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Abstract

Currently, bionanotechnologies are attracting great interest due to their promising results and potential benefits on many
aspects of life. In this study, the objectives was to biosynthesis CuO-NPs using cell-free extract(s) of copper-resistant fungi
and use them in bioremediation of textile industry wastewater. Out of 18 copper-resistant fungal isolates, the novel fungus
strain Fusarium oxysporum OSF18 was selected for this purpose. This strain showed a high efficiency in extracellular
reducing copper ions to their nano-form. The myco-synthesized CuO-NPs were characterized using UV-Vis spectroscopy,
HRTEM, FTIR, and XRD and were found to be spherical nanocrystals with the size range of 21-47 nm. The bio-synthesized
CuO-NPs showed promising antimicrobial activity as well as high efficiency in removing heavy metals and textile dye from
industrial wastewater. The myco-synthesized CuO-NPs immobilized in alginate beads exhibited superior microbial disinfec-
tion (99.995%), heavy metals removal (93, 55, and 30 % for Pb, Cr, and Ni, respectively), and dye decolorization (90%). Such
results represent a promising step to produce an eco-friendly, cost-effective, and easy-to handle tool for the bioremediation

of textile industry wastewater.

Keywords Myco-synthesized CuO-NPs - Industrial wastewater - Antibacterial activity - Textile dyes - Nano-
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Introduction

Environmental pollution is currently increased rapidly as
a result of urbanization, industrial revolution, and popula-
tion growth. The textile and dyeing industries are among the
industries that produce large quantities of wastewater (con-
taining synthetic dyes and heavy metals). Several serious
environmental problems occur when this polluted water is
discharged into water bodies without adequate or appropriate
treatment. Textile wastewater could be treated via different
chemical, physical, and biological approaches or a combi-
nation thereof (Darwesh et al. 2019a; Chung et al. 2022).
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Nanomaterials (with one or more dimension ranged between
1 and 100 nm) have extraordinary properties due to their
high specific surface area and distinctive electrochemical
characteristics. Such properties increase the importance of
nanoparticles and nanocomposites in various technological
fields including biotechnology and environmental applica-
tions. Environmentally, these small-sized materials could
play a critical role in element adsorption, catalytic decom-
position of organic compounds, and microbial disinfection.
Thus, it can be applied to treat various urban, industrial,
agricultural, and industrial wastewaters (including textile
wastewater) (Anjum et al. 2019; Darwesh et al. 2019b;
Parvin et al. 2019).

Copper nanoparticles (Cu-NPs) have many potential
applications in various fields such as electronics, optics,
medicine, conductive films, lubricants manufacturing, nano-
fluids, and antimicrobial agents (Powara et al. 2019). In
addition to previous applications, Cu-NPs were applied for
environment remediation and protection from various haz-
ardous contaminants like textile dyes, phenolic compounds,
heavy metals, and some pesticides (Ostaszewska et al. 2016).
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The Cu-NP preference is compared to silver that had ease
of mixing with polymers, chemical, and physical stabil-
ity and lower cost than silver (Vimbela et al. 2017). Many
explanations were written about understanding the mecha-
nisms of nanomaterials’ antibacterial activity like contact-
ing with microbial cell wall, binding with DNA, or attached
with microbial proteins (Slavin et al. 2017). Moreover, the
charges of metal-based nanoparticles (MBNs) create strong
bond with heavy metals as well as dye structure, resulting in
component precipitation (Stensberg et al. 2011).

Several methods are applied for synthesis of MBNs like
chemical, biological, and physical procedures. The produced
nanomaterials may differ from method to other depending
on various parameters such as reducing materials or system,
capping agents, stabilizing substances, and environmental
conditions (Hussein et al. 2019; Khan et al. 2019; Velsankar
et al. 2020d). Chemical methods may produce toxic materi-
als as undesirable substrates and may be done under uncon-
trolled reactions (Yu et al. 2009). Also, physical methods
are highly costed and need especial instruments, in addition
to unchanged properties upon bulk materials (Dhand et al.
2015). However, biological procedures are advantaged as
safe, environmental-friendly, controlled, produce high-active
nanomaterials, and have capping and stabilizing agents
(Sultan et al. 2016; Velsankar et al. 2021). In this regard,
bacteria, actinomycetes, microalgae, and fungi have been
reported for the green biosynthesis of different nanoparticle
(Darwesh et al. 2019b). The dynamic goods of the copper
led researchers to convert it to nano-forms for explication of
its antimicrobial/antioxidant properties. The biosynthesis of
antimicrobial CuNPs by Streptomyces spp. was mentioned
by Hassan et al. (2018). Also, anticancer activity was suc-
cessfully monitored for CuO-NPs and CuNPs produced by
Trichoderma species (Saravanakumar et al. 2019).

Fungi, in particular, are known for their superior ability
to produce many bioactive compounds, and their efficiency
in converting metal ions into their nanoscale form (Fouda
et al. 2021; Ahmed et al. 2022). Therefore, in this study, a
number of fungi resistant to copper ions were selectively
isolated from soil and then the most effective fungal strain
in the biosynthesis of CuO-NPs was selected. Furthermore,
the green synthesized CuO-NPs were characterized, immo-
bilized in alginate beads, and investigated as a disinfectant,
heavy metal adsorbent, and decolorizing agent for textile
industry wastewater (synthetic and real).

Materials and methods
Isolation and screening of copper-resistant fungi

All isolation sources (soil and textile industry wastewa-
ter) for copper-resistant fungi were collected from Giza

governorate, Egypt. The samples were seven samples of
soil (three from copper foundries and four from neighbor-
ing agricultural farms) and five samples of wastewater (from
textile factories in 6th of October City). The samples were
collected and transferred to the lab under aseptic conditions
and stored in refrigerator at 4 °C until used [18]. Isolation of
copper-resistant fungi was set up using consecutive enrich-
ment culturing technique. Briefly, 10 g/mL of soil/wastewa-
ter sample was (in triples) enriched in 250-mL conical flasks
containing 100-mL potato dextrose broth medium (PDB)
amended with 1 g/L. CuSO, (as enrichment medium). Flasks
were incubated under orbital shaking conditions (100 rpm)
at room temperature for 10 days. The enrichment cultures
were successively repeated three times by transferring 10
mL of the previous culture to fresh enrichment medium and
incubated under the same conditions (Hasanin et al. 2019).
One-milliliter aliquot from each flask was then transferred
to a 1%-saline water tube for progressive dilution to 107>
Finally, 100-pL aliquot of suspension was coated on potato
dextrose agar (PDA) plates supplemented with ampicillin
(50 pg/mL) as anti-bacterial and 1000 mg L~' CuSO,-5H,0
and incubated at 28 °C for 7 days (Darwesh et al. 2020).
Representative fungal colonies with different morphology
on agar plates were isolated, purified, and maintained on the
same isolation medium for further investigations.

