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Many microbes, which are tiny organisms capable of causing disease,
have developed resistance to the common drugs used against
them. Alternative drugs are being developed to fight these resistant
microbes. One of these alternatives is the use of metal nanoparticles,
which are extremely tiny particles of metals like silver, gold, or
copper. Metal nanoparticles can be used directly against microbes
or as complements to traditional therapies. They can also be used
for many other applications in various industries. Filamentous fungi,
commonly called molds, can be used to produce alternative ways
to fight microbial infections. Here, as an example, we explain the
production of silver nanoparticles by filamentous fungi, and how
these nanoparticles could be used.
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METABOLITES

Chemical substances
released during the
active metabolism of a
microbe, in our case
fungi. Some types of
metabolites are drugs,
like antibiotics, as well
as pigments used for
food coloring.

ANTIBIOTIC

Substance used to treat
or prevent infections
caused by bacteria.

ANTIMICROBIAL
RESISTANCE

Capacity of some
microbes to resist to
the exposure of drugs
intended to kill them,
and to continue

to grow.

METAL
NANOPARTICLES

Very small particles,
with sizes ranging from
1 to 100 nm, of metal.
Much smaller than
most microbes.

FILAMENTOUS
FUNGI
Fungi that form

filaments
called mycelia.
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INTRODUCTION

Fungi are a diverse group of organisms and they are everywhere. There
are many known species, but we have not discovered them all yet. In
fact, we have only managed to describe 8—-10% of all fungal species.
This leaves much to be explored, studied, and understood [1]. Fungi
can have different appearances, sizes, and colors, depending on where
they grow. When observed under a microscope, we can see their
structures in detail like in Figure 1. The amount of detail depends on
the type of microscopy that we use (see Box 1).

You can see an increase in detail from stereomicroscopy (Figure 1C),
to optical microscopy (Figure 1D), and then to scanning electron
microscopy (SEM) (Figure 1E).

Fungi have adapted to each place they inhabit. One adaptation is
their ability to create several chemical substances, called metabolites.
Fungi use their metabolites as weapons against bacteria or even other
fungi. Humans can also make use of some of the metabolites as
antibiotics to fight infections caused by bacteria, or even use them
to fight cancer [1].

WHY DO WE NEED FUNGI TO HELP US FIGHT
INFECTIONS?

Drugs are becoming less and less effective against pathogenic
microbes. This is a worrying worldwide problem, leading to diseases
that are not easy to treat and microbes that are not easy to kill. When
exposed to medicines, microbes can adapt. Then, if they develop the
capacity to survive, they turn into superbugs, with the capacity of
antimicrobial resistance. We need urgent alternatives to our current
drugs. Metal nanoparticles (MNPs) are part of the ongoing wave of
exploration of such alternatives. These are extremely tiny particles of
metals that can be made of silver, gold, or copper.

Scientists have discovered that fungi can be used to produce MNPs.
Production of MNPs by fungi is sustainable, meaning that large
amounts can be produced faster and cheaper than other production
methods, and it does not produce chemical hazardous waste. The
most useful types of fungi for production of MNPs are molds. Molds,
also known as filamentous fungi, are different from mushrooms. They
form filaments or mycelia (Figure 1C). Molds are very sturdy organisms
and can accumulate metals from the surrounding environment. This
makes them ideal producers of MNPs.
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Figure 1

Different views of one

strain of Penicillium sp.,

with increasing detail.
(A,B) Petri dishes
(diameter = 90 mm)
with colonies as seen
with the naked eye,
from the front (A) and
the back (B). (C)
Stereomicroscopy
analysis of fungal
mycelia or filaments
(x 10 magnification,
scale bar: 75um). (D)
Optical microscopy
(400x magnification,
scale bar: 20 um). (E)
Scanning electron
microscopy image of
fungal spores (8,000x
magnification, scale
bar: 5pum).
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Figure 1

HOW ARE METAL NANOPARTICLES PRODUCED?

MNPs can be made of different metals, including copper, cobalt,
palladium, selenium, platinum, and lead. But, the most researched and
used MNPs are silver nanoparticles (AgNPs) and gold nanoparticles
(AUNPs). AgNPs and AuNPs have been shown to have antimicrobial
activity, which means they can kill or prevent the growth of many
microbes. This activity is not completely understood. However, we
know that some metal ions released from the MNPs (AgNP, Figure 2E)
can inhibit bacterial and fungal growth [2]. We also know that both
AgNP and AuNP work by damaging the cell membranes of microbes.
The antimicrobial activity of the nanoparticles can be affected by their
surface, composition, and amount. MNPs also have different effects
depending on the type of microbes they are used against [3].

MNPs can be made by several different processes. These processes
can be physical, chemical, or biological [4]. Chemical synthesis uses
potentially hazardous chemicals and generates toxic waste products.
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Production or
formation of
compounds from
simpler elements,
mediated by living
beings or organic
substances from
organisms. In our case
the biological synthesis
of MNPs is promoted
by fungi.

