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Statement of significance

Fungi are known to produce nanoparticles, and previous research suggested this synthesis is
linked to the secretion of certain biomolecules. However, little is known about the specific
conditions that trigger this process or the chain of reactions for this synthesis. In this study,
1 we investigated a fungus commonly found in the environment, i.e. Penicillium pimiteouiense,
12 to investigate the production of copper oxide nanoparticles. We found that the synthesis of
13 these nanoparticles occurs as secondary metabolites that are secreted into the growth media.
Factors such as temperature, pH, and growth phase also affect the production of these
metabolites. We also identified specific biomolecules involved in the synthesis of the
17 nanoparticles, including NADPH-dependent reductases and secondary metabolites with
18 phenolic groups. Oxidases were also found to play a role in the process. This study sheds new
19 light on the process of nanoparticle synthesis by fungi.
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Introduction

Environmental Science: Nano

The role of secondary metabolites in the production of CuO
nanoparticles by fungi: A physiological and metabolic approach

Ying Zhou®®, Hang N. Nguyen®, Janire Pefia-Bahamonde®, Francisco C. Robles-Hernandez%%
Luciana Jandelli Gimenes¢, Debora F. Rodrigues®d*

Previous studies showed that the biosynthesis of nanoparticles by diverse fungi is linked to the secretion of
NADPH/NADH in the growth media. The results of these studies suggested that the mechanism of synthesis of
nanoparticles is a generic pathway used by diverse fungi to synthesize different nanoparticles. However, very few
studies have performed a systematic investigation to understand the conditions triggering the secretion of these
essential biomolecules for the synthesis of nanoparticles or the chain of reactions leading to the production of
biosynthetic nanoparticles by fungi. In the present study, we isolated the fungus Penicillium pimiteouiense from a
copper mine in Brazil. Species of this genus have been previously described to synthesize different nanoparticles.
In the present study, we determined that this fungus can secrete metabolites for the rapid (within 10 min)
biosynthesis of copper oxide nanoparticles (CuO NPs) with a size range between 50 and 60 nm. The production of
these secondary metabolites is mainly affected by temperature, pH, type of growth media, and growth phase, but
not by the presence of Cu?*. Metabolomics was used to further elucidate the chain of reactions in the synthesis of
CuO NPs. According to the results, NADPH (Nicotinamide adenine dinucleotide phosphate) dependent reductases
(with NADPH as a cofactor), and secondary metabolites with phenolic groups were involved in the pathway as bio-
reductants converting Cu?* to CuO. The CuO NPs were further stabilized with peptides and other biomolecules,
which served as capping agents leading to the thermodynamic stability of CuO NPs with a defined shape and size.
This study confirms the previously reported role of NADPH/NADH in the synthesis of nanoparticles but brings
additional information concerning other important biomolecules from fungal metabolites that also play a role in
the biosynthesis of nanoparticles. Furthermore, this study identifies important physiological growth conditions that
can affect the production of such metabolites. This work provides a deeper mechanistic insight and potential
commercial opportunities for recycling metal-rich mine wastes and green fabrication of nanoparticles.

is remarkable and therefore has been widely used in photonic
and photo-electric applications.>7
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Over the past decade, engineered metallic nanomaterials have
been of great interest to the scientific community due to their

various applications in nanotechnology. Copper oxide

nanoparticles (CuO NP) typically exhibit a monoclinic structure
with a direct band gap ranging from 1.6 to 3.2 eV, which is an
attractive p-type metallic oxide semiconductor and widely
considered an excellent electrode material.® This nanomaterial
also has unique optical, electrical, and catalytic characteristics.Z
4 Additionally, the surface plasmon resonance (SPR) of CuO NP
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According to global projections, the annual production of Cu-
based nanoparticles will reach 1,600 tons by the year 2025.8
CuO NPs are commonly synthesized using various methods
including chemical reduction,® electrochemical,’® thermal
reduction,’ solid state reaction,’? sol-gel processing,’® and
hydrothermal methods.* Therefore, the current synthesis of
CuO NPs requires laborious processes including the use of toxic
chemicals.’® Due to the increasing demand for this type of
nanomaterial, recent studies have shifted efforts to investigate
clean, eco-friendly, low energy intensive, and low-cost ‘green’
synthetic routes. In this context, the use of microbes® (such as
bacteria, algae, and fungi) for producing bio-reductants for the
synthesis of nanoparticles has attracted attention. Among all
microorganisms, fungi are promising since they have a unique
physiology,
enzymes, proteins, molecules to degrade and
synthesize new compounds as well as stable nanoparticles.17-1°

which involves secreting several extracellular

and small

Hence, nanoparticles synthesized by fungi can be a sustainable
alternative to toxic chemical synthesis methods. Also, Fungi have
been regarded as “nanofactories” since large volumes of
nanoparticles can be produced by increasing the fungal growth
medium volume for easy scale-up.


mailto:dfrigirodrigues@uh.edu
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Earlier studies have demonstrated that proteins and/or
other biomolecules can control the nucleation and growth of
nanostructures and subsequently stabilize the nanoparticles.?%
21 Some studies have hypothesized that the biosynthesis
mechanism of metallic nanoparticles involved oxidoreductases,
other cofactors (such as NADPH reductase), and secondary
metabolites.22 However, there is still very limited information
available on the specific types of secondary metabolites,
enzymes, and enzymatic reactions involved in this biosynthetic
Other suggested that specific growth

are necessary to achieve the synthesis of

process. studies
conditions
nanoparticles by microorganisms.23 However, no
comprehensive and systematic study has been previously done
to connect and elucidate the environmental conditions
affecting nanoparticle synthesis and the actual synthetic
mechanism of CuO NPs. So far, there is only fragmented
information about the synthesis mechanisms. This study aims
to obtain a holistic view of the biosynthesis of nanoparticles,
using CuO NPs and an environmental isolated fungus as model

systems.