Purified fungal isolates were screened on the basis of
their tolerance to Cu**. A disk of mycelium was inoculated
aseptically on PDA plates supplemented with 1000 ppm
CuSO,. The diameters of the emerging colonies (mm) ver-
sus the control group (medium without Cu**) were measured
after incubation at 28 °C for 7 days. Furthermore, the ability
of fungal isolates to grow in liquid medium (PDB) supple-
mented with 1000 ppm CuSO, was screened. Duplicates
of 250-mL conical flasks containing 100 mL PDB-copper
medium were inoculated with a disk of fungal mycelium
and incubated under orbital shaking conditions (100 rpm) at
room temperature for a week. The growth of fungal isolates
was estimated by measuring the final dry biomass. Fungal
isolates that showed good resistance and growth in the pres-
ence of copper were selected for subsequent experiments.

Screening fungi for extracellular biosynthesis
of copper NPs

The ability of copper-resistant fungal isolates to reduce
and convert copper ions into an extracellular nanoform
was screened. Into 250-mL conical flasks, 100 mL of PDB
medium (pH 5.5) was inoculated with 1 mL of fungal spore
suspension (10° spore mL~") and incubated at 100 rpm and
28 °C for 3 days. At the end of incubation period, the cul-
tural filtrates were applied as biological reducing agent to
transform Cu®* into its nanostructures. The cultural filtrates
have been mixed with an equal volume of 0.5% CuSO,
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solution and incubated in dark for 3 days on a rotary shaker
at 100 rpm at 28 °C. The biosynthesis of Cu-NPs was
checked (daily) by measuring the absorbance values of the
aforementioned mixtures at 570 nm using a UV spectropho-
tometer (Jenway UV/Visible 2605 spectrophotometer, Eng-
land) (Khodaie and Ghasemi 2018). Based on the efficiency
of CuO-NP formation and tolerance for copper ions (from
previous experiment), the most promising fungal isolate was
selected for identification and further investigations.

Identification of selected fungal isolate for Cu-NP
biosynthesis

Identification of the selected fungal isolate up to the genus
level was carried out using morphological microscopic char-
acteristics (Olympus cx41, Japan). Meanwhile, the molecu-
lar identification of the fungal species was carried out using
sequencing of the ITS region. In brief, the total genomic
DNA was extracted using CTAB protocol (Eida et al. 2018)
for fungal mycelium harvested after cultivation in PDB
medium for 3 days. Extracted DNA was amplified using
polymerase chain reaction (PCR) by ITS1 (5'-TCCGTA
GGTGAACCTGCGG-3') and ITS4 (5-TCCTCCGCTTAT
TGATATGC-3'") primers. The identification was achieved
by comparing the contiguous DNA sequence with data from
the reference and type strains available in public GenBank
databases using the BLAST program (National Centre for
Biotechnology Information) (http://www.ncbi.nlm.nih.Gov/
BLAST). The obtained sequences were aligned using Jukes
Cantor Model (Darwesh et al. 2019c¢). Finally, the sequences
were deposited in GenBank and the accession number was
obtained.

Production and characterization
of myco-synthesized Cu-NPs for environmental
applications

The selected fungus (isolate F18) was cultivated for 3 days in
a 3-L flask containing 2 L of PDB medium aerated by bub-
bling with sterile air. The cell-free culture filtrate was mixed
with a similar volume of 0.5% CuSO, solution and stirred
for 24 h to allow the formation of Cu-NPs. The formed Cu-
NPs were allowed to precipitate, pooled, and washed once
with distilled water and twice with absolute ethanol and
then dried at 50 °C. The dried and grounded Cu-NPs were
subjected to further characterization before being used in
antimicrobial and textile wastewater treatment experiments.

Cu-NPs biosynthesized using the fungus F18 were char-
acterized by high-resolution transmission electron micros-
copy (HRTEM) (JEOL 2100 Japan) to define the size and
shape of the produced nanostructures. Fourier transform
infrared spectroscopy (FTIR) analysis was performed to
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determine the possible biomolecules guild for capping,
reduction, and efficient stabilization of the myco-synthe-
sized Cu-NPs. The samples were scanned using infrared
in the range of 4000:400 cm™! using a FTIR spectrometer
(Agilent system Cary 630 FTIR model). The obtained
spectral data were compared with the reference chart
to identify the functional groups present in the sample
(Nandiyanto et al. 2019). The crystalline structure of the
myco-synthesized Cu-NPs was characterized by an X-ray
diffractometer (XRD-6000 series by Shimadzu apparatus)
in order to determine its elemental composition. Scanning
electron microscopy (SEM) instrument provides details of
sample high-resolution images by scanning the surface to
appear the surface morphology. So, it is used for charac-
terization of material structures. Also, energy dispersive
X-ray analyzer (EDAX) is used to provide elemental iden-
tification and quantitative compositional information.

Antimicrobial activity of the myco-synthesized
CuO-NPs

The antimicrobial activities of the myco-synthesized Cu-
NPs were tested against the following pathogens: Bacil-
lus cereus ATCC-12228, Listeria monocytogenes ATCC-
35152, Enterococcus faecalis ATCC-29212, Pseudomonas
aeruginosa, Salmonella typhi, Escherichia coli ATCC-
25922, Candida albicans ATCC-10231, Aspergillus niger
ATCC- 16888, Aspergillus flavus ATCC- MYA 4921, and
Fusarium proleferatum MPVP 328. The antimicrobial
activity was tested by well diffusion agar method accord-
ing to the previous described by Darwesh and Elshahawy
(2021). The tested Cu-NP concentration (200 mg/mL) was
tested against amoxicillin as antibacterial reference and
nystatin as antifungal reference (200 mg/mL). All samples
were performed in triplicate and expressed as average val-
ues + SD. Minimum inhibitory concentration (MIC) also
was determined (Mourad et al. 2019).

Immobilization of CuO-NPs on alginate beads

The composite based on nano-copper was prepared to easy
handle of the produced CuO-NPs for wastewater treatment.
Briefly, a solution of 3 % sodium alginate prepared under
continuously steering was mixed with solution of myco-
synthesized CuO-NPs under vigorous steering for 1 h.
The prepared mixture was added dropwise into calcium
chloride solution (5%) and kept under vigorous steering
another 1h after finishing alginate/CuO-NP solution. The
produced pellets were washed several times by deionized
water and freeze-dried.
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Heavy metal removal and dye adsorption
by the myco-synthesized CuO-NPs

The capability of the myco-synthesized CuO-NPs to remove
three common heavy metals, i.e., led, chromium, and nickel
from a synthetic wastewater, was examined. A 500 ppm of
the tested heavy metal ions was prepared using their salts
(Cr,K,0,, NiCl,, and PbNO;). CuO-NPs (produced by
Fusarium oxysporum OSF18) at concentration of 100 mg/10
mL were applied to remove these ions from their solutions;
the removal efficiency was calculated (Powara et al. 2019).

