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Abstract

Background The continuous progress in nanotechnology is rapid and extensive with overwhelming futuristic
aspects. Through modernizing inventive synthesis protocols, a paradigm leapfrogging in novelties and findings are
channeled toward fostering human health and sustaining the surrounding environment. Owing to the overpricing
and jeopardy of physicochemical synthesizing approaches, the quest for ecologically adequate schemes is
incontestable. By developing environmentally friendly strategies, mycosynthesis of nanocomposites has been alluring.

Results Herein, a novel architecture of binary CuO and TiO, in nanocomposites form was fabricated using
bionanofactory Candida sp., for the first time. For accentuating the structural properties of CuTi nanocomposites
(CUTiINGs), various characterization techniques were employed. UV-Vis spectroscopy detected SPR at 350 nm, and
XRD ascertained the crystalline nature of a hybrid system. However, absorption peaks at 8, 4.5, and 0.5 keV confirmed
the presence of Cu, Ti and oxygen, respectively, in an undefined assemblage of polygonal-spheres of 15-75 nm
aggregated in the fungal matrix of biomolecules as revealed by EDX, SEM and TEM. However, FTIR, (-potential

and TGA reflected long-term stability (—27.7 mV) of self-functionalized CuTiNCs. Interestingly, a considerable and
significant biocide performance was detected at 50 ug/mL of CuTiNCs against some human and plant pathogens,
compared to monometallic counterparts. Further, CuTiNCs (200 ug/mL) ceased significantly the development of
Staphylococcus aureus, Pseudomonas aeruginosa and Candida albicans biofilms by 80.3+ 1.4, 68.7+3.0 and 55.7 +3.0%,
respectively. Whereas, 64.63 + 3.5 and 89.82 +4.3% antimicrofouling potentiality was recorded for 100 and 200 pg/ml
of CuTiNGs, respectively; highlighting their destructive effect against marine microfoulers cells and decaying of their
extracellular polymeric skeleton as visualized by SEM. Moreover, CuTiNCs (100 and 200 ug/ml) exerted significantly
outstanding disinfection potency within 2 h by reducing the microbial load (i.e,, total plate count, mold & yeast, total
coliforms and faecal Streptococcus) in domestic and agricultural effluents reached >50%.
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Conclusion The synergistic efficiency provided by CuNPs and TiNPs in mycofunctionalized CuTiNCs boosted its
recruitment as antiphytopathogenic, antibiofilm, antimicrofouling and disinfectant agent in various realms.

Background

Despite the all Earth’s spheres are occupied with micro-
bial populations that exert their best in serving ecosys-
tem beneficially, other indigenous indwellers are also
pathogenic. Even though some pathogens don't injure
humans directly, they are soil-borne, water-borne and
air-borne pathogens, and their perils thereupon touch
near or far human health, the ambient ecosystem and
even the economy [1]. Soil-borne pathogens or phyto-
pathogens, including bacteria, fungi, viruses, protozoa
and nematodes, are widely disseminated in soil, causing
lethal alterations in all plant growth phases, post-harvest
and throughout storage. Thereby, any phytopathogenic
infection would influence adversely fruits/vegetables’
nutritional value, organoleptic quality, half-life and sub-
sequently devastation in crops followed by greater eco-
nomic losses. Let alone the ability of phytopathogens to
produce mycotoxins and other fungal metabolites that
directly defeat human health by causing teratogenicity,
carcinogenicity, hepatotoxicity, nephrotoxicity, reproduc-
tive disorders and immunosuppression [2].

In the same context, inadequate irrigation practices,
infested farm animal feces and poor human handling
are the substantial reasons for food-borne microbial
contamination throughout the whole agricultural and
subsequent industrial stages till practical consumption.
Similarly, the improper water disinfection procedures
and unintended mixing of sewage with drinking water
pipelines and groundwater generate water-borne diseases
[3]. Worthwhile, the pathogenic microbes could exist as
planktonic (free-floating) or sessile (biofilm) phases. Via
such later prophylactic mode (i.e., biofilm), the cells pose
a superior resistance to biocidal agents and environmen-
tal stressors; consequently, more complications would
face all stages of agriculture, the food processing indus-
try, water purification plants and marine industry, as well
as medical fields, where the biofilms eradication become
a necessity, else while heavy benignity and economic
losses would be recorded [4, 5].