In this study, we use Penicillium pimiteouiense as a model
organism to produce CuO NPs. Penicillium sp. belongs to a genus

known to be involved in the production of diverse nanoparticles.24
This microbial strain was isolated from a soil sample collected in a
copper mine. This study's primary aim was to perform a
systematic investigation with P. pimiteouiense to determine the
growth parameters and metabolites needed to produce CuO
NPs. The overall objectives of this research included: i) to
identify optimum conditions for fungal growth and for CuO NPs
synthesis, ii) to characterize and determine the nanostructure
of the biosynthetic CuO NPs under the optimum conditions, and
iii) to disclose the specific biosynthetic pathway of CuO NPs
based on unique metabolites and enzymes secreted by the
fungus.

Materials and methods

Reagents

The chemicals purchased from Sigma Aldrich included malt
extract, yeast extract, D-glucose, peptone, potato dextrose
broth (PDB), NADPH (= 97 % (HPLC grade)), potassium
phosphate (= 98 %), sodium sulfite (97 %), acetone (> 99.5 %),
commercial CuO NPs (< 50 nm). The other chemicals were
purchased from other companies: potato dextrose agar (PDA,
dehydrated, BD Difco™), CuSO4.5H,0 (98 %, Spectrum Chemical
Mfg. Corp.), and ethanol (absolute anhydrous, PHARMCO-
AAPER).

Identification of P. pimiteouiense

P. pimiteouiense was collected and isolated from a soil sample
in the Sossego Copper Mine (Para State, Brazil, latitude 06°26'S
and longitude 50°4'W). Single fungal colonies were isolated on
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Potato-Dextrose-Agar (PDA) by serial dilution. The screened
strain was incubated and further purified at 28 °C for 7-10 days.
The identification of the isolate was performed according to
morphologic and molecular methods. Morphologic methods
were based on the observation of microscopic and macroscopic
structures, and  specific keys.?*  The
micromorphology of Penicillium spp. was determined by the

identification

presence of phialides, conidiophores, and septate hyphae. The
morphologic characteristic of Penicillium spp. (Figure S1) was
consistent with the fungal-specific taxonomic identification key
and related literature for this genus.?* For the molecular
method, the identification of the fungus was based on Internal
transcribed spacer (ITS) sequencing to determine the
phylogenetic relationship of the isolate with other closely
related Penicillium species.?> The primers used for amplification
and sequencing were ITS1 and ITS 4 (Internal transcribed
spacer, ITS).2% 27 Contig assembly and editing were done with
Sequencer DNA Sequence Assembly Software 4.1.4 (Gene
USA). The obtained

compared using the BLAST algorithm with closely related

Codes Corporation, sequence was
sequences within the Sequencher DNA Sequence Assembly
Software 4.1.4 (Gene Codes Corporation, USA). BLAST analysis
showed that the isolate had a similar sequence to P.
pimiteouiense species according to the NCBI genomic?® and
MycoBank databases.?® The sequence of the isolate was
deposited in the NCBI database with the following accession
MK956944. The morphological
characteristics and the ITS sequence allowed the identification

number: confirmed

of the fungus as P. pimiteouiense.

Optimization of copper oxide nanoparticles synthesis by P.
pimiteouiense

P. pimiteouiense was initially plated on potato dextrose agar
(PDA) (at pH 7.0 + 0.3) for 10 days to reach a stable, mature
growth. Then, three plugs of the fungus were transferred with
a sterile 100 pl pipette tip to three sterile 250 mL Erlenmeyer
flasks containing 100 mL of sterile malt-yeast-glucose-peptone
(MYGP) medium (10 g/L glucose, 3 g/L malt extract, 1 g/L yeast
extract, 5 g/L peptone, pH 7.0) supplemented with 150 mg/L
chloramphenicol. The cultures were grown for 10 days. To
determine the exact fungal mycelium dosage (~0.36 g), the
mycelium was collected from each flask via filtration with a
sterile paper filter (Whatman™ number 1) followed by 0.22 um
PVDF (Polyvinylidene difluoride) membrane filtration (Dow
Corning), after that, the biomass was dried at 60 C until
constant weight was obtained. The cell-free supernatant from
each flask was also collected to determine the secreted
proteins/enzymes and metabolites by the fungus in the MYGP
medium. All experiments were performed in triplicate. To
initiate the synthesis reaction, copper sulphate stock solution
(0.1 M copper ion) was mixed with 100 mL of the filtered
supernatant to reach a final concentration of 5 mM Cu?* and
then further incubated for 6 h at room temperature. The

This journal is © The Royal Society of Chemistry 20xx
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biosynthesis of CuO NPs was monitored by regular sampling to
observe changes in the absorbance between the wavelengths
300 nm and 700 nm (UV—vis spectrophotometry, Synergy MX
Microplate reader, BioTek, USA) as well as any colour changes
in the medium. The control samples were prepared and
incubated in parallel with the samples. The controls were sterile
MYGP media at pH 7 with or without 5 mM copper ions.

Potato dextrose broth (PDB) medium and malt-glucose-
peptone (MGP) were also tested as described above to
determine the best growth media for nanoparticle production.
After that, to achieve the best yield of CuO NPs, other different
environmental and growth parameters were also investigated,
including the fungus growth phase on the plate before
transferring to liquid media (3, 5, 7, 10, 12, 15 days), the pH of
the media (4.0, 7.0 and 10.0 £ 0.2), copper concentrations in the
supernatant of the liquid media (1, 5, 10 and 20 mM Cu?*), the
growth temperature (8 °C, 18 °C, 28 °C), and CuO NPs synthesis
time (10 min, 1 h,2h,3h,4h,5h,6h,18 h, 24 h and 48 h).
Each environmental condition was investigated by altering one
parameter at a time while keeping the other parameters
constant. The synthesis of CuO NPs in each environmental
condition was determined via UV-vis adsorption, as described
earlier, and the results were normalized to the fungal biomass.
The experiments were performed in triplicate for each
parameter and the standard deviations were calculated.