For textile dye adsorption, the same concentration of the
myco-synthesized CuO-NPs was added to reactive red azo
dye solution (300 ppm) and then incubated under shaking
conditions (100 rpm) for 24 h. The decolorization efficiency
was calculated as previous description by Darwesh et al.
(2014).

Application of immobilized CuO-NPs for textile
industry wastewater remediation

The bioremediation efficiency of CuO-NPs immobilized in
alginate beads were applied to a real textile industry waste-
water treatment sample (collected from textile manufac-
tory at Kafr El-Dawar region, Egypt). A total of 500 mg of
alginate beads containing 200 mg of CuO-NPs was added to
10 mL of the collected wastewater sample. After overnight
incubation with shaking (100 rpm), total microbial counts,
dye, and heavy metal (Pb, Cr, Ni) removals were determined
and compared with untreated wastewater. Disinfection, dye
decolonization, and heavy metal removal efficiencies were
calculated.

Results and discussion
Isolation and screening of copper-resistant fungi

The main objective of this study is to bio-remediate the
wastewater effluent from textile industry by producing cop-
per nanostructure using active fungal isolates capable to
resist and reduce copper ions. The consecutive enrichment
culture technique was relied on PDB medium supplied with
a high concentration of copper ions to increase the possibil-
ity of obtaining copper-resistant fungal isolates from the 12
previously collected samples. After the processes of enrich-
ment in Cu-PDB liquid and culturing on Cu-PDA plates,
35 fungal colonies from different samples, and whenever
possible with different morphologies, were selected for iso-
lation and purification. In this hypothesis, the sample source
is a key to success of targeted fungi isolation (Vimbela et al.
2017). Screening of the purified fungal isolates either on
PDA plates or liquid medium (PDB) supplemented with

1000 ppm CuS0O,.5H,0 revealed the superiority of 13 iso-
lates to grow well and tolerate Cu®>* (unpublished data). The
selected isolates were encoded as F5, F8, F10, F14, F18,
F20, F22, F24, F26, F27, F28, F29, F30, and F34.

Screening for extracellular biosynthesis of copper
oxide NPs

The previously selected 13 Cu-resistant fungal isolates have
been screened against the ability for reducing copper ions
into its nanoform. Fungi have the ability to produce, both
internally and externally, relatively large amounts of proteins
and enzymes, which are important in the rapid and sustain-
able synthesis of nanoparticles (Guilger-Casagrande and
Lima 2019). Hence, 3-day-old culture filtrate (on PDB) was
tested as a potential medium containing biological reducing
agents to convert Cu’" into its nanostructures. The screen-
ing was based on the production of precipitated CuO-NPs
that can be spectrophotometrically measured at a wavelength
of 570 nm (ODs,) (Fig. S3). The obtained results showed,
as in Fig. 1, the variability between the investigated fungal
isolates based on the production of CuO-NPs. In solutions
containing 5000 ppm CuSO,.5H,0, the fungal isolate F18
showed greater efficiency in the extracellular biosynthesis
of CuO nanoparticles than others. This efficiency can be
attributed to the efficient ability to secrete extracellular mol-
ecules capable of converting copper ions into their reduced
nanoscale form. The reduction system of microbial biomass
plays a vital role in reduction of metal ions and fabrication
of nanometals’ form (Sungur and Giilmez 2015). It is impor-
tant to mention that this fungus (F18) was isolated from
wastewater of the textile industry, which contained copper
(and others) as contaminants, and also showed the highest
tolerances to copper ions. This leads to the confirmation that
the sample source is of importance in characteristics and a
key to success of the targeted microbial isolates (Mani et al.
2021). The most active fungal isolate were obtained from
the wastewater samples collected from textile plants. Sungur
and Giilmez (2015) reported that the residues of copper and
chromium in dyestuffs are possible from the use of catalysts
in the synthesis of some dye intermediates. Also, some reac-
tive dyes contain copper, cobalt, nickel, and chromium as
metal complexes or metallic impurities, originating from the
raw materials used in manufacture.

Identification of the most active fungal isolate

Based on the tolerance to copper ions and the extracellu-
lar biosynthesis of CuO-NPs, the isolate-coded F18 has
been selected for identification and further experiments.
Cultural and morphological characteristics suggested that
this isolated fungal was initially identified as F. oxysporum
(Nel et al. 2006; Elshahawy et al. 2018). The molecular
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identification was applied based on the amplification and
sequencing of the internal transcribed spacer (ITS) genes.
The obtained sequences were compared with sequences
available in GenBank using BLAST program (http://www.
ncbi.nlm.nih.Gov/BLAST). The phylogenetic relationship
showed that this strain is very close to the type strains of
F. oxysporum (Fig. 2) with a similarity percentage of 98.83
% with other related strains in GenBank. The fungus was
recorded in GenBank as F. oxysporum (OSF18) with acces-
sion No. MZ833458.

Characterization of biosynthesized Cu-NPs
Copper nanoform produced by F. oxysporum (OSF18) was

characterized using transmission electron microscopy, Fou-
rier transform infrared spectroscopy, and X-ray diffraction
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spectrophotometer. Transmission electron microscopy
(TEM) is considered the main technique for nano-size mate-
rial characterization (especially for morphological charac-
terization), because it illustrates the size and morphology
of nanoforms (Mourad et al. 2019). In this study, high-res-
olution transmission electron microscopy (HRTEM) was
applied for the morphological analysis of myco-synthesized
CuO-NPs. Micrographs obtained from HRTEM (Fig. 3)
indicated that the sizes of the CuO-NPs produced ranged
from 21 to 47 nm. Regarding the shape, the resulting CuO-
NPs had a spherical shape with marginal difference with
some aggregates as shown in Fig. 3.

In addition, HRTEM image indicates the presence of a thin
layer around the formed CuO-NPs which could be fungal proteins
that acts as capping and/or protective agents. These proteins are
supposed to be useful for protecting the produced nanoparticles

Fig.2 Phylogenetic tree of F.
oxysporum (OSF18) with the
close related reference strains
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Fig.3 Production and HRTEM
characterization of fungal
CuO-NPs: 1, fungal culture;

2, culture filtrate; 3, CuSO,
solubilization; 4, mixture of Cu
ions with filtrate; 5, proteins or
reducing agents; 6, reducing
agents coating ions; 7, reduc-
ing Cu ions; 8, CuO-NPs; 9,
HRTEM picture

from aggregation. This result agrees with the results reported
by previous study (Nabila and Kannabiran 2018; Darwesh et al.
2019d). The observations in this experiment confirm the pres-
ence of reducing substances and capping agents in the cell-free
extract of F. oxysporum (OSF18), indicating the importance of
this fungus in the biosynthesis of CuO-NPs.

