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The white-rot fungus Stereum hirsutum was studied to evaluate its applicability for use in the biosynthesis of copper/copper oxide
nanoparticles under different pH conditions and in the presence of three different copper salts (CuCl,, CuSO,, and Cu(NOs;),). The
nanoparticle formation was evaluated by UV-visible spectroscopy, electron microscopy (TEM), X-ray diffraction analysis (XRD),
and Fourier transforms infrared spectroscopy (FTIR). The nanoparticles biosynthesis in presence of all copper salts demonstrated
higher formation with 5 mM CuCl, under alkaline conditions. TEM analysis confirmed that the nanoparticles were mainly spherical
(5 to 20 nm). The presence of amine groups attached to nanoparticles was confirmed by FTIR, which suggests that extracellular
protein of fungus is responsible for the formation of the nanoparticles. Therefore, the white-rot fungus S. hirsutum was found to

exhibit potential for use in the synthesis of copper/copper oxide nanoparticles.

1. Introduction

Nanoparticles have been synthesized through several physi-
cal and chemical processes; however, some chemical methods
are costly and ineflicient and generate hazardous wastes that
are risky for the environment [1]. Therefore, there is an urgent
need to develop environmentally friendly biological process
for nanoparticle synthesis. In this context, the biosynthesis of
stable metal nanoparticles by fungi has been reported [2, 3].
Several studies [3-7] have demonstrated that the mechanism
for the formation of metal nanoparticles involves the action
of a large number of enzymes secreted by fungi.

Copper as a metal or copper oxides exhibit broad-
spectrum biocidal activity, and several studies during the
last two years found that copper demonstrates remarkable
antibacterial activity at the nanoscale [8-14]. In contrast to
silver nanoparticles, which have been studied extensively for
antibacterial application [5-7, 15-17], copper is an essen-
tial element for living organisms and may be suitable for

biomedical applications [18]. It is important to note that
copper is approximately 10-fold cheaper than silver in the
market, and therefore, a method utilizing copper would prove
to be quite cost-effective [19]. On the other hand, it has been
reported that copper nanoparticles are less toxic than silver
nanoparticles [20].

Because Chile is one of the most important producers of
copper in the world (http://copperinvestingnews.com/10581-
chiles-copper-production-to-rise-in-2012.html), this coun-
try exhibits great potential for the development of copper
nanotechnology [18, 21, 22]. An important aspect in copper
nanotechnology is the production of nanostructures through
eco-friendly and safe processes. One of the processes that
fulfil these requirements is the biogenic synthesis of nanos-
tructures.

Microorganisms such as Fusarium oxysporum are able
to leach copper from integrated circuits present on elec-
tronic boards under ambient conditions [23]. The analysis
of the biogenic synthesis of copper oxides from CuSO, by



Penicillium aurantiogriseum, P. citrinum, P. waksmanii, and E
oxysporum showed no large polydispersity in the pH range of
5to 9 [24, 25].

The development of technology that uses white-rot fungi
for the production of metal nanoparticles is limited. At
present, these studies have only investigated the production
of gold and silver using the following different species of
tungi such as Phanerochaete chrysosporium [2, 26], Pleurotus
sajor-caju [27], Coriolus versicolor [28,29], and Schizophyllum
commune [30]. Due to the nonpathogenic nature of white-
rot fungus, the application of these microorganisms for
the production of metal nanoparticles could be seen an
interesting alternative due to high biomass production and
easy handling [2].