Measurement of NADPH-sulphite reductase activity

NADPH-sulphite reductase activity was measured based on the
self-oxidation of NADPH without sulphite.® 39 31 |n brief,
NADPH-sulphite reductase was determined with the cells grown
in three different media, namely: MYGP, MGP, and PDB, at 18
°C for 6 h. After growth, the cell-free supernatants were
collected by filtration with sterile 0.22 um filter membranes.
Then, aliquots of 1 ml of the supernatants were transferred to
15 ml test tubes that contained 5 ml of 0.5 mM sodium
bisulphite (Sigma Aldrich, 97 %), 1 ml of 0.02 mM NADPH, and 5
ml of 0.5 M potassium phosphate buffer (include 0.1 mM
Na,EDTA, pH 7.7). After that, the NADPH-dependent redox
reaction was done by incubating the mixture under 100 rpm
(revolution per minute) at 25 °C for 60 min. The control samples
were prepared in parallel by replacing sodium sulphite with DI
water to determine the oxidation of NADPH in the absence of
sulphite. The experiments were performed in triplicate for each
test and the standard deviations were calculated. One unit of
activity was defined as that amount of enzyme catalyzing the
sulphite-dependent oxidation of 1 nmol of NADPH per hour
under the above conditions.® 3! The results were expressed in
terms of change of NADPH, which was calculated from Equation

(1).

This journal is © The Royal Society of Chemistry 20xx

Where: N is the dilution of the samples; M is the volume of the
supernatant sample (1 mL); T is the reaction time (1 h); C is the
decreased amount of NADPH due to the oxidation (nmol), which
can be obtained from the NADPH standard curve (plotted as the
absorbance against NADPH concentration) based on the
decrease in absorbance (Asz4o, Synergy MX Microplate reader,
BioTek, USA) of the tested samples.

Characterization of produced under

copper nanoparticles

optimized conditions

The characterization of the nanoparticles was done with CuO
NPs produced under optimum growth conditions, which
involved growing the fungus in the MYGP medium at 18 °C for
10 days followed by the addition of 5 mM copper ions (from
copper sulphate) to the medium supernatant for 6 h. The
produced particles were collected via filtration with a paper
filter (Whatman™ number 1) followed by 0.22 um syringe filter
membrane filtration, washed by 15 min with acetone first then
ethanol and water for five cycles to remove any other cellular
materials and impurities. After that, the filtrated samples were
freeze-dried and washed with acetone and ethanol respectively
to remove any other cellular materials and impurities. The
purified CuO NP samples were freeze-dried for characterization.
The transmission electron microscopy (TEM) was done on dry
powders, the CuO powders were suspended in ethanol and an
aliquot (5-10 ul) was transferred to a 200 mesh Cu grid. The grid
was allowed to dry, and the TEM observations were made. The
high-resolution transmission electron microscopy (HRTEM) was
conducted on a JEOL JEM200OFXII. The images were analysed
using Digital Micrograph and the d-spacing was supported
based on the CIF-file (mp-704645) and Vesta® software. The
Raman characterization was done on a confocal micro-Raman
microscope XploRATM, Horiba JY. A 638 nm diode laser was
used for excitation. The X-ray photoelectron spectroscopy (XPS)
measurement was conducted using PHI 5700. The detailed XPS
operation procedure was described in our previous study (refer
to supporting information).3> Fourier Transform Infrared
Spectroscopy Nicolet iS10, equipped with Nicolet Smart ATR
(FTIR), was used to assess the secondary structure of the
biosynthesized CuO NPs. X-ray diffraction (XRD) was carried out
using RIGAKU Miniflex 600. The aqueous CuO nanoparticle
suspension (2 mg/L, pH 7.0) was dispersed in 10 mM NaNO3
solution for zeta potential analysis (DLS, Zeta sizer Nano,
Malvern Industry Ltd). Each measurement was done five times
with 12 runs in triplicate at 25 °C, and an equilibration time of
30s.

Analysis of non-targeted extracellular metabolomics using LC-
MS/MS

The fungal mycelium was incubated for 6 h in two different

media (MYGRaRehRRBIHRAENtheNoFi(@iaddrgopjtions (pH=7,

T=18 °C). Then, the supernatants were harvested immediately
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at the end of the cultivation by filtration with a sterile paper
filter (Whatman™ number 1) followed by another filtration with
0.22 um PVDF membrane (Dow Corning). The corresponding
MYGP and PDB media without fungi were also prepared in
parallel as negative controls, respectively. Then, the prefiltered
samples were stored at -20 °C before LC-MS/MS analysis.

An aliquot of 2 ul of the above samples and controls, which
contained or did not contain the extracellular metabolites of the
fungus, was analysed using Thermo Scientific™ Q Exactive™ LC-
MS/MS system (Thermo Fisher Scientific, San Jose, CA, USA).
The extracellular metabolomics was separated through a
Thermo Scientific™ Hypersil GOLD™ C18 UHPLC (Ultra-High-
Performance Liquid Chromatography) reverse phase column
(150 x 2.1 mm, 1.9 um particle size). The LC mobile phases
included 0.1 % formic acid in methanol (v/v) and 0.1 % formic
acid in H,O (v/v), respectively. The separation was performed
with 99 % mobile phase A at a flow rate of 450 uL/min and
temperature of 55 °C with an injection volume of 5 pL. The MS
analysis was done on a Thermo Scientific TM Q Exactive TM
mass spectrometer fitted with electrospray ionization (ESI). Top
4 MS/MS (ddMS2) spectra and high-resolution full-scan MS
were obtained at a resolving power of 17,500 and 70,000
(FWHM m/z 70 to 1050). Sample analyses were conducted in
both positive and negative electrospray ionization (ESI) modes
as separate LC-MS/MS runs.

In this experiment, the Compound Discoverer™ software (2.1
SP1version, Thermo Scientific) was used for database search,
differential analysis (including volcano plot), and KEGG pathway
(Kyoto Encyclopedia of Genes and Genomes) analyses based on
MS and mz Cloud fragmentation library. Using this software, the
media components were first subtracted from the metabolites
produced during growth on both MYGP and PDB media. For the
background subtraction, all compounds present in the control
media with higher (or comparable) levels than the testing
supernatant samples were removed from the analysis. For the
final analysis of the metabolites, only the interested compounds
secreted by the fungus in MYGP medium (with CuO NPs
production) and not in PDB (without CuO NPs production) were
further analysed for identification of the CuO NPs synthesis
pathway.