Irrespective of the particular contamination pathways,
taxonomic identities, or varieties involved, microbial
pollution can eventually become bioavailable through
food chains resulting in dietary exposure and exerting
undesirable detrimental impacts on human health and
socioeconomics. Hereby, the implementation of proper
management strategies and effective antagonistic mea-
sures is critically important for safeguarding food, water,
and soil quality against pathogen contamination. Con-
ventionally, a diverse array of synthetic biocidal agents
and disinfectants, including azoles, chlorine, chlorine

dioxide, chloramines, aldehydes, phenols, esters, organic
acids, isothiazolinones, halogens, and oxidizing agents,
have been utilized to suppress the virulence across a
broad spectrum of pathogens, as substantiated through
extensive evidence of inhibitory efficacy across myriad
application scenarios [2, 6]. However, their residues or
even their byproducts on plants, fruits, and water and
also their long-term persistence elicits profound con-
cerns regarding human health, environmental impact
and ultimately economic burdens. Remarkably, the
extensive and abuse of synthetic biocide compounds can
induce selective pressure in pathogens, facilitating muta-
tions, which ending with biocides tolerance phenomena
; thereby escalating the hazard [7]. Thus, finding of effi-
cient alternatives that are cost-effective, environmentally
benign with an extensive public acceptance is prerequi-
site from international environmental agencies [2].

The recent progress in nanotechnology has been rapid
and extensive with overwhelming futuristic aspects by
modernizing inventive synthesis protocols and character-
ization techniques [8, 9]. The application of engineered
materials, especially metals and metal oxides, in their
nanoscale is regarded as one of the most recent prom-
ising solutions for challenging microbial pollution and
ceasing the dissemination of multidrug-resistant micro-
organisms (MDR) [10]. The enhanced properties (i.e.
catalytic, magnetic, optical, thermal, biological, etc.) of
nanostructures promote technologists to develop distinct
formulations, which find their avenue in diverse realms
of plant disease management, skin care products, food
packaging/preservatives, antitumor agents, drug delivery,
and water disinfection [11-13]. The miniature dimen-
sions and augmented surface-area-to-volume ratios of
metals/metal oxide nanoparticles grant an enhanced abil-
ity to penetrate microbial cells, inflicting multi-modal
antimicrobial mechanisms that impede the rapid evolu-
tion of target-specific resistance [14]. Remarkably, the
strategic integration of geometrically diverse nanoma-
terials into unified composite nanoarchitectures yields a
collective choir of complementary properties. This syn-
ergistic phenomenon dramatically augments the overall
functional capabilities and mitigating the limitations of
individual nanoparticle varieties. Accordingly, these mul-
tifunctional nanocomposite formulations engender man-
ifold impactful advances across an extensive spectrum of
technical disciplines and commercial sectors [11, 15, 16].
Noteworthy mentioning the fruitful multifaceted appli-
cations of metallic nanocomposites in water disinfec-
tion [17], dye degradation [18], phenols, and heavy metal
detoxication [19, 20], self-healing [20], bio-blocks [21],
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bio-cement [22, 23], energy storage [24] and bio-implants
[25].

Different studies reported the efficacy of amalgamation
between CuO and TiO, in their nanocomposites (NCs)
form; assigning such efficiency to elevated synergistic
activity and their quantum confinement effects, which
consequently improved antimicrobial and photocata-
lytic performance, relative to their sol counterparts of
CuNPs and TiNPs [26-28], and [29]. Additionally, their
low price, higher compatibility, anti-toxicity, chemical
stability, low band gap (Cu, 1.208 eV p-type; Ti, 3.2 eV:
3.6 eV n-type) and the whole multi-functionality rein-
forced their application in food nano-packaging, bioap-
plications, antimicrobial photodynamic/ photo-catalytic
therapeutic and photothermal disinfection [30-32], and
[21]. Presently, the incorporation of one of their oxides
in nanocomposite hybrids was agreed by the FDA for
vast domestic application in drugs, cosmetics, food,
and food packaging industries as it can lessen or eradi-
cate their toxic impacts [32—34], and [35]. Remarkably,
almost all published scholars attributable to such bifunc-
tional systems of CuNPs and TiNPs were prepared via
physicochemical means such as spray pyrolysis, electro-
spinning and chemical reduction [26-28], and [29]. The
biogenic synthesis route of their nanocomposites (NCs),
in particular microbial approach, is highly limited or not
reported. It is plausible to mention the merits of biogenic
methods symbolizing in their biocompatibility, environ-
mental safety, cost-effective and overlook the utilization
of temperature, energy, pressure, complicated equipment
and toxic chemicals and residues [36, 37].