FTIR was performed to give insights of functional groups
as reducing, stabilizing, and capping agents in the synthesized
CuO-NPs. As shown in Fig. 4, the FTIR spectrum in the range
of absorption bands from 400 to 4000 cm™' represents the
infrared spectrum of CuO-NPs with some vibration bands at
different wavelengths. The peak displayed around the range of
600 cm™! refers to the band of alkyl halides (C-Cl) (Rasheed
etal. 2017) as in position of 15-18. In contrast, C-H bond peak
could be distinguished at 2932 cm™" as a result of methylene,

e ) o0 o
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o.o'o...'o‘.o

©gOg %0

‘.0

()

methoxy, and methyl groups stretching vibrations as in position
of 5, while O-H group stretching due to the proposed presence
of alcohols, flavonoids, and phenols was viewed at 3418 cm”!
(Rohaeti et al. 2015), as in position of 4, whereas C=0 bond
stretching peak was detected at 2379 cm™! (Tungmunnithum
et al. 2018) as in position of 6. Based on the peaks of FTIR
spectroscopy, protein molecules (possibly active enzymes) are
suggested as reducing and capping agents for the biosynthe-
sis of CuO-NPs. The crystallinity nature of the biosynthesized
CuO-NPs was identified and confirmed by XRD analysis at
peak position with 20 values (Fig. 5) (Velsankar et al. 2019;
Kaliammal et al. 2021).

The morphology, surface uniformity, and elemental
composition of the produced CuO-NPs were characterized
using SEM/EDAX and the resulted image and analyses are

Fig.4 FTIR analyses of the 100~ —C = ‘
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Fig.5 XRD analysis of the myco-synthesized CuO-NPs

illustrated in Fig. 6. Results indicated that the surface of CuO-
NPs was uniform and belonged to nano size (< 43 nm). This
result is in agreed with those obtained by the three-dimen-
sional electron microscopy (HRTEM). For the metal com-
position of the sample, the EDAX analyses confirmed that
the produced is copper oxide nanoparticles coated by protein
molecules as appeared in metal analyses (Cu, O, C, P).

Antimicrobial activity of the biosynthesized
CuO-NPs

The antimicrobial activity of CuO-NPs biosynthesized
using supernatant of F. oxysporum (OSF18) was investi-
gated against ten microorganisms using the method of agar
well diffusion by measuring the inhibition zones. The tested
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Fig.6 SEM/EDAX characterization of fungal CuO-NPs
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bacteria were L. monocytogenes and B. cereus as Gram posi-
tive bacteria and E. coli, S. typhi, and Ps. aeruginosa and
E. faecalis as Gram-negative bacteria. In addition, the yeast
C. albicans, as well as the fungi A. niger, A. flavus, and F.
proleferatum, were tested as representatives of molds. The
biosynthesized CuNPs was tested at the concentration of
200 mg/mL and it exhibited noticeable inhibition for the
all tested microorganisms as illustrated in Fig. 7. Similar
studied on CuO-NPs showed similar results toward path-
ogenic microorganisms (Longano et al. 2011; Mahmoodi
et al. 2018; Sadek et al. 2018; Velsankar et al. 2020c). The
antimicrobial activity of CuNPs can be attributed to their
large active surface area and thus their ability to interact with
pathogens (Qiu et al. 2020; Velsankar et al. 2020b).

The minimum inhibition concentrations (MIC) of CuO-NPs
biosynthesized by cultural filtrate of F. oxysporum (OSF18)
were examined and the obtained values are represented in
Table 1. The results showed that the recorded MIC of tested
nanoparticles ranged between 20 and 70 mg/mL. These prop-
erties and capabilities make CuO-NPs a potential candidate for
bioremediation and pathogen control in many medical and envi-
ronmental fields (such as wastewater treatment).

Heavy metal removal and dye adsorption
by myco-synthesized CuO-NPs

The capability of the biosynthesized CuO-NPs to remove
heavy metals and textile dyes from synthetic wastewater was

Fig.7 Antimicrobial activity of 35 1
CuO-NPs (200 mg mL™") pro-
duced by F. oxysporum (OSF18)

(mm)

Inhibition zone
[
(=]

Table 1 Minimal inhibitory concentration (MIC) of the produced
CuO-NPs

Pathogenic microorganisms MIC of CuO-NPs produced

by F. oxysporum (mg mL™")

B. cereus 25
L. monocytogenes 25
E. faecalis 20
P. aeruginosa 333
E. coli 20
S. typhi 25
C. albicans 20
A. niger 50
A. flavus 60
F. proleferatum 70

measured. Three solutions of heavy metals, Cr, Pb, and Ni at
a concentration of 100 ppm plus a 300 ppm solution of reac-
tive azo red dye, were prepared and used (separately) as the
target industrial wastewater for treatment. Bio-synthesized
CuO-NPs at concentration of 100 mg/10 mL was applied
in the mentioned synthetic wastewater for 24 h and the per-
centages of heavy metals or dye removal are measured and
illustrated in Fig. 8. Regarding the removal of heavy metals
by CuO-NPs, although the removal efficiency of chromium
and nickel did not exceed 10%, the percentage was much
higher in the case of lead (98.49%). Heavy metal removal via
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Fig.8 Removal efficiency of Pb, Cr, Ni, and reactive azo red dye
from synthetic wastewater by CuO-NPs (10 mg mL™") biosynthesized
by F. oxysporum (OSF18)

nanoparticles mainly occurs due to adsorption onto its sur-
face (EI-Dib et al. 2020; Velsankar et al. 2020a; Velsankar
et al. 2022b; Darwesh et al. 2021). The adsorption affinity
between CuO-NPs and different heavy metals present in the
environment varies according to the element, and thus, the
removal efficiency of different elements varies under the
same conditions.

On the other hand, the color removal of reactive red dye
from the synthetic wastewater by the action of CuO-NPs
reached 92% within 24 h (Fig. 8). The results indicate the
effective ability of the biosynthesized CuO-NP compounds
to absorb and decolorize the synthetic dyes, which is one of
the main pollutants in textile dye wastewater (Tappe et al.
2000). The wastewater contains textile dyes, heavy metals,

and pathogenic microbes as a source of hazardous pollut-
ants, so we focused on removing dyes and heavy metals in
addition to control the pathogens.

Bioremediation of raw textile wastewater using
myco-synthesized CuO-NPs

Previous experiments demonstrated the ability of biosyn-
thetic copper nanoparticles to control pathogenic microbes in
addition to absorb and remove heavy metals and dyes from
synthetic wastewater. Therefore, it was reasonable to study
its application in bioremediation of raw textile wastewater.
In industrial applications, it is necessary to immobilize bio/
catalyst materials such as enzymes and nanoparticles in suit-
able support material(s) to protect them against washing-out
and adverse surrounding conditions. Hence, in this study, the
biosynthesized CuO-NPs were immobilized in alginate beads
and applied to treat raw effluent wastewater obtained from a
textile factory in Egypt. The level of biological contamination
of studied wastewater was measured by microbial counting
as colony forming unit (CFU) which was 130 x 10”. After
treatment, the microbial load was decreased by the percent-
age of 99.995% (Fig. 9) which can be considered as effective
disinfection or partial sterilization of the raw wastewater. In the
same raw textile wastewater, the heavy metal removals were
as 93, 55, and 30 % for Pb, Cr, and Ni, respectively (Fig. 9).
It should be noted that the heavy metal removal in raw textile
wastewater took the same pattern as in synthetic wastewater.
Also, the removal efficiency for the tested heavy metals was
Pb > Cr > Ni which was similar as reported in other studies
(Mahmoud et al. 2021; Velsankar et al. 2022a). Regarding dye
removal, as in Fig. 9, the percentage was as 90% which almost
similar to the percentage obtained from synthetic wastewater.