Results and discussions

Environmental and growth conditions affecting nanoparticle
biosynthesis

We first determined the ability of the fungus to grow and
produce CuO nanoparticles (NPs) under different growth and
environmental conditions. First, the fungus was exposed to
different growth media. The media investigated were malt—
yeast—glucose—peptone (MYGP), malt—glucose—peptone
(MGP), and potato dextrose broth (PDB). Subsequently, we
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evaluated the effects of pH and temperature on the fungus
growth and copper salt concentrations to produce NPs. This
physiological investigation allowed the identification of the
optimum growth conditions triggering the production of
metabolites containing reductases and biomolecules involved
in CuO NPs production.

The production of CuO NPs was initially monitored using UV-
Vis and visual inspection. In the case of visual inspection, we
observed that as the fungal growth medium supernatant was
exposed to copper sulphate, the colour of the medium changed
from brown yellow to chartreuse whenever CuO NPs were
produced (Figure S2a). This change in colour of the supernatant
with the addition of copper sulphate was only observed when
the fungus was grown in the MYGP medium (not in PDB and
MGP medium). No colour change was observed for media
control and supernatant control samples (Figure S2) in all three
media.

In the case of the UV-Vis method, previous studies have
described a sharp surface plasmon resonance (SPR) peak
centering at 330 nm in the presence of CuO NPs.33 The presence
of this peak at 330 nm suggests the presence of small-sized,
monodispersed CuO NPs according to the Mie theory.3%3%In this
study, the MYGP medium exhibited the characteristic CuO NPs
peak at 330 nm (Figure 1a). In contrast, in the PDB and MGP
media, the characteristic peak was absent.

b
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Figure 1. Effects of different growth media on the production
of CuO NPs and secretion of NADPH-sulphite reductase. (a)
The UV-vis spectra of the supernatant of MYGP, PDB, and MGP
exposed to 5 mM of Cu?*. The results show the synthesis of CuO
NPs with MYGP media only, which correlated well with the
reductase results. (b) Normalized NADPH-sulphite reductase
refers to the determined NADPH-sulphite reductase divided by
the dried mycelium (g) based on the enzymic activity calculation
from Equation (1). The results showed higher NADPH-sulphite
reductase production in the supernatant from the fungus grown
in MYGP than PBD or MGP. Error bars indicate the standard
deviation of the triplicate experiments. *P<0.05 significant
difference.

In addition to investigating the ability of the fungus to
produce CuO NPs on different media, we also evaluated the

This journal is © The Royal Society of Chemistry 20xx
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production of candidate enzymes involved in CuO NPs synthesis
(Figure 1b). Previous studies have suggested that NADPH
sulphite reductase could participate in the reduction of metal
ions to form Cu/CuO NPs.3%38 |n this study, the spent
supernatant (i.e. media collected after microbial growth) was
collected to determine whether NADPH-dependent sulfite was
secreted by the fungus. The NADPH sulfite reductase activity in
MYGP media was six- and two-fold higher than in PDB and MGP
media, respectively (Figure 1b). The results suggest that the
MYGP medium triggered the production of NADPH sulphite
reductase by P. pimiteouiense, which could be playing a role in
promoting the formation of CuO NPs.

The formation of nanoparticles can be influenced by varying

concentrations of enzymes, and metabolites,
contingent upon their respective growth phases and
environmental conditions.3%40 Figure 2 shows the results of UV—
Vis absorbance at 330 nm of the CuO NPs synthesized and
normalized by the fungal dry biomass from 3 to 15-day-old
fungal cultures in MYGP. We observed that 3, 5, 7- and 10-day-
old cultures exhibited a steady increase in the SPR peak and

reached a maximum SPR peak on day 10, which corresponded

proteins,

to the late exponential growth phase of the fungi. After 10
days, we observed a decrease in the SPR peak intensity, which
corresponded to the stationary phase. In the 15-day-old fungal
cultures, no CuO NPs were synthesized. Therefore, the optimal
production of CuO NPs was observed in the late exponential
growth phase. In that growth phase, fungi secrete the
maximum amount of secondary metabolites, which indicates
the possible involvement of secondary metabolites in the
synthesis of CuO NPs.*' This hypothesis was further
investigated later in this study.

8 *k
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Fungal age (days)

Figure 2. Effects of culture age on CuO NPs synthesis. Error bars
indicate the standard deviation of triplicate experiments. The
absorbance at 330 nm was normalized by the dried biomass. *
P < 0.05, ** P<0.005 indicate statistically significant difference.
The UV-vis absorbance curves are presented in the supporting
information (Figure S3).

In addition to the enzymatic activity analysed, the

incubation conditions, such as copper ion concentrations, pH,
temperature, and nanoparticle production rate, were also

This journal is © The Royal Society of Chemistry 20xx

investigated to determine the optimal conditions to produce
secreted enzymes from P. pimiteouiense for CuO NPs synthesis
(Figure 3). For the effect of the different environmental
parameters, the MYGP medium was used. To evaluate the
influence of the different dosages of Cu?*, different
concentrations of Cu?* (1, 5, 10, 20 mM) were investigated
(Figure 3a). The dosage of 5 mM Cu?* was found to be optimal,
which is aligned with the typically reported metal dosing range
for other fungi (110 mM).*?> 43 When the initial copper ion
concentration was 1 mM and 20 mM, the SPR peak was not
present (Figure 3a). With 5 mM Cu?*, the SPR peak was
significantly higher than the peak obtained with 10 mM Cu?*,
especially at 18 °C and pH 7, which suggested that the maximum
productivity of CuO NPs was with 5 mM Cu?*. The concentration
dependency in Cu ions during biosynthesis is probably related
to the saturation of the enzyme with the substrate. The amount
of enzymes or metabolites might not be enough to reduce
metallic ions and cap the nanoparticles at higher metal dosages,
which is likely due to the increased metal toxicity.**