As a biogenic tool, yeasts occupy a prominent posi-
tion as mediators for synthesizing non-metallic, metal-
lic (alloy) and metal oxides NPs either intracellularly or
extracellularly [38—40]. Let alone their primary and sec-
ondary metabolites, which are the hallmarks of meta-
bolic engineering and synthetic biology in food and
biopharmaceutical industries [41]. However, their easy-
manipulative culturing, elevated metal bioaccumulation
potentials, larger biomass with higher yields of metabo-
lites per biomass unit, higher adaptability, diverse detoxi-
cation mechanisms and higher tolerance to suppressors
positioned them as a platform for novel biotechnological
applications [42, 43].

In light of the aforementioned, this study focused on
mycofabrication of functionalized CuNPs, TiNPs and
their —based nanocomposites (CuTiNCs) in the simulta-
neous existence of Cu and Ti salts. The structural prop-
erties of CuNPs, TiNPs and CuTiNCs were scrutinized
using physicochemical characterization techniques of
the transmission electron microscope (TEM), scanning
electron microscope (SEM), X-ray diffraction (XRD), The
Energy Dispersive X-ray microanalysis (EDX), UV-Vis
spectrophotometry, Fourier transform infrared (FTIR),
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zeta potential and thermal gravimetric analysis (TGA).
Thereafter, the antimicrobial capability of CuTiNCs was
determined comparatively with the individual CuNPs
and TiNPs; in addition, the behavior of CuTiNCs in
prohibiting biofilm development and microfouler were
evaluated. Moreover, the disinfection strength in eradi-
cating the microbial load (bacteria, fungi and indicator
organisms) in real environmental samples was assessed
as well. Interestingly, no investigation to the best of the
authors’ acquaintance has so far been published concern-
ing microbial synthesis of CuTi hybrid, in particular by
yeast isolate.

Materials and methods

Materials

The chemicals and media utilized in the current study
were: DeMan-Rogosa agar (MRS agar) (OXOID), LB
broth (Sigma Aldrich), Mueller Hinton (MH) agar (Sigma
Aldrich), Trypticase Soy Broth (TSB) (Sigma Aldrich),
Plate Count agar (PCA) (Sigma Aldrich), Rose Ben-
gal chloramphenicol (RBCA), (Himedia), Violet Red
Bile Agar (VRBA) (Sigma Aldrich), m-Enterococcus
agar (Sigma Aldrich), Cu (NOj), (Sigma Aldrich) and
C,,Hy0,Ti (Sigma Aldrich).

Methods

Collection of samples, screening and cultural conditions
Several raw milk samples (from cows and buffalos) locally
produced in Damietta governorate, Egypt were collected,
evenly mixed, preserved in sterile bottles and placed in
ice until arrival to the laboratory. As the samples were
dairy products, the screening process for microbial nano-
factories, to fabricate both nanoparticles and nanocom-
posites (NPs-NCs), were performed using serial dilution
method on DeMan-Rogosa agar (MRS) agar, with the fol-
lowing ingredients (g/L): 10.0 Peptone, 5.0 Meat extract,
5.0 Yeast extract, 20.0 D (+)-Glucose, 2.0 K,HPO,, 2.0
Na,C,HO,, 5.0 CH;COONa, 0.1 MgSO,, 0.05 MnSO,
and 15 agar, pH 6.5+0.2, supplemented with 1.5 mM
of NPs-precursors (i.e, Cu (NOj),, and C,,H,;O,Ti).
After incubation for 5 days at 30 °C, the isolate exhibit-
ing color-changing (dark brown) was selected and con-
sidered as NPs-NCs producer [44]. The selected isolate
underwent morphological, cultural and microscopic
characterization. Actually, it exhibited the highest per-
formance in NPs-NCs synthesis on MRS broth, thence,
the cultural features were determined by aerobic and
anaerobic incubation on MRS. Besides, its capability to
grow on different pH ranges was examined by adjusting
initial MRS broth in the range of 3—10. Moreover, the
freshly prepared cultures were incubated at 4 °C, 10 °C,
20 °C, 30 °C, 40 °C, 50 °C, 60 and 70 °C to deduce its
thermal tolerance. The morphology and dimensions of
the selected strain was visualized by photomicrographs
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utilizing scanning electron microscopy (SEM) (JEOL
JEM-1230, Japan) [44]. Regarding the molecular charac-
terization, it was implemented by amplifying ITS region
by using ITS-primer sets of (ITS1, 5'-TCCGTAGGTGA
ACCTGCGG-3’) and (ITS4, 5 TCCTCCGCTTATTGAT
ATGC-3’). The obtained amplicon (~600-base pair (bp)
DNA) fragment was sequenced by an ABI 3730 auto-
mated sequencer (PerkinElmer/Applied Biosystems (Fos-
ter City, CA, USA). The BLASTn analysis was employed
to assess the similarity, and its corresponding accession
number was inquired; the phylogenetic tree was con-
structed by the MEGA- 6 software package via the neigh-
bor-joining (NJ) method with bootstrap analyses for 1000
replicates [44].

