germination of spores and the hyphae growth of
the fungus Aspergillus aculeatus in a culture medium rich
in nutrients resulted in a microtubular structure suitable
to be used as a biotemplate. Figure 1a shows an optical
micrograph of the filamentous hyphae before the addition
of nanoparticles in which is observed the hyphae width
homogeneity. After the period necessary for hyphal growth,
culture medium was removed and the mycelial mass,
which was exhaustively washed with deionized water, was
kept inside the Erlenmeyer flask. Then, the first colloidal
dispersion, containing only AgNP, was added into this flask,
which means that nutrients were no longer available in the
medium to allow the hyphae growth, except by the citrate
used in excess to reduce the silver ion and to stabilize the
silver nanoparticles. Self-organization of AgNP took place
on the surface of the hyphae, resulting in an opaque grayish
yellow filamentous structure that could be easily separated
from the aqueous medium (Fig.1b).

The interaction between the fungus and silver nanoparticles
was strong enough to form structures completely covered
by nanoparticles that were easily handled because of their
mechanical strength.?' The first layer of silver nanoparticles
was probably formed through covalent bonds between
the metal nanoparticles and the proteins of the fungus
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Figure 1. Optical micrographs of Aspergillus aculeatus before
addition of AgNP and AuNP (a); scanning electron micrographs of
the fungus after the addition of colloidal dispersions (b).

biotemplate. It is possible that subsequent multilayers were
formed due to the entropic contribution while the Brownian
motion was responsible for the nanoparticles migration
from the medium to the hyphae surface.?> However, these
successive layers cannot be simply explained in terms of
chemical bonds between nanoparticles and the fungus.
Therefore, some attractive interaction should occur between
these nanoparticles mediated by molecules secreted by the
fungus®-%. Gold or silver nanoparticles keep their colloidal
stability indefinitely, but small changes in ionic strength,
temperature or dielectric constant can destabilize the colloidal
suspension owing to their influence on the diffuse electric
double layer around each nanoparticle. Usually, filamentous
fungi respond to chemical composition secreting several
molecules, including hydrophobin proteins that modifies
the surface tension of fungus hyphae.?® In our studies, we
observed that the formation of subsequent multilayers could
be associated to the influence of the secondary metabolites
produced by living fungus due the stress caused by the
presence of metal nanoparticles, since we did not observe
nanoparticles deposited on the surface of dead fungus.*
The interaction of these hydrophobic molecules with colloidal
nanoparticles seems to be responsible by the deposition of
successive layers of nanoparticles on the fungus surface.
After one week, we removed the AgNP dispersion from
the medium with alive fungus and added the second dispersion
of AuNP aiming to form a hybrid material consisting of an
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internal layer of silver covered by an external layer of gold.
Figure 2 shows the SEM image of this material and their
respective EDX element mapping. The red, blue and green
colors identify the AgNP and AuNP nanoparticles and the
silicon substrate, respectively. It is worth noting that gold
and silver nanoparticles were present and well dispersed
throughout the hyphae.

Nevertheless, the microtubule composition taken
from different regions of the same mycelial mass was not
homogeneous. In fact, additionally to the microtubules
composed of silver and gold nanoparticles shown in Fig.2,
we identified regions with only AgNP (Fig.3) and others
solely with AuNP (Fig.4). Although the culture medium
was completely removed before adding new colloidal
dispersions of nanoparticles, we consider the citrate used to
reduce and stabilize the nanoparticles influenced the hyphal
growth. Probably, the reason for the presence of three distinct
regions with different compositions was the impossibility to
stop the fungus growth, fed by the citrate from the colloidal
dispersions of nanoparticles.'® The first region composed of
AgNP was localized in the center of the mycelial mass. The
second region, covered with multilayers of both gold and
silver nanoparticles, was found in the intermediate segments
of the hyphae. The third region with only AuNP occurred
in the border of mycelial mass.

Although the undeniable potential use of these materials in
several technological fields, the existence of such heterogeneities
is, obviously, an obstacle for their wide application. For this
reason, it is of fundamental importance to understand the
relationship between the assembling mechanism and the
final heterostructure obtained. Figure 5 illustrates a possible
explanation of this irregular recovering. According to the
morphology of the mycelium, the hyphae growth occurs
uniquely in one direction from the center to outside. Cells
present inside the mycelium do not contribute to the fungus
growth, although they provide nutrients to the peripheral
cells. Usually, fungi grows not in function of the number
of cells, such as bacteria, but due the number of hyphae
tips and the amount of nutrients provided by the medium.?
During the assembly process, nanoparticles firstly came
into contact with the fungus when the AgNP dispersion was
added onto the Erlenmeyer flask containing the mycelial
mass. Naturally, these AgNP formed a uniform layer on
the hyphae surface, even when the fungi was growing, due
the excess of AgNP in the medium, which maintained the
concentration of nanoparticles almost homogeneous around
the fungus during the deposition, resulting in a uniform
kinetic of deposition. Later, when the second dispersion of
gold nanoparticles was introduced substituting the silver
nanoparticles, a second layer of AuNP was formed on the