254 —— 1mM Cu™

300 400 700
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Figure 3. Effects of different copper sulfate concentrations, pH,
and incubation temperature on CuO NPs synthesis. The UV-vis
adsorption peaks of the supernatant of MYGP culture were
measured under different conditions. (a) Effects of copper
concentrations on CuO NP synthesis @ pH=7 and T= 18 °C. The
concentration of 1 mM Cu?* and 20 mM Cu?* did not show any
peaks, which suggests that no CuO NPs were produced as
compared to 5 mM and 10 mM Cu?*. (b) and (c) are the
absorbance normalized by fungal dried biomass showing the
effects of temperature and pH on CuO NPs production,
respectively. * Indicate statistically significant difference with
P< 0.05. The absorbance peaks were not observed @pH=4 and
T= 8 °C. The detailed UV-vis absorbance curves are presented in
the supporting information (Figure S4).

To study the effects of pH and temperature on the synthesis
of CuO NPs, the pH of MYGP broth was adjusted to 4, 7, and 10
for fungal growth (please see supplemental information with
additional results). The fungus cultured at these three pH values
were incubated at 8 °C, 18 °C, and 28 °C to obtain supernatants

J. Name., 2013, 00, 1-3 | 5
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for the synthesis of CuO NPs. The supernatants were then
exposed to 5 mM and 10 mM Cu?*. Figures 3b and 3c present
the results obtained at pH 7 and 10, respectively, at 18 °C and
28 °C, at which NPs were produced. The other conditions are
not presented since they did not produce nanoparticles,
additional data is presented in the supporting information
(Figure S4). It is possible that at the conditions where there was
no production of CuO NPs, there was a decrease in the
production of capping agents. > Furthermore, the results
obtained upon varying pH of the medium agree with previous
studies that the maximum production of metal NPs using fungi
occurs in a neutral environment.*® The optimal incubation
temperature was found to be 18 °C, at which the yield of CuO
NPs was higher than that at 28 °C, according to SPR absorbance.
Based on the study by Li, temperature can significantly affect
fungal growth rate and metabolic activity.?” In the literature, P.
pimiteouiense growth was described to have an optimum
growth at 17-28 °C. #8 In this study, the optimal temperature
for the production of CuO NPs was 18 °C, which is similar to the
environmental temperature at which this fungus was isolated.
These results suggest that the initial pH of the medium and
temperature can play major roles in fungal enzymatic and
metabolic activities for the synthesis of CuO NPs.*> 4849 |t s also
noteworthy to mention that SPR band correlates with the size
and shape of the NPs produced.®% ! In our study, there was no
significant change in the SPR band under different pH values (pH
7 and 10) and temperatures (18 °C and 28 °C) (Figure S4). This
result indicates that the primary morphology of CuO NPs under
these conditions did not change.

From the overall results, the optimal conditions to produce
secreted enzymes for the CuO NPs synthesis were found to be
at 18 °C, pH 7, and 5 mM Cu?* dosage from a 10-day-old culture
for this fungus. This optimum condition was further evaluated
to determine the reaction time for the biosynthesis of CuO NPs
(Figure 4 and Figure S5). The kinetics of the reaction indicate
that the synthesis of CuO NPs was fast and almost complete in
about 10 min. This result is much faster than previously
reported fungus synthesizing metallic nanoparticles (1 h to 24
h).>2 The high efficiency in producing nanoparticles (high
reaction rate and SPR peak) might be due to the larger amounts
of proteins and biomolecules secreted by P. pimiteouiense.l”
This finding suggests that this microorganism is a good
candidate for the green synthesis of CuO NPs.
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Figure 4. Amount of time for the synthesis of CuO NPs. The
figure represents the UV-vis analysis over 72 h at wavelength
330 nm. Error bars represent mean standard deviations. UV-vis
assay of three replicates of different synthesis times was
analysed with a student’s t-test. * P > 0.05 indicates no
significant differences with different synthesis times from 10
min to 72 h. The spectra with the 330 nm peak, characteristic
peak of CuO NPs at 18 °C, pH = 7, and 5 mM Cu?* are presented
in the supporting information (Figure S5).

Physico-chemical characteristics of CuO NPs

The nanoparticles synthesized under optimum conditions were
harvested and fully characterized. Figure 5a shows the XRD results of
two samples: commercial CuO NPs (chemically synthesized) and
biosynthesized CuO NPs after repeated washing. The commercial
CuO particles were highly crystalline and presented the typical C2/c
symmetry that corresponds to a monoclinic crystalline structure. The
characterization of this phase matched the JCPDS 801916 chart.>3
Similarly, these CuO characteristics have been observed by other
research groups.>* >> On the other hand, the biosynthesized CuO NPs
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Figure 5. Characterization of the commercial and biosynthesized
CuO nanoparticles. a) XRD for the commercial CuO nanoparticles and
the biosynthesized CuO, and b) Raman spectroscopy analysis for the
fungus, CuSO,4, commercial CuO, and biosynthesized CuO. The curves
from top to bottom: 1- Biosynthesized CuO nanoparticles @ 18 °C,
pH 7, and 5 mM Cu?* dosage, 2- CuSO, salt control, 3- Commercial
CuO nanoparticles, and 4- Freeze dried fungus grown on MYGP
medium.

To further characterize the CuO NPs, Raman spectroscopy was also
carried out (Figure 5b). The Raman for the fungal supernatant and
CuSO, represented controls for any unexpected peaks in the
biosynthetic CuO NPs to be subtracted. The CuSO, spectrum was well
characterized by two main regions. The region below 400 cm™ is
associated with lattice phonons and was assigned to the internal
modes of the compound. The region above 400 cm™ is associated
with the vibration modes for the SO, °5>8 These modes observed in
our spectrum for CuSO, at 413, 425, and 448 cm™ were symmetric
bending (U,) vibrational modes for SO,%. The band identified at 607
cmis the asymmetric bending ( U,).>”

Figure 6. Micrographs obtained via Transmission Electron
Microscopy. (a) bright field, and (b) high resolution. In both cases,
the patterns agree that the structure is amorphous. The inset in (a)
is the selected area for electron diffraction pattern (SAEDP) analysis
and the one in (b) is a zoom-in from the dotted square. Both
demonstrate the limited crystallinity of the CuO species.