Mycosynthesis approach of NPs-NCs

For detecting intracellular synthesis of NPs-NCs, a yeast
lawn of 0.5 McFarland (= 10® CFU/ml), taken from a pre-
vious freshly prepared culture, was inoculated in 250
mL Erlenmeyer flasks containing 70 mL of (MRS broth)
(Oxoid) supplemented with 1.5 mM of (i.e., Cu (NOs),,
1.5 mM of C,,H,50,Ti and both. The precursors’ concen-
trations were selected based on the minimal inhibitory
concentration (MIC) test (data not shown) [45]. How-
ever, the extracellular synthesis approach was monitored
by inoculating cell-free filtrate of fresh culture (100 mL)
with the exact concentrations of metals’ precursors either
solely or mixed. All flasks were incubated for 96 h at
30 °C under orbitally shaking conditions (150 rpm). Con-
currently, control flasks, namely, MRS broth containing
yeast culture without metal precursors and MRS broth
containing metal precursors without yeast cultures, were
run in parallel with the test flasks. The primary sign of
NPs-NCs fabrication was monitored visually through-
out the incubation period via color changes in media and
biomass from pale yellow to white, dark brown and whit-
ish brown; indicating a successful formation of TiNPs,
CuNPs and CuTiNCs, respectively [44, 45]. After com-
plete incubation, the precipitates containing NPs-NCs
either from intracellular or extracellular test flasks were
harvested by centrifugation at 12,000xg for 20 min. The
harvested pellets were rinsed thrice with distilled H,O to
eliminate any residues, thereafter, the pellets containing
NPs were washed and dried in oven (70 °C for 2 h) for
subsequent characterization and application stages.

Characterization of the mycosynthesized NPs-NCs

A number of different experimental techniques were
used to obtain characteristic details on NPs-NCs in the
terms of optical, morphology, size, chemical composi-
tion, phase identity, thermal, surface charge and func-
tional properties. The optical properties of the NPs-NCs
were first determined at room temperature using UV-
Visible spectrophotometer, (Labomed model-double
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beam) within a wavelength range of 200-800 nm to
detect Surface Plasmon Resonance (SPR). For the mor-
phological properties and size, transmission electron
microscopy (TEM) [JEOL JEM-1230-Japan], operated at
200 kV and Scanning electron microscopy (SEM) (JEOL
JSM-6360LA) were employed [45]. For analyzing the
physical configuration, phase identification and crystal-
linity of NPs-NCs, X-ray diffractometer (Shimadzu 7000,
USA) operated with Cu Ka radiation (A=0.15406 nm),
generated at 30 kV and 30 mA with a scan rate of 2°/min
for 20 values across a wide range of Bragg angles 10° <
20<100, was employed in X-ray diffraction (XRD) analy-
sis. However, the elemental components of the examined
NPs-NCs were detected qualitatively and quantitatively
by energy dispersive X-ray (EDX) detector connected
with SEM- JEOL, JEM-1230- Japan [44]. Dynamic light
scattering (DLS) technique was employed using Zetasizer
Nano-ZS (Malvern Instruments, Worcestershire, UK)
for measuring particle size distribution and zeta poten-
tial ({-potential), which reflect the colloidal stability of
NPs and, in turn, to indirectly assess the surface charge
and electrostatic potential [46]. The measurements were
carried out at 25 °C, at a fixed scatter angle of 173° and
the results were processed using Zetasizer software. The
thermal properties were conducted by a TGA analyzer
(TGA-50 H, Shimadzu, Japan), in a nitrogen atmosphere
at a temperature range of 35-1000 °C and with a heating
rate of 20 °C /min [47]. However, Shimadzu FTIR-8400 S,
Japan, was used to analyze the functional groups associ-
ated with NPs-NCs. The spectrums of FTIR were mea-
sured at a spatial resolution of 4 cm™! in the transmission
mode, between 4700 and 400 cm™! employing the disc
technique [46].