The synthesis has been reported mainly using plant
extracts, such as soya [31], Aloe barbadensis Miller[32], and
Tridax procumbens leaf extract [33]. In this context, a limited
number of studies have been published, and these evalu-
ated different fungal strains for the biosynthesis of copper
nanoparticles. Fungi, such as Penicillium sp. and E oxysporum
strains, have been reported to biosynthesize copper oxide
and Cu,S nanoparticles [24, 25]. The synthesis of copper
or copper oxide nanoparticles can present different surface
plasmon resonance, formed by the strong coupling between
incident electromagnetic radiation and surface plasmons in
metal nanoparticles [34]. In the case of copper nanoparticles
the peak absorbance between 580 and 590nm indicates
formation of Cu nanoparticles [35], and the absorbance
between 590 and 800nm corresponds to copper oxides
nanoparticles [36, 37]. The use of copper or copper derivatives
for the biosynthesis of nanoparticles using fungal strains
has only been reported using CuSO, copper salt, and no
comparative studies have been performed using other copper
salts, such as CuCl, or Cu(NO;),, with other fungal strains.
Moreover, it is important to note that the biosynthesis of
metal nanoparticles using different fungal extracts is really
clean and environmentally friendly [3, 4, 24]. In addition,
metals such as copper and biosynthesized copper nanopar-
ticles have been shown to have better antimicrobial activity
than nanoparticles synthesized via synthetic routes [38].

In this context, the aim of this study was to evaluate the
ability to synthesize copper and copper oxide nanoparticles
using a mycelium-free extract produced by Stereum hirsutum,
a white-rot fungus, in the presence of three different copper
salts and to characterize and assess the involvement of
proteins in the formation of the nanoparticles.

2. Materials and Methods

2.1. Chemicals. CuSO,, Cu(NOs;),, and CuCl, were used for
the biosynthesis of Cu and copper oxide nanoparticles.

2.2. Microorganisms for the Biosynthesis of Nanoparticles. S.
hirsutum, a native fungus from Southern Chilean forests, was
obtained from the culture collection in the Environmental
Biotechnology Laboratory of Universidad de La Frontera,
Chile. The fungus was transferred from slant culture tubes
(maintained at 4°C and subcultured every six months) to malt
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extract agar (MEA) plates and incubated at 30°C for 5-7 days
before being used for the inoculum preparation.

2.3. Preparation and Characterization of Mycelium-Free Fun-
gal Extract. The fungal inoculums were obtained by transfer-
ring five circular pieces of agar (6 mm diameter) into 500 mL
Erlenmeyer flasks with 100 mL of growth medium (pH
5.0) containing 15g L™ glucose, 5gL~" potato peptone, and
2.5gL7" yeast extract and incubating the culture in the dark
for 15 days at 100 rpm and 25°C. The fungal biomass obtained
at the end of the incubation period was filtered through
filter paper grade 4 and washed thoroughly with sterilized
deionized water. Approximately 8 g (wet weight) of the fungal
biomass was then transferred into 100 mL Erlenmeyer flasks
containing 50 mL of sterilized deionized water and incubated
in an orbital shaker (100 rpm) for 24 h at 25°C.

2.4. Biosynthesis of Copper/Copper Oxide Nanoparticles

2.4.1. Biosynthesis of Copper Nanoparticles by Mycelium-
Free Extract at Different pH Values. For the biosynthesis of
copper and copper oxide nanoparticles, a volume of 50 mL
of mycelium-free extract of S. hirsutum was transferred into
100 mL Erlenmeyer flasks, and the pH was adjusted to 5.0,
7.0, or 9.0. Then, 0.5mL of a stock solution (100 mM) of
different copper salts, namely, CuCl,, Cu(NOs;),, and CuSO,,
was added to obtain a final concentration of 5 mM. The flasks
were incubated for 7 days on an orbital shaker (100 rpm)
at 25°C in the dark. Erlenmeyer flasks containing only the
mycelium-free extract or the solution of CuCl,, Cu(NO,),,
and CuSO, were established as controls. All of the assays were
performed in triplicate.

A 2mL aliquot was removed from each flask after 0, 1, 2,
3,4, and 5 days of reaction, and their UV-visible spectra were
obtained using a spectrophotometer Genesys 10S to confirm
the biosynthesis of copper or copper oxide nanoparticles. The
mycelium-free extract that resulted in the reaction product
that exhibited a higher peak area and a greater height in its
UV-visible spectrum was selected for further studies. The
peak absorbance between 580 and 590 nm corresponded to
Cu nanoparticles [35], and the absorbance between 590 and
800 nm corresponded to copper oxides [36, 37].