On the other hand, the commercial CuO NPs presented three
Raman active modes that were: one A; and two B, The
biosynthesized CuO had the same modes but was slightly shifted.
This shift could be due to bio-products attached to the CuO
nanoparticles. The A; mode was at 282 and the other two B; modes
were at 333 and 626 cmL. There was a clear shift from the CuSO, into
CuO observed in the spectra. This change was exhibited by the
complete elimination of the symmetrical (U,) and asymmetrical (Uy)
vibrational modes of SO4%. The two peaks (1 and 2) found in the
biosynthetic nanoparticles are presumably related to biomolecules
from the fungal supernatant. The noise-to-signal level in the
biosynthesized sample was larger than in the other samples, which
was attributed to two main reasons: (i) organic residue (e.g.
biomolecules from the fungal secretions) and (ii) the poor

This journal is © The Royal Society of Chemistry 20xx

crystallinity of the sample. Therefore, we can conclude that the XRD
and Raman agree and demonstrate the presence of CuO with limited
atomic range order. > Even if the biosynthesized nanoparticles
exhibited a low crystallinity, amorphous CuO nanoparticles have
been described to present more oxygen vacancies and display n-type
conductivity, making them favourable for adsorption or electrical
applications.5% 61

To further confirm the presence of amorphous CuO NPs from the
synthesis, Figure 6 shows TEM results under a bright field (Figure 6a)
and high-resolution transmission electron microscopy (HRTEM). In
the bright field, the nanoparticles present an average size of 50 to 60
nm. Note that the aggregation of the particles observed in Figure 6 is
mainly due to microscopy preparation. The HRTEM image clearly
showed that the material is non-crystalline, having a rather
amorphous nature. This observation was further confirmed by the
selected area electron diffraction pattern (SAEDP) presented in the
insets. The SAEDP is in good agreement with the HRTEM image
presented in Figure 6b where the amorphous nature is evident.
Overall, both images and the diffraction patterns support the XRD
observations. A similar amorphous structure was also observed by
other groups. The selected area for the electron diffraction pattern

(SAEDP) is added to Figure 6a to show the diffused halos, typical of
particles with limited crystallinity. The “rings” in the SAEDP match
well with the interplanar distances for the planes (100) and (010)
with respective d (390 = 0.48 nm and d (g;0)= 0.33 nm. The values are
within a 2% difference to that of theoretical values and it is
considered within the systematic error. The most important point
here is to demonstrate that the particles have a similar crystalline
structure to that seen in CuO with limited crystallinity as expected
from the XRD results. Because it has more oxygen vacancies and
displays n-type conductivity due to defects like dangling and floating
bonds, amorphous CuO NPs are a good option for applications such
as electrical, optical, and gas sensing applications.60 61
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Figure 7. X-ray Photoelectron spectroscopy (XPS) analysis characterization. (a) control CuSO, (Cu2p), (b) control CuSO, (O1s), (c) control
media + CuSO, (Cu2p), (d) control media + CuSO, (O1s), (e) control commercial CuO (Cu2p), (f) control commercial CuO (O1s), (g)
supernatant_CuSO, (biosynthesized CuO) (Cu2p) and, (h) supernatant_CuSO, (biosynthesized CuO) (O1s).

The successful biosynthesis of CuO NPs was also confirmed by
surface analysis using XPS (Figure 7). The control spectra with CuSO,
salt only and media with Cu?* only showed that the significant peaks
at 933.4 eV and the binding energy separation of Cu (2ps/,) and Cu
(2p1/2) peaks were 19.82 eV and 19.90 eV, respectively (Figure 7a and
7c). These results indicated that most of the phases in these controls
were metallic Cu. Previous studies reported that a separation below
or close to 19.8 eV corresponded to the pure metallic Cu phase.®?On
the other hand, the commercial CuO and biosynthesized CuO
(Figures 7e and 7g) exhibited a significant peak at 934.0 eV, which
corresponds to the peak of CuQ.%% % In addition, the separation of
the binding energy was greater than 20 eV for CuO and
biosynthesized CuO (Figures 7e and 7g), which indicated the
presence of Cu0.%® In the case of oxygen bonding, the spectra of

8 | J. Name., 2012, 00, 1-3

commercial and biosynthesized CuO were observed with the highest
abundance at 530.8 eV and 530.9 eV. These peaks have been
previously reported to correspond to the CuO phase.® 7 These XPS
results confirm the successful production of biosynthetic CuO NPs by
the fungus and further confirm the data obtained from the XRD,
Raman, and TEM.

Role of Secondary Metabolites in CuO NP Formation

Fungi are known to secrete substantial quantities of reductases,
proteins, and secondary metabolites. Previous studies showed that
certain enzymes were involved in the production of Au and Ag
nanoparticles (NPs).1” 18 Besides NAD(P)H-dependent reductases
mentioned above,® some other researchers also reported the roles

This journal is © The Royal Society of Chemistry 20xx
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of hydrolyses, such as amylases, xylanases, and proteases in the
production of metal and metal-oxide NPs.