Applications of mycosynthesized NPs-NCs

Antimicrobial potency

The antagonistic potentiality of mycosynthesized CuNPs,
TiNPs and CuTi-NCs were estimated by well diffusion
method [28, 48]. Different pathogens from different
microbial categories were examined including, human
pathogens [Bacillus cereus (ATCC 33,019), Staphylococ-
cus aureus (ATCC 29,213), Pseudomonas aeruginosa
(ATCC 15,442)] and vyeast [Candida albicans (ATCC
10,231)] and also plant pathogens [Erwinia carotovora,
Erwinia amylovora, Pseudomonas solanine, Pseudomonas
syringae, Pedobacter carotovorum, Xanthomonas oryzae,
Xanthomonas campestris, Agrobacterium tumefaciens
Ralstonia solanacearum and clavibacter michiganensis).
Such phytopathogenic microbes were isolated, identi-
fied and procured from the Plant Pathology Department,
Faculty of Agriculture, Alexandria University. In brief, a
single colony of each examined pathogen was inoculated
in LB broth and incubated for 24 h at 30 °C on a rotary
shaker at 150 rpm. A lawn of culture from each pathogen
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was prepared by spreading 100 pL of fresh culture con-
taining 10° CFU/mL on Mueller Hinton (MH) agar plates
(Peptone 17.5, Meat extract 2.0, starch 1.5, agar, 17.0 g/L,
pH 7). The inoculated plates were left standing for 10 min
to let the culture get absorbed. Then 3 wells/ plate each of
8 mm in diameter were punched into the MH agar plates
using sterile gel puncher (cork borer) and loaded with
50 pg/mL of CuNPs, TiNPs, and CuTiNCs. The plates
were incubated at 35 °C%2 for bacteria and 25 °C+t2
for yeast. After 24 h incubation period, the plates were
investigated for the presence of zone of inhibition (ZOI),
which was measured by subtracting the well diameter
from the total inhibition zone diameter and expressed in
centimeters (cm) [48, 49]. All tests and control samples
were run in triplicates and the results were expressed as
mean +standard error of mean (SEM).

Antibiofilm activity

The biocidal function of TiNPs, CuNPs and their com-
posites were investigated against biofilm-producing S.
aureus, P. aeruginosa and Candida albicans cultures.
A Sterile 96-well polystyrene microtiter plate well was
inoculated with 10 pl of each culture solution adjusted
to an ODg, of 0.1 (0.5 McFarland standard) in 100 pl of
Trypticase Soy Broth (TSB) supplemented with 1% w/v
glucose, followed by the addition of NPs-NCs (50,100
and 200 pg/ml). Besides, two controls; (positive control
wells: medium containing bacterial suspension and nega-
tive control wells: containing just the sterile medium)
were loaded in parallel. The microtiter plates were sealed
and incubated at 37 °C for 24 h under stationary condi-
tions to allow the biofilm development. Afterwards, the
well content was drained, rinsed, and the residual biofilm
was fixed and stained using 95% ethanol and 0.25% crys-
tal violet, respectively. Using a plate reader (Tecan Infi-
nite M200, Switzerland), the absorbance of the attached
cells-dye mixture was spectrophotometrically mea-
sured at 595 nm, and the biofilm inhibitory percentage
was estimated by Eq. (1). All tests and control samples
were run in triplicates and the results were expressed as
mean+SEM [50, 51].

The antagonistic efficiency = (A — A,)/A x 100 (1)

Wherein A denotes the absorbance of the untreated
control and A, denotes the absorbance of the treated
samples.

Anti-microfouling activity

Initially, a sterile glass slide was coated with 200 pg/ml
of CuTiNCs and dried at 60 °C followed by washing off
with distilled water in order to check fixation and self-
cleaning properties, as described by Veena et al. [52]. The
coated glass slide was fixed inside a 250-mL Erlenmeyer
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flask contained 50 mL of seawater supplemented with 50
mL of nutrient broth. The flasks were incubated at 30 °C
for 24 h. An untreated control flask was prepared and
incubated under exact conditions. At the end of incuba-
tion period, an adhered marine biofilm consortia on the
surface of the glass slides were washed to remove any
non-adherent cells, crushed with sterile scalpel under
aseptic conditions, suspended in LB broth and incubated
at 30 °C for 24 h to estimate quantitatively the antifoul-
ing performance of CuTiNCs [53, 54]. Meanwhile, Light
microscope and SEM were utilized to visualize the anti-
microfouling effect of CuTiNCs.