Figure 2. SEM images and EDX mapping in 2D of the elements (b) Si, (c) Ag and (d) Au that compose the intermediate segments of the
hyphae filamentous fungus Aspergillus aculeatus covered with gold and silver nanoparticles. Hyphae was deposited on a silicon substrate.
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Figure 3. SEM images and EDX mapping in 2D of the elements (b) Si, (c) Ag and (d) Au that compose the filamentous
fungus Aspergillus aculeatus localized in the center of the mycelial mass. Note that this region of fungus is covered solely
with silver nanoparticles.

Figure 4. SEM images and EDX mapping in 2D of the elements (b) Si, (c) Ag and (d) Au that compose the filamentous
fungus Aspergillus aculeatus in the border of mycelial mass covered exclusively with gold nanoparticles.
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Figure 5. Ilustrative scheme of the different composition regions of the hyphae. Center of the hyphae is composed by AgNP. In an

intermediated region, AgNP and AuNP. In the tips, AuNP only.

first layer of AgNP, as expected. However, in the presence
of the nutrient citrate, hyphae were still growing, resulting
in new surfaces without any AgNP. These new surfaces
were covered exclusively by gold nanoparticles. Therefore,
at least, two regions should be identified, one formed by
multiple layers of AuNP and AgNP and a second of containing
exclusively AuNP deposited on the new fungus filaments
formed after removed silver nanoparticles. These two regions
of pure gold microtubules at the border of mycelium and
silver-gold microtubules in intermediary segments are in
agreement with our observation. Moreover, due the fungus
growth, the mycelium center became inaccessible to new
nanoparticles in consequence of the tortuous path through
the matted filament web, mainly considering that most of
nanoparticles were captured by the hyphae surface during the
diffusion process. This barrier effect preserved the mycelium
center and, consequently, the microtubules initially formed
inside it consisting exclusively of AgNP were inaccessible
to new nanoparticles of gold coming from outside, which
explain the third region of silver microtubules.

A key issue in nanotechnology is the fabrication of
identical materials in large scale. Reproducibility and

uniformity are fundamental aspects of any technology related
to nanomaterials.”?*?” Although the synthesis of colloidal
nanocrystals appears to be simple, supra-nanoparticles
assemblies is still a challenge.”® For this reason, the use of
biological templates to control the assembly of nanoparticles
allows the fabrication of functional materials through the
exploration of cooperative and synergetic effects. Fungi
morphologies are determined by their genetic code and by
the environment characteristics. In fact, filamentous fungi
exhibit variable responses to fungal strain and growth media,
which include the amount and the composition of nutrients,
pH, temperature and humidity.>*?% In fixed condition, fungi
will reproduce the morphological and physico-chemical
behaviour, which will guarantee the production of materials
of identical performance. On the other hand, growing fungi
biotemplates in different volumes can introduce problems in
scale-up that will interfere with the material quality. Perhaps,
the best strategy to produce large amount of these hybrid
materials with superior reproducibly and homogeneity could
be increasing the number of modular reactors than by the
use of larger reaction vessels, mainly considering that the
formation of these microtubules is slow and exhibits low
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thermal hazard potential. This strategy is largely flexible to
adjust the production to demand and client specification,
which is particularly advantageous for fine chemical or
biotechnological industries, where the production amounts
are often small.”®

4. Conclusion

Nanostructured functional materials were constructed
in a multilayer process using two different noble metal
nanoparticles, which evidently can be expanded to systems
constituted of different nanoparticles or more than three layers.
This approach opens new technological applications where
metal heterojunctions play important role, such as catalysis
and optical devices. However, the influence of the hyphae
growth led to the formation of distinct regions in the same
mycelium, which in turn generated some compositional
heterogeneity. Evidently, the key point was related to the
feeding ability of fungi to grow in presence of citrate. Perhaps,
nanoparticles can be generated using other reducing agent
than citrate since the simple fungus neutralization is not an
option due the impossibility to form microtubules on dead
fungus. On the other hand, the extraordinary capacity of these
hybrid material to form an efficient barrier to the nanoparticle
diffusion can be explored in fields related to environment
remediation, depollution and active selective membranes in
advanced materials for human and veterinary health.
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