Apart from the reductases and hydrolyses mentioned above,
various secondary metabolites (such as polyphenols, phenolic acid
and terpenoids, organic acids, and other biomolecules) produced in
metabolic pathways have also been reported to significantly
contribute to both the reduction and stabilization of metallic NPs in
the intricate redox biosynthesis processes of bacteria, fungi, and
plant extracts.®® 70 However, there is still a lack of a systematic study
to understand the mechanistic aspects of metabolic products and
key enzymes playing a role in CuO NP synthesis. Herein, we first
performed a differential metabolomics investigation with the fungus
growing in MYGP and PDB by using LC-MS/MS to collect the
metabolomics raw data, followed by Thermo Compound
Discoverer™ software and KEGG pathway analyses to identify the
main secondary metabolites contributing to NP production.
Secondly, the non-target LC-MS/MS-based metabolite profile was
analysed by comparing the supernatant of the fungus grown in both
MYGP medium (CuO NPs producing condition) and PDB medium
(without CuO NPs producing condition) to determine the different
metabolites secreted in each growth medium. The final differential
analysis results (shown as a 'Volcano plot,' Figure 8) showed distinct
differences between the two growth media, where P. pimiteouiense
secreted a more significant number of metabolites (257 metabolites)
when grown in MYGP than in PDB (33 metabolites). These results
highlight the variations in metabolic excretion based on the culture
media. The results strongly suggested that the metabolites secreted
exclusively in MYGP medium (absent in PDB medium) were
associated with CuO NPs formation.

To gain a deeper understanding of the specific roles of the unique
metabolites found in the MYGP sample (Figure 8), the metabolites
were cross-referenced with the KEGG pathway database. Through
the database, it was possible to determine the association of the
metabolites with oxidoreductases and corresponding metabolic
key NADPH-dependent
oxidoreductases and their associated metabolic reaction pathways.
The six differentially expressed secondary metabolites exclusively

pathways. Table 1 presents several

expressed in the MYGP medium (including Hydroxyquinol, 2-
hydroxy-2-methylbutanenitrile,5a,11a-Dehydrooxy-tetracycline,
Thymidine, L-Valine o-Hydroxylamino-benzoate) are part of several
metabolic reactions (such as Cyanoamino acid metabolism) involving
multiple NADPH-dependent oxidoreductases. These reactions are
known to yield NADPH co-factors in their metabolic pathways as
illustrated in Figure 9.

The role of the reductases identified earlier in this study for the
synthesis of CuO NPs and the identification of NADPH/NADP* pairs
and NADPH-dependent oxidoreductases (including NADPH
cofactors) in the metabolomics analysis suggests that these
metabolic molecules are playing a crucial role as electron donors for
the reduction of Cu?* to nanoparticles and concurrently oxidizing to
CuONPs through electron transportation and redox reactions.
Furthermore, as shown in Table S2, certain relevant oxidases, which

This journal is © The Royal Society of Chemistry 20xx

are responsible for oxidation reactions, were present in the MYGP
sample only. Previous studies suggested that O, (from aerobic
culture) or certain oxidants produced by oxidases’'are also
responsible for the concurrent formation of CuO NPs.”2 73
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Figure 8. Volcano plots of fungal metabolites (total 257 components
and 34 components from MYGP and PDB growth media,
respectively) from the differential analysis between the two
cultures (MYGP vs.PDB). (a) Negative ion mode (ESI (-) compounds
identified: 11 compounds from PDB growth media and 88
compounds from MYGP growth media and, (b) Positive ion mode (ESI
(+) compounds identified: 22 compounds from PDB and 169
compounds from MYGP. X-axis shows the fold change (FC) in
intensity on a log 2 scale (fungi supernatant/ medium matrix). Each
circle represents a different metabolite compound. The metabolites
in MYGP and PDB medium are marked with red and green circles,
respectively. The vertical solid line indicates the two-fold change
threshold (up (FC > 1) or down (FC < -1), to visualize the compounds
that are significantly increased in MYGP and PDB medium.

In addition to the presence of these oxidoreductases secreted in
the MYGP during the fungal growth, certain secondary metabolites
featuring two phenolic groups are also produced by the unique
fungal metabolism in the MYGP medium (Table S3 and S4). These
biomolecules with two phenolic groups (such as ortho-, para-) can
reduce Cu?* ions, given the favourable reduction potential (0.340 V
vs. SCE - saturated calomel electrode), and promote the formation of
CuO NPs. This fungus, compared to other fungal species that rely
solely on reductases as reductants, has also secondary metabolites
with multiple phenolic groups that can function as electron donors
and participate in redox. These multiple bio-reductases probably
explain the much more rapid synthesis rate of CuO NPs (production
of NPs within 10 min) when compared to other fungi species.>? Rarely
has fungal synthesis of metallic NPs been thoroughly examined to
also identify compounds with phenolic groups present in the
secreted metabolites, as shown in this study. Previous studies with
plant extracts have shown that metabolites containing multiple
phenolic groups possess a strong chelating ability with metal ions,
enabling them to participate in nucleation and the formation of well-
structured CuO aggregates following the nucleation and growth
mechanisms of NP formation.”*7¢ Consequently, by identifying the
presence of compounds with phenolic groups in the secondary
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metabolites of this fungus, we further validate the pivotal role of
secondary metabolites with multiple phenolic groups in P.
pimiteouiense bio-redox, nucleation, and the formation of CuO NPs,
alongside the bio-redox mediated by NADPH reductases mentioned
earlier, culminating in the production of NPs.

To substantiate the roles of these secondary metabolites in the
CuO NPs synthesis, FTIR spectroscopy was employed to identify
functional groups on the CuO NPs' surface responsible for the bio-
reduction and stabilization of CuO NPs. In the IR spectrum of the CuO
NPs, we observed a broad, aromatic H-bonded -OH stretch at 3229
cm, a weak aromatic C=C stretch at 1546 cm™® and 2929 cm,
representing phenolic groups.”’ Notably, the distinct shifts and
reductions corresponding to the stretching vibrations of hydroxyl
from 3302 cm™ (as observed in the supernatant control, Figure S6)
to 3329 cm™ revealed that CuO NPs formation and stabilization
involve secondary metabolites with phenolic groups, as observed in
the volcano plot (such as digallic acid). The presence of protein
functional groups at 1450 cm™?, 1650 cm, 1398 cm™, and 1123 cm™!
provides evidence of the existence of bending vibrations in aromatic
ring compounds, amide | and Il stretching vibrations in the amide
groups of proteins, and C-N stretching of amines, respectively.’® 7°
Similarly, the peaks corresponding to the C-N stretch of amines shift
and decrease from 1078 cm™ (in the supernatant) to 1123 cm™
indicate that amide groups binding to the CuO NPs' surface as
capping agents, which is consistent with Pimprikar et al.8 Phenolic
and amides have been previously described as bio-redox and capping
agents for biogenic Au and Ag NPs.8 82 The role of secondary amide
derivatives as capping agents was reported for spherical Ag NPs or
Au NPs (< 30nm) biosynthesis using fungi,? bacteria,® and plant
extracts.®> Our results revealed that secondary metabolites with
multi-phenolic and amide groups also possess these dual roles for
CuO NPs synthesis by fungi. Here the spherical shape and stability of