Fig.9 Removal efficiencies of .
some contaminants from raw Removal Efficiency (%)
textile industry wastewater 99.9995 %
using biosynthesized CuO-NPs 100 1 T 90%
immobilized in alginate beads
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Textile industry wastewater is produced by huge amounts
daily and considered one of the most pollutants producers
in world country. Due to increase the pure water shortage,
bioremediation of such wastewater is very important to fill
the water deficit. From various technologies used in this field,
nanotechnology especially from biological source is sustain-
able developed to treat industrial wastewater and provide non-
traditional irrigation water resources (Darwesh et al. 2019a).
The obtained results indicated a good activity toward harmful
microorganisms. Some other studies reported the antimicro-
bial activity of CuNPs, and it has been talented for medicine
and dentistry fields due to their properties, specially their
interaction with pathogens, their large active surface area, and
their high chemical and biological reactivity (Longano et al.
2011; Mahmoodi et al. 2018; Darwesh et al. 2019¢). When
their surface is appropriately elaborated, CuNPs could also
provide efficient binding to the bacteria and/or other pollut-
ants (heavy metals or dyes) because their high surface/volume
ratio simply offers more contact area. Finally, the comparison
between obtained CuO-NPs in the current study and other
literature biosynthesized CuO-NPs are illustrated in Table 2.

Conclusions

Bionanotechnologies received great interest due to their hope-
ful results and potential benefits on many life aspects. In this
study, we report the eco-friendly and cost-effective biosynthe-
sis of CuO-NPs using the cell-free extract of a novel copper-
resistant fungus strain, F. oxysporum OSF18. The biosynthe-
sized CuO-NPs were characterized and found to be spherical
nanocrystals with the size range of 21-47 nm. Bio-CuO-NPs
immobilized in alginate beads exhibited a great efficiency in
disinfecting microbes (99.995%) and removing heavy metals
(93, 55, and 30 % for Pb, Cr, and Ni, respectively) and dyes
(90%) from raw textile industrial wastewater. The biosynthesized
CuO-NPs immobilized in alginate beads could be concluded as
eco-friendly, cost-effective, and easy to handle for the bioreme-
diation of textile industry wastewater. More research is needed to
study the potential long-term impact on the environment when
such materials are used on an industrial scale.
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tary material available at https://doi.org/10.1007/s11356-022-23360-7.

Acknowledgements The authors would like to thank National Research
Centre (NRC), Egypt, for providing necessary facilities to carry out the
research work.

Author contribution All authors conceived and planned the study; O.M.D.
and I.A.M. performed the microbiological experiments. O.M.D., H.L., and
L A.M. contributed to data analysis and discussion of results and commented
on the manuscript. O.M.D. and .A.M. wrote and edited the first draft of
manuscript. O.M.D., H.L., and I.A.M. reviewed, read, revised, and agreed
to the final version of the manuscript.

@ Springer

Funding Open access funding provided by The Science, Technology &
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB).

Data availability It is available when requested.

Declarations

Ethics approval and consent to participate In the present study, none
of the authors used human or animals beings as research subjects.
International, national, and institutional guidelines for the care were
taken. Experimental protocols were done under the supervision of the
National Research Centre and Hebei University of Technology.

Consent to participate All authors confirm to participate in this work.

Consent for publication There was no person’s data in any form
(including any individual details, images, or videos). All authors con-
firm for publication this work in the journal of Environmental Science
and Pollution Research.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abboud MA (2021) A novel biological approach to copper nanopar-
ticles synthesis: characterization and its application against phy-
topathogenic fungi

Ahmed SF, Mofijur M, Rafa N, Chowdhury AT, Chowdhury S, Nahrin
M, Saiful Islam ABM, Ong HC (2022) Green approaches in synthe-
sising nanomaterials for environmental nanobioremediation: techno-
logical advancements, applications, benefits and challenges. Envir Res
204:111967. https://doi.org/10.1016/j.envres.2021.111967

Anjum M, Miandad R, Waqgas M, Gehany F, Barakat M (2019) Reme-
diation of wastewater using various nano-materials. Arabian J Chem
12(8):4897-4919. https://doi.org/10.1016/j.arabjc.2016.10.004

Arya A, Gupta K, Chundawat TS, Vaya D (2018) Biogenic synthesis
of copper and silver nanoparticles using green alga Botryococcus
braunii and its antimicrobial activity. Bioinorg Chem Appl, 2018

Chung W, Shim J, Ravindran B (2022) Application of wheat bran based
biomaterials and nano-catalyst in textile wastewater. J King Saud Univ
Sci 34(2):101775. https://doi.org/10.1016/j.jksus.2021.101775

Cuevas R, Duran N, Diez MC, Tortella GR, Rubilar O. (2015) Extra-
cellular biosynthesis of copper and copper oxide nanoparticles by
Stereum hirsutum, a native white-rot fungus from chilean forests.
J Nanomat, 2015

Darwesh OM, Matter IA, Eida MF (2019¢) Development of per-
oxidase enzyme immobilized magnetic nanoparticles for


https://doi.org/10.1007/s11356-022-23360-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.envres.2021.111967
https://doi.org/10.1016/j.arabjc.2016.10.004
https://doi.org/10.1016/j.jksus.2021.101775

Environmental Science and Pollution Research (2023) 30:16694-16706

16705

bioremediation of textile wastewater dye. ] Env Chem Eng
7(1):102805. https://doi.org/10.1016/j.jece.2018.11.049

Darwesh OM, Barakat KM, Mattar MZ, Sabae SZ, Hassan SH (2019d)
Production of antimicrobial blue green pigment Pyocyanin by marine
Pseudomonas aeruginosa. Biointerf Res Appl Chem 9(5):4334-43309.
https://doi.org/10.33263/BRIAC95.334339

Darwesh OM, El-Hawary AS, El Kelany US, El-Sherbiny GM (2019¢)
Nematicidal activity of thermostable alkaline protease produced
by Saccharomonospora viridis strain Hw G550. Biotechnol Rep
24:e00386. https://doi.org/10.1016/j.btre.2019.600386

Darwesh OM, El-Maraghy SH, Abdel-Rahman HM, Zaghloul RA
(2020) Improvement of paper wastes conversion to bioethanol
using novel cellulose degrading fungal isolate. Fuel 262:116518.
https://doi.org/10.1016/j.fuel.2019.116518