Environmental effluents disinfection

The power of the CuTiNCs in curtailing the microbial
load was assessed in two real wastewater samples. One
of them was municipal and the other one was an agricul-
tural wastewater sample; their physicochemical criteria
were defined formerly according to [55]. About 100 ml
of effluents were exposed to two doses (100 and 200 pg/
ml) of the as-prepared CuTiNCs, mixed well and incu-
bated for 2 h at room temperature. The total bacteria
(TPC), total mold &yeast (TMY), total coliforms (TCs)
and fecal Streptococcus (FS) count were determined using
pour plate method on plates of Plate Count Agar (PCA),
Rose Bengal chloramphenicol (RBCA), Violet Red Bile
Agar (VRBA) and m-Enterococcus agar, respectively, as
described by Standard methods for the examination of
water and wastewater, 2017 [56]. The plates were incu-
bated at 30 °C for 48 h for bacteria and 25 °C for 72 h for
mold & yeast. After incubation period, the colonies were
enumerated and expressed as CFU/mL. In addition, the
previous parameters in untreated control samples were
defined in parallel. The disinfection potentiality was cal-
culated according to the following equation [57].

Disinfection potentiality (%)
= Colony count in untreated samples (2)
—Colony count in treated sample/Colony count in untreated sample*100

Statistical analysis

The results of all experiments were expressed as
meantstandard error of mean (SEM); Tukey post-hoc
analysis of variance (ANOVA) was utilized to determine
the significance of treatments (p<0.05), by Graphpad
Instat software [44].

Results and discussion

Initially, the sign of reduction of the NPs precursors and
NPs-NCs synthesis could be inferred through visual
inspection. Wherein, 7 microbial isolates alternated
the media color surrounding the colonies on the agar
medium; however, the isolate designated as ASM exhib-
ited the highest tolerance and reduction capability for
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both NPs precursors (data not shown). Therefore, it was
selected as a bionanofactory for synthesis of CuNDPs,
TiNPs and also CuTiNCs. On MRS agar, their colonies
appeared round and moderate in size with a creamy/
whitish appearance and raised borders with character-
istic yeast scent. It possesses the ability to grow under
aerobic and anaerobic conditions but at a slower rate
anaerobically. Besides, it exhibited a considerable capa-
bility to grow on broad pH and temperature ranges (4-9,
10 C —40 C) with optimum pH of 6-8 and tempera-
ture of 25-30°C, however, the above and below ranges
of pH /temperature influenced adversely on its viabil-
ity. As a unicellular eukaryote, it was a non-motile oval
to spherical shape with 4.5 pm width and 5.7 pm length
(Fig. 1). In addition, the isolate was identified molecu-
larly by sequencing of ITS- rDNA (=530 bp), which dis-
played 99% sequence correspondence with all species of
the genus Candida with lower percentages with other
genera. The nucleotide sequence was deposited in Gen-
Bank under the accession number of MZ312358. The
Phylogenetic relationship of the strain under study and
other closely related species was symbolized using the
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neighbor-joining (NJ) approach. In the phylogram, it was
grouped in the main subcluster with two different strains
of Candida parapsilosis, revealing their phylogenetically
close relationship. Broadly, it affiliates to the domain
Eukaryota, kingdom Fungi, division Ascomycota, class
Saccharomycetes, order Saccharomycetales and family
Saccharomycetaceae.

Mycosynthesis approach and physicochemical
characterization of NPs-NCs

The selected strain Candida sp. was subjected to fabri-
cate CuNPs, TiNPs and CuTiNCs both intracellularly
and extracellularly. Its ability for the mycosynthesis pro-
cess was initially assessed by changing the media’s origi-
nal yellowish-orange colour to brown-olive, whitish and
brown-whitish colours corresponding to CuNPs, TiNPs
and CuTiNCs, respectively (Fig. 2). Interestingly, the
formation of colour is considered a preliminary gauge
on the excitation of surface Plasmon vibrations of metal
particles that display uniquely different size, crystallin-
ity, and polydispersity properties of metal sols, which
are broadly altered at the nanoscale as described by [58].