Conclusions

In conclusion, this study presents a straightforward, rapid, and
sustainable approach for the bio-fabrication of CuO NPs under
ambient conditions. This work also demonstrates for the first
time the capability of P. pimiteouiense, a fungal isolate from a

Environmental:Science:Nano

biogenic CuO NPs seems to be due to amide groups as confirmed by
our FTIR results.

Moreover, the freshly biosynthesized CuO NPs dispersed in NaNO3
solution exhibited a negatively charged {-potential, consistent with
reports from other research groups on biosynthetic CuO NPs.
Particles with Z-potential values ranging from +10 to +20 mV and over
20 mV indicate the formation of stable nanoparticles.®® These results
unequivocally confirmed that secondary metabolites such as
multiple phenolic groups and peptides are responsible for the
stabilization of CuO NPs. 8- 88 These metabolites bind to the surface
of NPs primarily through phenolic hydroxy groups and free amines,
ensuring the final formation of CuO NPs with consistent shape and
size observed in our TEM.

To summarize, the synthesis of CuO NPs by P. pimiteouiense can
be delineated through the following key steps (Figure 9). Firstly,
suitable growth media, such as MYGP, and suitable growth
conditions are necessary to stimulate the synthesis of multi-NADPH-
dependent oxidoreductases and secondary metabolites containing
multiple phenolic groups (at least two -OH groups) that act as
electron donors, facilitating the conversion of Cu?* to CuO. Finally,
secondary metabolites with phenolic and amide groups, as revealed
by FTIR analysis,

act as capping agents, leading to the

thermodynamic stability of CuO NPs with a defined shape and size.

copper mine, to biosynthesize CuO NPs. The successful
extracellular synthesis of CuO NPs was influenced by different
parameters: initial medium pH, temperature, copper ion
concentration, as well as fungal growth phase, and culture
media. Under optimized conditions, P. pimiteouiense achieves a
swift synthesis (producing CuO NPs within 10 minutes) of CuO
NPs. Metabolomic analysis indicated the presence of specific
NADPH oxidoreductases and NADPH cofactors as the dominant

Table 1. The representative NADPH dependent oxido-reductases differentially secreted in MYGP culture medium after the

growth of the fungus.
Metabolites linked to

Potential related KEGG

h(l)?(li)d':teddeupc‘::::snt Formula (or BioCyc) metabolism Pathway Enzyme
Microbial metabolism in diverse NADPH cofactor: Resorcinol 4-

Hydroxyquinol CeHgO3 environments hydroxylase (NADPH)
/Benzoate degradation (EC1.14.13.219)

2-hydroxy-2- CsHgNO Biosynthesis of secondary metabolites, (E)-2-methylbutanal oxime

methylbutanenitrile Cyanoamino acid metabolism monooxygenase

(EC1.14.14.41)

5a,11a-Dehydrooxy- Cy,H2,N,09 Tetracycline biosynthesis 5a,11a-dehydrotetracycline

tetracycline Or Biosynthesis of type Il polyketide 5-monooxygenase (EC1.14.13.234)
products

o-Hydroxylamino- C;HsN O3 Microbial metabolism in diverse NA
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benzoate environments, Aminobenzoate
A M A AR 1o degradation
“THy‘rh‘it':lmir'{ém' e o CioH1aN; Og Reported as electron donor by NADPH
enzyme reaction
L-Valine CsHi1, N O, Biosynthesis of secondary metabolites,

Cyahoamino:acid metabolism;
Glucosinolate biosynthesis

Valine N-monooxygenase
(EC1.14.14.38)
Isoleucin N-monooxygenase
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mechanisms for providing electron donors to Cu?* and
conversion of CuO NPs. Furthermore, secondary metabolites
containing phenolic compounds (with multi-hydroxyl (-OH)
groups) were confirmed to play additional roles in the
biosynthesis process of CuO NPs. Specific oxidases, which can
lead to the production of oxidants or O, from aerobic growth
culture, were also suggested for the formation of CuO NPs. The
capping and stabilization of the nanoparticles were also
determined to involve amides, proteins, and phenolic
molecules.

Figure 9
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metabolomic approach. This investigation also provides a new
opportunity for developing green synthesis of metal oxide
nanoparticles for potential larger-scale applications. To achieve
this goal, our future research in CuO NPs manufacturing will
focus on investigating the life cycle assessment (LCA) to
compare different synthesis routes (such as chemical vs.
biosynthesis) to assess their yield (synthesis -efficiency),
sustainability, environmental impacts (such as greenhouse gas
emission) and energy demand. By incorporating these insights,
we will be able to confirm that this process provides a green and
sustainable synthesis of CuO NPs and determine the feasibility
of scaling up the production and commercialization of these
nanoparticles.
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Figure 9: Schematic illustration of the possible formation mechanism of CuO NPs. The purified NADPH oxidoreductases and secondary
metabolites (such as multi-phenol groups) identified in our study jointly contribute to the rapid biosynthesis of CuO NPs. NADPH-dependent
oxidoreductase enzymatic reactions involve donating electrons to copper ions and concurrent oxidation of CuO NPs (the metabolites from
MYGP serving as substrates or products of the reaction, as determined by pathway analysis; detailed electron transfer reactions are provided
in the supporting information). Additionally, either O, or oxidants produced during oxidative enzymatic reactions are involved in the final
formation of CuO NPs (the possible oxidase responsible for producing oxidants is presented in the supporting information).
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