2.5. Characterization of Copper Nanoparticles. The copper or
copper oxide nanoparticles obtained from the mycelium-free
extract selected as described above were characterized using
a transmission electron microscope (TEM) model JEOL JEM
1200EX IT and through Fourier transformed infrared (FTIR)
spectroscopy using a CARY 630 FTIR Agilent Technologies
instrument. Furthermore, the particle size distribution and
zeta potential of the samples were obtained through Zeta-
sizer Nano ZS90 X-ray diffraction (XRD) analyses using a
Shimadzu XRD 7000 instrument.

3. Results and Discussion

3.1 Biosynthesis of Copper and Copper Oxide Nanoparticles
by Mycelium-Free Extract at Different pH Values. Table 1
shows the results obtained by UV-visible spectrum for
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TABLE 1: Maximum absorbance on plasmon resonance absorption
(SPR) of the copper or copper oxide nanoparticles produced at 25°C

after 2 and 5 d of reaction: effect of pH and salts (5 mM).

pH Salts Absorbance Absorbance
(2d) (A, nm) (5d) (A, nm)
CuCl, 0.03 + 0.004 (670) 0.04 + 0.005 (670)
5 Cu(NO,), 0.02 + 0.003 (670) 0.02 +0.002 (670)
CuSO, 0.01 + 0.003 (670) 0.02 +0.003 (670)
CuCl, 0.03 + 0.003 (620) 0.04 + 0.002 (620)
7 Cu(NO;),  0.04 +0.004 (670) 0.04 + 0.003 (670)
CuSO, 0.02 + 0.003 (670) 0.03 + 0.002 (670)
CuCl, 0.03 + 0.002 (620) 0.06 + 0.004 (620)
9  Cu(NO,),  0.03+0.003 (670) 0.06 + 0.004 (670)
CuSO, 0.02 +0.002 (670) 0.04 + 0.003 (670-710)

the biosynthesis of copper or copper oxide nanoparticles by
the mycelium-free extract of S. hirsutum in presence of 5 mM
of different copper salts (CuCL,, Cu(NO;), or CuSO,) and
different pH values (5.0, 7.9, and 9.0).

As shown in Table 1, surface-plasmon resonance band
was observed between 620 to 710 nm with the three copper
salts evaluated. After 50 h of reaction at pH 5.0, a maximum
absorbance at 670 nm was observed with the three copper
salts evaluated. At pH 7, a maximum absorbance at 670 nm
was obtained with Cu(NO;), and CuSO,, but a change
in the maximum absorbance peak was observed (620 nm)
when CuCl, was used as the substrate. In contrast, higher
absorbance values at 620 and 670 nm were obtained with
CuCl, and Cu(NO,),, respectively, after 3d of reaction at pH
9.0.

The biosynthesis of copper or copper oxide nanoparticles
is readily apparent visually due to colour variations in the
mycelium-free extract of S. hirsutum compared with the
colour of the extract without copper salts. After 5d of
reaction at pH 9, the addition of CuCl, as the substrate
to the mycelium-free extract of S. hirsutum resulted in the
formation of bluish solution, and the surface of the nanopar-
ticles was surrounded by a biopolymer. However, even after
exhaustive washes, it was not possible to achieve an effective
separation or release of this polymer from the nanoparticles.
In contrast, as shown in Figure 1, the progressive appearance
of a strong broadening of the plasmon resonance between 590
to 650 nm and the peak maximum at 620 nm was observed,
indicating the biosynthesis of copper oxide nanoparticles
with a small particle size [36, 37], as was confirmed by TEM
(shown below). In general, it has been reported that copper
nanoparticles display a surface plasmon peak at 580-590 [35].
However, red shifts in absorption can occur between 590
and 800 nm, which are characteristic absorption peaks for
cuprous oxide (Cu,O) nanoparticles [36, 37].