18kU X18, 886 1nm

Candida vi

hii MK394122.1
Candida maltosa MK394118.1
Candida tropicalis MN258896.1

Rhodotorula mucilaginosa TY-08 MT509560.1
—ECandida metapsilosis MK394127.1
Candida tetrigidarum NRRL NG_063272.1
Candida parapsilosis CBS604 MH545914.1

Candida parapsilosis XS2 KY118177.1
-—i Candida sp. MZ312358
Candida parapsilosis CBS MK394125.1

Candida tropicalis MH879817.1

|

Candida sojae MK394120.1
—1 Candida orthopsilosis MK394126.1
——Lodderomyces elongisporus MK394128.1
Candida neerlandica MK394121.1

Fig. 1 Culture, morphological and molecular characteristics of Candida sp. MZ312358 (A)- Colony appearance on MRS agar, (B)-Cells under bright field
microscopy (x100), (C)- SEM micrograph of cells (X10000) (D)- The isolated DNA and ITS- rDNA gene of strain under study and (E)- Phylogenetic position

of the selected strain by neighbor-joining tree



(2024) 23:148

Almahdy et al. Microbial Cell Factories

Page 7 of 25

Fig. 2 Mycosynthesis of NPs-NCs. A, B and C show the intracellular synthesis of CuNPs, TiNPs and CuTiNCs, respectively. E, F and G indicate the extracel-

lular synthesis of CuNPs, TiNPs and CuTiNCs, respectively

Comparatively, and in parallel control sets, no particular
noticeable variations were found, showing that the bio-
transformation of metal ions to relevant NPs proceeds
mainly in the presence of the possible reducing agents
provided by the bionanofactory Candida sp. The char-
acteristic traits and structural identification of mycologi-
cally prepared NPs-NCs were elaborately evidenced via a
number of analytical techniques as would be displayed.

Morphological properties

To ascertain the capability of Candida sp. in NPs-NCs
fabrication, either extracellularly or intracellularly, elec-
tron microscopy (transmission (TEM) and scanning
(SEM)) was employed. It gives an insinuation about mor-
phology, dimensions, textural properties, location and
interior structure of nanomaterials [59]. Obviously as
depicted in (Fig. 3), there was heterogeneity in the mor-
phologies, size and localization of NPs-NCs. The cells of
Candida sp. possessed the ability to synthesize CuNPs
both intracellularly and extracellularly. They seemed as
numerous, uniform, electron opaque, tiny and spheri-
cal or quasi-spherical nanoparticles ranging in their
size from 2.18 to 24.85 nm in a monodispersed pattern
or with slight aggregation scattered at the periplasmic
compartment of the cell. Besides, rod-shaped CuNPs dis-
persed among the cells were also visualized. Meanwhile,
our fungal cells failed to internalize and reduce the par-
ent molecule of Ti inside the cells to its NPs counterpart
but succeeded in this mission extracellularly. It is worth
mentioning that such synthesis process was implemented
via extracellular fungal metabolites such as enzymes, ter-
penoids, extracellular polysaccharides, polyketides and
non-ribosomal peptides. The mycosynthesized TiNPs
varied in their shape from spherical, rods to polygonal
and size oscillated from 17.8 to 98.3 nm appeared as
clusters in aggregates surrounding the cell. However, the
nanofactory Candida sp. exhibited a prominent capabil-
ity in simultaneous synthesis of both CuNPs and TiNPs

in nanocomposites form upon exposing to the presursore
salts of both metals.

On the other hand, the cell free supernatent of fun-
gal culture shared the same features with the producing
cells in the overall NPs morphology and size. Where,
TEM and SEM micrographs illustrated that CuNPs were
dark, tiny, spherical or needle-shape embeded in less
dense light funagl protenaceous matrix. The presence of
rod or needle shaped CuNPs could be attributed to Ost-
wald ripening mechanism [60]. While, larger irregular,
square, rectangular and polygonal TiNPs were margin-
ally agglomerated. Regarding CuTiNCs, they displayed as
an undefined assemblage of polygonal TiNPs with well-
defined edges that were agglomerated arbitrarily into the
matrix of fungal biomolecules, which appeared as elec-
tron opaque bulk or spots with sizes ranging from 15 to
75 nm. Intriguingly, CuNPs ornamented the surface of
TiNPs as indicated by arrows (Fig. 3). Such agglomerated
NCs were reported frequently in metal hybrid nanostruc-
tures [44, 61, 62]. It could be assigned to the electrostatic
attractions between NPs, their surface energy differ-
ences, the magnetic interference and the coexistence of
H-bonding in the microbial bioactive moieties accompa-
nying to the NPs as well [50, 63, 64]. Broadly, the varia-
tions in NPs-NCs morphology and size was documented
previously in litratures by [44] and [65], who attributed
that to the selective interaction mechanism, microbial
biochemistry, metal type and the entire physical condi-
tions of the synthesis reaction.