Remaining liquid
solution, after removal
of all solid substances.
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There are several different microscopes that vary in the type of images obtained,
size, price, and complexity. More complex microscopes will show higher amounts
of detail, but will be bigger, more complex to use, and more expensive. You can
see an increase in detail from stereomicroscopy, to optical microscopy, and then
to electron microscopy. Electron microscopy can be scanning electron microscopy
(SEM) or transmission electron microscopy (TEM). See Figure 1 for an example of the
levels of detail that can be seen with different kinds of microscopes.

Microscope
Stereomicroscope

Description

Also called dissecting microscope, uses
regular light to form images, provides a low
magnification of up to 300 times.

Also uses regular light to form images but
can provide a magnification of up to 1,000
times. It is the most common type of
microscope used.

Uses electrons instead of light to form
images from samples analyzed in vacuum.
Can produce a magnification of 1-3 million
times.

Also uses electrons instead of light, but
forms images from samples prepared in
slides or grids (like slices of bacteria) and
with some degree of transparency,
presenting increased details. Offers much
higher magnifications up to 50 million times.

Optical microscope

Scanning electron
microscope (SEM)

Transmission electron
microscope (TEM)

These waste products, if released into the environment, will affect
the ecosystem. Physical synthesis uses mechanical methods (like
crushing) to change large-sized pieces of metal into nano-scale
sized particles [4]. Biological synthesis of MNPs, which means
their formation using living organisms (in this case fungi), is often
the preferred method. It is considered an eco-friendlier technique
when compared to others. Its resulting MNPs are more compatible
with living tissues and less toxic for medical analyses; and, many
microbes, including fungi, can serve as eco-friendly nanofactories of
MNPs [3].

Biological synthesis of MNPs using fungi is a relatively simple process.
This is because fungi secrete large amounts of metabolites that can
be used to produce MNPs. For example, to produce AgNPs from
filamentous fungi (Figure 2), the fungi must first be grown in an
appropriate growth medium (one where the fungus grows better
and which might be different for each fungal species), which is
like a broth. After they have grown for a while, the fungal cells
are removed from the broth and put in water, where the cells
release metabolites. The fungal cells are then removed and the water
containing the metabolites is kept. This solution, free from fungi, is
called the supernatant. The supernatantis used to form MNPs through
a biological process that happens when certain chemicals are added
to the supernatant. Formation of MNPs is noticeable by the change
of color from yellow to brown, but it can then be further analyzed by
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Figure 2

(A) Small pieces are cut
from fully grown fungal
colonies (in Petri
dishes) and transferred
into liquid broth where
further growth will
occur (4-5 days). (B)
The fungal cells are
removed from the
broth and placed in
sterile water, where
they release
metabolites. (C) After 1
day, the fungal cells are
removed by filtration
and the supernatant is
kept. (D) A chemical is
then added to the
supernatant and left for
some time (varies from
hours to days) until
MNPs are produced.
Their production is
detected by color
change or microscopy.
(E) Here you see a TEM
image of AQNPs
synthesized by a strain
of Penicillium citrinum.
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Figure 2

several complex techniques, like electron microscopy, to make sure
MNPs have been produced (Figure 2E) [3]. For the formation of AgNPs,
the chemical added to the supernatant is silver nitrate. The yellow
supernatant obtained from the fungus Penicillium sp. will turn brown
after 4 days of incubation with silver nitrate, resulting in AQNPs.

OTHER USES OF MNPs

As mentioned, MNPs can be used to fight infections caused by
bacteria, fungi, or viruses. But they can also be used to detect
infections as part of medical tests, or in food packaging, to help prevent
microbes from contaminating the food. They can be added to the
materials used to make medical equipment, preventing microbes from
attaching to this equipment. This could help in preventing infections,
for example during surgeries. MNPs in the form of ointments, topical
creams, or solutions can be applied directly to wounds. MNPs can
be mixed with other materials or chemicals, as a part of other
antimicrobial drugs, or can even be used as a vehicle to deliver
other compounds, by carrying them to specific target cells. MNPs can
also have anti-cancer activity, they can be used as an ingredient in
cosmetics, or used in batteries and textiles. They have applications
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in industries very different from the medical and pharmaceutical
sectors, including agriculture, food industry, in energy and automobile
industries, and in many biotechnology fields [2, 4].

CONCLUSION

Filamentous fungi (or mold) are easy to manipulated in the laboratory,
simple to grow, able to form large amounts of cells, at relatively low
costs. This makes them ideal organisms for biological processes, such
as the production of MNPs.

As you have learned, there are many uses of MNPs in the fight against
a wide range of infections. But there is much yet to explore. With
the discovery of new filamentous fungal species, we might be able
to develop better and more efficient biological processes to produce
MNPs with higher antimicrobial activity against infectious microbes.
Such MNPs might help in the fight against superbugs.
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