Moreover, the precise position of the SPR band could
differ depending on the size, shape, and capping agent, among
other individual properties of the nanoparticles [39]. Accord-
ing to the results obtained by the UV-visible spectra, fungal
extract at pH 9.0 and 5 mM of CuCl, (Figure 1) not showed
the typical resonance plasmon at 590 nm after 5 h of reaction,
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FIGURE I: Biosynthesis of copper and copper oxide nanoparticles
mediated by the mycelium-free extract of S. hirsutum over a 5-day
reaction period at pH 9.0 in the presence of CuCl, (5 mM). Kinetics
of the absorbance on resonance plasmon absorption (SPR) based on
the UV-visible spectrum of copper or copper oxide nanoparticles.

indicating the absence of zero-valent copper nanoparticles
(CuO) or the presence of a minimal concentration of these.
In this case, at pH 9, the copper nanoparticles were likely
formed within a short period, resulting in the production
of Cu,O. In the presence of Cu(NOs),, the analysis of the
UV-visible spectra showed that the surface plasmon peak
at 670 nm is found at all pH values evaluated, which likely
indicates the formation of cupric oxide (CuO) nanoparticles,
as was reported by Abboud et al. [17] and Phuo and Chyu [40].
However, other researchers have reported that the synthesis
of CuO nanoparticles can be monitored by the formation of
SPR between 250 and 300 nm [17]. However, these differences
may be attributed to the differences in the methods used
(chemical or biological) for the synthesis of the nanoparticles.
Similarly, it has been reported that cuprous oxide (Cu,O)
can be monitored through its UV-visible spectra based on
the formation of a SPR band between 250 and 300 nm.
Therefore, the synthesis/biosynthesis of copper or copper
oxide nanoparticles cannot be monitored only through their
UV-visible spectra, and other identification techniques, such
as FTIR and XRD, are necessary.

The addition of 5mM CuCl, to mycelium-free extract
of S. hirsutum at pH 9 and 25°C resulted in the formation
of nanoparticles after 5 days, and these were embedded in a
biopolymer. After exhaustive washes, it was not possible to
achieve an effective separation or release this polymer from
the nanoparticles. The characteristics are shown in Figure 2.

3.2. Nanoparticles Characterization. The characterization of
the nanoparticles focused on the analysis of the copper
nanoparticles biosynthesized using CuCl, because more
defined peaks were obtained with this salt.

Figure 2 shows the transmission electron micrograph
(TEM) results. In particular, Figure 2(a) shows the TEM
image of the copper or copper oxide nanoparticles
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FIGURE 2: Transmission electron microscopy (TEMs) of (a) copper and/or copper oxide nanoparticles and (b) the nanoparticles embedded
in the polymer. These nanoparticles were biosynthesized by the mycelium-free extract of S. hirsutum in the presence of CuCl, (5 mM) after

3d at pH 9.0.

synthesized with the mycelium-free extract of S. hirsutum.
It is clear that the nanoparticles exhibit a spherical shape,
monodispersity, and diameters between 5 and 20nm. In
addition, Figure 2(b) shows a TEM image of the nanoparticles
embedded in the polymer.

Figure 3 shows the results of the FTIR, XRD, and zeta
potential analyses of the nanoparticles biosynthesized using
CuCl, at pH 9.0 after 72h of reaction. The FTIR spectra
(Figure 3(a)) of the nanoparticles biosynthesized at pH 9.0
revealed bands in the regions of 3280 cm™! and 2924 cm™!,
which are reported as type movements of stretching vibra-
tions in primary and secondary amines [2, 30, 41]. Other
researchers reported bands at 1640cm™ and 1540 cm’,
which are associated with type movements corresponding to
bending vibrations [2, 42, 43]. The bands near 1029 cm™! are
reported to be C-N stretching vibrations of aromatic and
aliphatic amines [43], and another band of interest found
in this study was observed at 1243 and 1244 cm™", which is
designated for bending vibration movements in amides I and
amides III [25]. A band at 1076 cm ™', which corresponds to
bending vibration movements in amides II, was reported by
Hosseini et al. [25] for the synthesis of CuS nanoparticles;
moreover, Chan and Mashitah [30] reported the same band in
the synthesis of silver nanoparticles biosynthesized by white-
rot fungi.

The overall observations confirm the presence of protein
in the samples of silver nanoparticles and copper and copper
oxide nanoparticles. This evidence suggests that the release of
extracellular protein by white-rot fungi may have resulted in
the formation and stabilization of the nanoparticles biosyn-
thesized in aqueous medium [2, 42, 43].