Darwesh OM, Elshahawy IE (2021) Silver nanoparticles inactivate
sclerotial formation in controlling white rot disease in onion and
garlic caused by the soil borne fungus Stromatinia cepivora. Eur
J Plant Pathol 2021. https://doi.org/10.1007/s10658-021-02296-7

Darwesh OM, Matter IA, Eida MF, Moawad H, Oh Y (2019b) Influence
of nitrogen source and growth phase on extracellular biosynthe-
sis of silver nanoparticles using cultural filtrates of Scenedesmus
obliquus. Appl Sci 9:1465. https://doi.org/10.3390/app9071465

Darwesh OM, Matter 1A, Eida MF (2019a) Development of peroxidase
enzyme immobilized magnetic nanoparticles for bioremediation
of textile wastewater dye. J Environ Chem Eng 7(1):102805.
https://doi.org/10.1016/j.jece.2018.11.049

Darwesh OM, Moawad H, Abd El-Rahim WM, Barakat OS, Sedik
MZ (2014) Bioremediation of textile reactive blue (RB) azo dye
residues in wastewater using experimental prototype bioreactor.
Res J Pharm, Biol Chem Sci 5(4):1203-1219

Darwesh OM, Shalaby MG, Abo-Zeid AM, Mahmoud YA-G (2021)
Nano-bioremediation of municipal wastewater using myco-syn-
thesized iron nanoparticles. Egyptian J] Chem, 64(5): 2499-2507.
10.21608/EJCHEM.2021.60921.3307

Dhand C, Dwivedi N, Loh XJ, Ying ANJ et al (2015) Methods and
strategies for the synthesis of diverse nanoparticles and their
applications: a comprehensive overview. RSC Adv 5:105003.
https://doi.org/10.1039/C5RA19388E

Eida MF, Darwesh OM, Matter IA (2018) Cultivation of oleaginous
microalgae Scenedesmus obliquus on secondary treated municipal
wastewater as growth medium for biodiesel production. J Ecolog
Eng 19(5):38-51. https://doi.org/10.12911/22998993/91274

El-Dib FI, Mohamed DE, El-Shamy OA, Mishrif MR (2020) Study the
adsorption properties of magnetite nanoparticles in the presence of dif-
ferent synthesized surfactants for heavy metal ions removal. Egyptian
J Petrol 29(1):1-7. https://doi.org/10.1016/j.ejpe.2019.08.004

Elshahawy I, Abouelnasr HM, Lashin SM, Darwesh OM (2018) First
report of Pythium aphanidermatum infecting tomato in Egypt and
its control using biogenic silver nanoparticles. J Plant Prot Res
15(2):137-151. https://doi.org/10.24425/122929

Fouda A, Hassan S, Abdel-Rahman M et al (2021) Catalytic degrada-
tion of wastewater from the textile and tannery industries by green
synthesized hematite (a-Fe,0;) and magnesium oxide (MgO)
nanoparticles. Curr Res Biotechnol 3:29-41. https://doi.org/10.
1016/J.CRBIOT.2021.01.004

Guilger-Casagrande M, Lima RD (2019) Synthesis of silver nanoparti-
cles mediated by fungi: a review. Front Bioeng Biotechnol 7:287.
https://doi.org/10.3389/fbioe.2019.00287

Hasanin MS, Darwesh OM, Matter IA, El-Saied H (2019) Isolation and
characterization of non-cellulolytic Aspergillus flavus EGYPTAS
exhibiting selective ligninolytic potential. Biocat Agr Biotechnol
17:160-167. https://doi.org/10.1016/j.bcab.2018.11.012

Hassan SED, Salem SS, Fouda A, Awad MA, El-Gamal MS, Abdo AM
(2018) New approach for antimicrobial activity and bio-control of
various pathogens by biosynthesized copper nanoparticles using
endophytic actinomycetes. J Rad Res Appl Sci 11(3):262-270

Hussein HA, Darwesh OM, Mekki BB, El-Hallouty SM (2019) Evalu-
ation of cytotoxicity, biochemical profile and yield components
of groundnut plants treated with nano-selenium. Biotechnol Rep
24:e00377. https://doi.org/10.1016/j.btre.2019.00377

Jha P, Saraf A, Sohal JK (2021) Antimicrobial activity of biologically
synthesized gold nanoparticles from wild mushroom Cantharellus
species. J Sci Res, 65(3)

John MS, Nagoth JA, Zannotti M, Giovannetti R, Mancini A,
Ramasamy KP, Miceli C, Pucciarelli S (2021) Biogenic synthesis
of copper nanoparticles using bacterial strains isolated from an
antarctic consortium associated to a psychrophilic marine ciliate:
characterization and potential application as antimicrobial agents.
Marine drugs 19(5):263

Kaliammal R, Parvathy G, Maheshwaran G, Velsankar K, Kous-
alya Devi V, Krishnakumar M, Sudhahar S (2021) Zephyran-
thes candida flower extract mediated green synthesis of silver
nanoparticles for biological applications. Adv Powder Technol
32(11):4408-4419. https://doi.org/10.1016/j.apt.2021.09.045

Khan I, Saeed K, Khan I (2019) Nanoparticles: properties, applications
and toxicities. Arab J Chem 12:908-931. https://doi.org/10.1016/j.
arabjc.2017.05.011

Khodaie M, Ghasemi N (2018) Green synthesis and characterization
of copper nanoparticles using Eryngium campestre leaf extract.
Bulg Chem Comm 50:244-250

Longano D, Ditaranto N, Sabbatini L, Torsi L, Cioffi N (2011)
Synthesis and antimicrobial activity of copper nanomaterials.
Nano-Antimicrob: Progr Prosp:85-117. https://doi.org/10.1007/
978-3-642-24428-5_3

Mahmoodi S, Elmi A, Hallaj-Nezhadi S (2018) Copper nanoparticles
as antibacterial agents. J Mol Pharm Org Process Res 6:140.
https://doi.org/10.4172/2329-9053.1000140

Mahmoud AED, Al-Qahtani KM, Alflaij SO et al (2021) Green copper
oxide nanoparticles for lead, nickel, and cadmium removal from
contaminated water. Sci Rep 11:12547. https://doi.org/10.1038/
$41598-021-91093-7

Mani VM, Kalaivani S, Sabarathinam S, Vasuki M, Soundari AJ et al
(2021) Copper oxide nanoparticles synthesized from an endophytic
fungus Aspergillus terreus: bioactivity and anti-cancer evaluations.
Envir Res 201:111502. https://doi.org/10.1016/j.envres.2021.111502

Mourad R, Helaly F, Darwesh OM, Sawy SE (2019) Antimicrobial and
physicomechanical natures of silver nanoparticles incorporated
into silicone-hydrogel films. Cont Lens Anter Eye 42:325-333.
https://doi.org/10.1016/j.clae.2019.02.007