The bands at the 9001105 cm ™ region may also indicate
C-0-C pyranose ring stretching, beta-glycosidic linkages,
and glycosidic ethers bands of some polycarbohydrates. These
main bands indicate the presence of protein on the surface of
the copper and copper oxide nanoparticles, as well as some
biopolymers, likely polycarbohydrate.

An XRD analysis was performed (Figure 3(b)), and the
sample produced by Stereum hirsutum showed a powder X-
ray diffractometry pattern with peaks at 43.6°, 50.7°, and

74.45°, which represent the [111], [200], and [220] planes of
the FCC structure of copper [44] and peaks at 29.4°, 36.8",
42.1°, 61.9°, and 77.6°, which represent the [110], [111], [200],
[220], and [222] plants of the Cu,O structure (JCPDS file
number 05-0667) [45, 46]. The peaks at 32.8°, 35.9°, 39.1°,
46.3°, 49.1°, 52.9°, 58.7°, 66.6°, 68.3°, 72.6°, and 75.5" can be
assigned to the [-111], [002], [111], [-112], [-202], [020], [202],
[-311], [113], [311], and [400] planes, which match the values
of monoclinic-phase CuO reported in the literature (JCPDS
file number 45-0937) [47].

Therefore, the formation of Cu’, Cu,0, and CuO
nanocrystals in the sample was confirmed by the above-
described XRD studies, similarly to the transformation of
copper ions by soil microorganisms [48]. In addition, these
samples exhibited a peak with a 20 of approximately 16.5°,
22.5°, and probably 34.6°, representing the [110], [200], and
[004] crystal patterns, which is hypothesized to represent the
typical cellulose nanofibers structure. In fact, the cellulose
crystals exhibit characteristic assignments of [110], [200], and
[004] planes [49]. It is likely that these peaks indicate that
the biopolymer formed in the nanoparticles is a polycarbo-
hydrate and that these also involved the protein found in the
surface-capped nanoparticles. As shown in Figure 3(c), the
zeta potential results of the nanoparticles embedded in the
biopolymer present a negative surface charge with a value of
approximately —2 mV. The antimicrobial activities of this new
biomaterial are under study.

4. Final Remarks

We have demonstrated that the use of the mycelium-free
extract of S. hirsutum is an efficient tool for the biosynthesis
of copper nanoparticles, particularly in the presence of
CuCl, and under neutral or basic conditions. The TEM
results revealed that the biosynthesized nanoparticles were
monodispersed, spherical, and between 4 and 5nm in size.
The UV-visible spectra demonstrated that the biosynthesized
nanoparticles exhibited different oxidation states; therefore,
a mixture of zero-valent copper (Cu’), cupric oxide (CuO),
and cuprous oxide nanoparticles was synthesized by the
mycelium-free extract of S. hirsutum. These observations
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FIGURE 3: Analysis of the copper and/or copper oxide nanoparticles biosynthesized by the mycelium-free extract of S. hirsutum after 5d of
reaction at pH 9.0 in the presence of CuCl, (5 mM). (a) FTIR spectra, (b) XRD pattern, and (c) zeta potential.

were confirmed by XRD analysis, which also revealed that
a polycarbohydrate is associated with the stability of the
nanoparticle. The presence of protein attached to the copper
and copper oxide nanoparticles was confirmed by FTIR,
which suggests that the release of extracellular protein by
S. hirsutum may result in the formation and stabilization
of the nanoparticles biosynthesized in aqueous medium. In
addition, this technique demonstrated the presence of poly-
carbohydrates in the copper and copper oxide nanoparticles.
Therefore, this method provides a simple, fast, and efficient
tool for the green synthesis of copper and copper oxide
nanoparticles.

Finally, it is important to study the toxicity of copper
nanoparticles biosynthesized by this green method, especially
because cytotoxicity of copper nanoparticles is very poorly
understood compared to gold or silver nanoparticles. In this
sense, although bacteria have been demonstrated to be sen-
sitive microorganisms, a wide range of metal nanoparticles,
other species as crustaceans, algae, and fish, have been shown
to be more sensitive to metal nanoparticles [20].
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