Nabila MI, Kannabiran K (2018) Biosynthesis, characterization and
antibacterial activity of copper oxide nanoparticles (CuO NPs)
from actinomycetes. Biocatal Agr Biotechnol 15:56-62. https://
doi.org/10.1016/j.bcab.2018.05.011

Nandiyanto ABD, Oktiani R, Ragadhita R (2019) How to read and
interpret FTIR spectroscope of organic material. Indones J Sci
Technol 4(1):97-118. https://doi.org/10.17509/1JOST.V411.15806

Nel B, Steinberg C, Labuschagne N, Viljoen A (2006) Isolation and char-
acterization of nonpathogenic Fusarium oxysporum isolates from the
rhizosphere of healthy banana plants. Plant Pathol 55(2):207-216.
https://doi.org/10.1111/J.1365-3059.2006.01343.X

Noor S, Shah Z, Javed A, Ali A, Hussain SB, Zafar S, Ali H, Muham-
mad SA (2020) A fungal based synthesis method for copper nano-
particles with the determination of anticancer, antidiabetic and
antibacterial activities. ] Microbiol Meth 174:105966

Ostaszewska T, Chojnacki M, Kamaszewski M et al (2016) Histopatho-
logical effects of silver and copper nanoparticles on the epider-
mis, gills, and liver of Siberian sturgeon. Environ Sci Pollut Res
23:1621-1633. https://doi.org/10.1007/s11356-015-5391-9

Parvin F, Rikta SY, Tareq SM (2019) Application of nanomaterials for
the removal of heavy metal from wastewater. In Nanotechnology
in water and wastewater treatment, 137-157. Elsevier. https://doi.
org/10.1016/B978-0-12-813902-8.00008-3

@ Springer


https://doi.org/10.1016/j.jece.2018.11.049
https://doi.org/10.33263/BRIAC95.334339
https://doi.org/10.1016/j.btre.2019.e00386
https://doi.org/10.1016/j.fuel.2019.116518
https://doi.org/10.1007/s10658-021-02296-7
https://doi.org/10.3390/app9071465
https://doi.org/10.1016/j.jece.2018.11.049
https://doi.org/10.1039/C5RA19388E
https://doi.org/10.12911/22998993/91274
https://doi.org/10.1016/j.ejpe.2019.08.004
https://doi.org/10.24425/122929
https://doi.org/10.1016/J.CRBIOT.2021.01.004
https://doi.org/10.1016/J.CRBIOT.2021.01.004
https://doi.org/10.3389/fbioe.2019.00287
https://doi.org/10.1016/j.bcab.2018.11.012
https://doi.org/10.1016/j.btre.2019.e00377
https://doi.org/10.1016/j.apt.2021.09.045
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.1007/978-3-642-24428-5_3
https://doi.org/10.1007/978-3-642-24428-5_3
https://doi.org/10.4172/2329-9053.1000140
https://doi.org/10.1038/s41598-021-91093-7
https://doi.org/10.1038/s41598-021-91093-7
https://doi.org/10.1016/j.envres.2021.111502
https://doi.org/10.1016/j.clae.2019.02.007
https://doi.org/10.1016/j.bcab.2018.05.011
https://doi.org/10.1016/j.bcab.2018.05.011
https://doi.org/10.17509/IJOST.V4I1.15806
https://doi.org/10.1111/J.1365-3059.2006.01343.X
https://doi.org/10.1007/s11356-015-5391-9
https://doi.org/10.1016/B978-0-12-813902-8.00008-3
https://doi.org/10.1016/B978-0-12-813902-8.00008-3

16706

Environmental Science and Pollution Research (2023) 30:16694-16706

Powara NS, Patelb VJ, Pagarec PK, Pandavd RS (2019) Cu nanoparti-
cle: synthesis, characterization and application. Chem Methodol,
457-480. https://doi.org/10.22034/chemm.2019.154075.1112

Qiu W, Zhou Y, Li Z, Huang T, Xiao Y, Cheng L et al (2020) Applica-
tion of antibiotics/antimicrobial agents on dental caries. Biomed
Res Int 31:5658212. https://doi.org/10.1155/2020/5658212

Rasheed T, Bilal M, Igbal HMN, Li C (2017) Green biosynthesis of
silver nanoparticles using leaves extract of Artemisia vulgaris
and their potential biomedical applications. Coll Surf B Biointerf
158:408-415. https://doi.org/10.1016/j.colsurfb.2017.07.020

Rohaeti E, Rafi M, Syafitri UD, Heryanto R (2015) Fourier transform
infrared spectroscopy combined with chemometrics for dis-
crimination of Curcuma longa, Curcuma xanthorrhiza and Zin-
giber cassumunar. Spectrochim Acta A Mol Biomol Spectrosc
137:1244-1249. https://doi.org/10.1016/j.saa.2014.08.139

Sadek ZI, Abdel-Rahman MA, Azab MS, Darwesh OM, Hassan MS
(2018) Microbiological evaluation of infant foods quality and
molecular detection of Bacillus cereus toxins relating genes. Tox
Rep 5:871-877. https://doi.org/10.1016/j.toxrep.2018.08.013

Salvadori MR, Lepre LF, Ando RA, Oller do Nascimento CA, Corréa
B. (2013) Biosynthesis and uptake of copper nanoparticles by
dead biomass of Hypocrea lixii isolated from the metal mine in
the Brazilian Amazon region. PLoS One 8(11):e80519

Saravanakumar K, Shanmugam S, Varukattu NB, MubarakAli D,
Kathiresan K, Wang MH (2019) Biosynthesis and characteriza-
tion of copper oxide nanoparticles from indigenous fungi and its
effect of photothermolysis on human lung carcinoma. J Photo-
chem Photobiol B Biol 190:103-109. https://doi.org/10.1016/j.
jphotobiol.2018.11.017

Slavin YN, Asnis J, Hifeli UO et al (2017) Metal nanoparticles: understand-
ing the mechanisms behind antibacterial activity. J Nanobiotechnol
15:65. https://doi.org/10.1186/512951-017-0308-z

Stensberg MC, Wei Q, McLamore ES, Porterfield DM, Wei A,
Sepulveda MS (2011) Toxicological studies on silver nanoparti-
cles: challenges and opportunities in assessment, monitoring and
imaging. Nanomed (Lond) 6(5):879-898. https://doi.org/10.2217/
nnm.11.78

Sultan YY, Ali MA, Darwesh OM, Embaby MA, Marrez DA (2016)
Influence of nitrogen source in culture media on antimicrobial
activity of Microcoleus lacustris and Oscillatoria rubescens. Res
J Pharm, Biol Chem Sci 7(2):1444-1452

Sungur F, Giilmez F (2015) Determination of metal contents of vari-
ous fibers used in textile industry by MP-AES. J Spectr 640271.
https://doi.org/10.1155/2015/640271

Tappe H, Helmling W, Mischke P, Rebsamen K, et al. (2000) Reactive
dyes, In Ullmann’s Encyclopedia of Industrial Chemistry, Wiley-VCH,
Weinheim. https://doi.org/10.1002/14356007.a22_651

Tungmunnithum D, Thongboonyou A, Pholboon A, Yangsabai A
(2018) Flavonoids and other phenolic compounds from medici-
nal plants for pharmaceutical and medical aspects: an overview.
Medicines (Basel, Switzerland) 5(3):93. https://doi.org/10.3390/
medicines5030093

Velsankar K, Aswin Kumar RM, Preethi R, Muthulakshmi V, Sudha-
har S (2020a) Green synthesis of CuO nanoparticles via Allium

@ Springer

sativum extract and its characterizations on antimicrobial, anti-
oxidant, antilarvicidal activities. J] Env Chem Eng 8(5):104123.
https://doi.org/10.1016/j.jece.2020.104123

Velsankar K, Parvathy G, Mohandoss S et al (2022a) Green synthesis and
characterization of CuO nanoparticles using Panicum sumatrense
grains extract for biological applications. Appl Nanosci 12:1993—
2021. https://doi.org/10.1007/s13204-022-02441-6

Velsankar K, Parvathy G, Sankaranarayanan K, Mohandoss S, Sudha-
har S (2022b) Green synthesis of silver oxide nanoparticles using
Panicum miliaceum grains extract for biological applications. Adv
Powder Technol 33(7):103645. https://doi.org/10.1016/j.apt.2022.
103645

Velsankar K, Preethi R, Ram PJ, Ramesh M, Sudhahar S (2020b) Eval-
uations of biosynthesized Ag nanoparticles via Allium Sativum
flower extract in biological applications. Appl Nanosci 10:3675—
3691. https://doi.org/10.1007/s13204-020-01463-2

Velsankar K, Sudhahar S, Maheshwaran G, Krishna K.M. (2019).
Effect of biosynthesis of ZnO nanoparticles via Cucurbita seed
extract on Culex tritaeniorhynchus mosquito larvae with its bio-
logical applications. J Photochem Photobiol B: Biol, 200: 111650.
https://doi.org/10.1016/j.jphotobiol.2019.111650.

Velsankar K, Sudhahar S, Parvathy G, Kaliammal R (2020c) Effect of
cytotoxicity and antibacterial activity of biosynthesis of ZnO hex-
agonal shaped nanoparticles by Echinochloa frumentacea grains
extract as a reducing agent. Mat Chem Phys 239:121976. https://
doi.org/10.1016/j.matchemphys.2019.121976

Velsankar K, Suganya S, Muthumari P, Mohandoss S, Sudhahar S
(2021) Ecofriendly green synthesis, characterization and bio-
medical applications of CuO nanoparticles synthesized using leaf
extract of Capsicum frutescens. ] Env Chem Engin 9(5):106299.
https://doi.org/10.1016/j.jece.2021.106299

Velsankar K, Vinothini V, Sudhahar SK, MK, Mohandoss S. (2020d)
Green Synthesis of CuO nanoparticles via Plectranthus amboini-
cus leaves extract with its characterization on structural, morpho-
logical, and biological properties. Appl Nanosci 10:3953-3971.
https://doi.org/10.1007/s13204-020-01504-w

Vimbela GV, Ngo SM, Fraze C, Yang L, Stout DA (2017) Antibacterial
properties and toxicity from metallic nanomaterials. Intern J Nanomed
12:3941-3965. https://doi.org/10.2147/1IIN.S134526

Yallappa S, Manjanna J, Sindhe MA, Satyanarayan ND, Pramod SN,
Nagaraja K (2013) Microwave assisted rapid synthesis and bio-
logical evaluation of stable copper nanoparticles using 7. arjuna
bark extract. Spectrochim Acta Part A: Mol Biomol Spectrosc
110:108-115

Yu C-H, Tam K, Tsang ESC (2009) Chemical methods for preparation
of nanoparticles in solution. Chapter 5, Handbook of Metal Phys-
ics. Elsevier B.V,, ISSN: 1570-002X/, 113- 141. https://doi.org/
10.1016/S1570-002X(08)00205-X.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.22034/chemm.2019.154075.1112
https://doi.org/10.1155/2020/5658212
https://doi.org/10.1016/j.colsurfb.2017.07.020
https://doi.org/10.1016/j.saa.2014.08.139
https://doi.org/10.1016/j.toxrep.2018.08.013
https://doi.org/10.1016/j.jphotobiol.2018.11.017
https://doi.org/10.1016/j.jphotobiol.2018.11.017
https://doi.org/10.1186/s12951-017-0308-z
https://doi.org/10.2217/nnm.11.78
https://doi.org/10.2217/nnm.11.78
https://doi.org/10.1155/2015/640271
https://doi.org/10.1002/14356007.a22_651
https://doi.org/10.3390/medicines5030093
https://doi.org/10.3390/medicines5030093
https://doi.org/10.1016/j.jece.2020.104123
https://doi.org/10.1007/s13204-022-02441-6
https://doi.org/10.1016/j.apt.2022.103645
https://doi.org/10.1016/j.apt.2022.103645
https://doi.org/10.1007/s13204-020-01463-2
https://doi.org/10.1016/j.jphotobiol.2019.111650
https://doi.org/10.1016/j.matchemphys.2019.121976
https://doi.org/10.1016/j.matchemphys.2019.121976
https://doi.org/10.1016/j.jece.2021.106299
https://doi.org/10.1007/s13204-020-01504-w
https://doi.org/10.2147/IJN.S134526
https://doi.org/10.1016/S1570-002X(08)00205-X
https://doi.org/10.1016/S1570-002X(08)00205-X

	Nano-bioremediation of textile industry wastewater using immobilized CuO-NPs myco-synthesized by a novel Cu-resistant Fusarium oxysporum OSF18
	Abstract
	Introduction
	Materials and methods
	Isolation and screening of copper-resistant fungi
	Screening fungi for extracellular biosynthesis of copper NPs
	Identification of selected fungal isolate for Cu-NP biosynthesis
	Production and characterization of myco-synthesized Cu-NPs for environmental applications
	Antimicrobial activity of the myco-synthesized CuO-NPs
	Immobilization of CuO-NPs on alginate beads
	Heavy metal removal and dye adsorption by the myco-synthesized CuO-NPs
	Application of immobilized CuO-NPs for textile industry wastewater remediation

	Results and discussion
	Isolation and screening of copper-resistant fungi
	Screening for extracellular biosynthesis of copper oxide NPs
	Identification of the most active fungal isolate
	Characterization of biosynthesized Cu-NPs
	Antimicrobial activity of the biosynthesized CuO-NPs
	Heavy metal removal and dye adsorption by myco-synthesized CuO-NPs
	Bioremediation of raw textile wastewater using myco-synthesized CuO-NPs

	Conclusions
	Acknowledgements 
	References