Virtually, the features of NPs-NCs seemed to be equiv-
alent for both extracellular and intracellular synthesis
approaches. Therefore, the extracellularly produced NPs-
NCs were selected for further characterization and appli-
cation steps. It symbolizes easy implementation, higher
yields, saving more time/effort and cost-effectiveness by
the dint of lacking extra extraction and purification steps,
compared to intracellular approaches.
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Fig. 3 Electron microscopy examination of CuNPs, TiNPs and CuTiNCs fabricated by Candida sp. (A, B and C€) TEM micrographs showing intracellular
CuNPs, TiNPs and CuTiNCs, respectively. (D, E and F) TEM micrographs of extracellularly- synthesized CuNPs, TiNPs and CuTiNCs, respectively. Red arrows
referred to TiNPs and yellow arrows referred to CuNPs. The squared area was examined by EDX. (E, F and G) SEM micrographs of extracellularly- synthe-

sized CuNPs, TiNPs and CuTiNCs, respectively

Optical properties

Typically, UV-Vis spectroscopy is a low-cost, quick, and
non-destructive initial instrumental technique for the
recognition of NP systems, and types besides monitoring
the signature of colloidal particles in the range of 200—
900 nm [47, 66]. As marked out in (Fig. 4), each mycosyn-
thesized metallic sole NPs exhibits distinct absorbance
bands in distinctive representative spectra. A relatively
narrow, well-defined surface Plasmon resonance (SPR)

band with high absorbance was observed at wavelengths
of 290 and 378 nm for copper and titanium, respectively.
This finding is consistent with previous observations in
which the UV-vis spectra for CuO NPs ranged between
250 and 300 nm [67-69]. Meanwhile, some studies pre-
sented a spectrum in which the absorption peaks of
around 380 and 400 nm correspond to TiNPs anatase
phase, with the cutoff wavelength at 379 nm [70, 71].
Notably [45], found that SPR of bacterially synthesized
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Fig. 4 UV-spectrophotometric analysis of CuNPs, TiNPs and CuTiNCs fab-
ricated by Candida sp.

TiNPs at 360 nm. whereas [72], detected it at 380 nm,
which were synthesized by Bacillus mycoids. Gener-
ally, the maximum absorption peak related to TiNPs was
observed in the range of 300—400 nm [45].

On the other hand, a broader cumulative peak with
increased blue-shifted absorption at 350 nm was detected
in the combined hybrid system of CuTiNCs. Interestingly,
the hybridization of both metal precursors in the reac-
tion mixture of the mycosynthesis system caused a rela-
tive change in the absorbance maxima, which appeared
at an intermediate place between the SPR band of CuNPs
and TiNPs, denoting the formation of hybrid CuTiNCs.

As referred previously by [73], UV-Vis spectroscopy
could easily give insinuation about the signal architec-
ture of any binary or hybrid nanomaterials, wherein, the
presence of single SPR peak at an intermediate location
between the SPR of the two metals indicates a randomly
organized hybrid metal/metal oxides. In this sense [36],
found that the phyto- synthesized CuO-TiO,-NCs dis-
played their characteristic absorption band at 301 nm;
however [74] and [75], detected an absorption peak
of chemically synthesized CuO-TiO,-NCs at 380 and
363 nm, respectively,. Such variations in results could be
attributed to the differences in particle surface properties
(e.g. particle morphology, crystallinity, size and aggre-
gation state, etc.) owing to synthesis method, precursor
type, precursors concentration, reducing agent type/con-
centration, capping agent type/concentration and overall
solution chemistry [68, 76—78]. In addition, the presence
of a single surface Plasmon band for each NPs-NCs with
a tailing appearance might reveal the formation of small
aggregated nanocrystals [79]. Generally, the incorpo-
ration of Cu and Ti into CuTi hybrids is more favorable
in terms of charge transfer as well as functional photo-
catalytic activity in the visible range; hence, boosting
photoelectrochemical properties throughout a broader
spectrum of wavelengths [80].
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Structural properties

The crystalline nature, phase purity and identity of
mycosynthesized CuNPs, TiNPs and CuTiNCs were
scrutinized and confirmed via XRD analysis (Fig. 5). As
observed, a series of characteristic peaks in the XRD pat-
tern of the examined CuNPs at 20=30.9°, 39.39°, 44.91°,
53.57°, and 68.88°, which correspond to (110), (111),
(—202), (020), and (200), Bragg’s reflection, respectively,
matched the diffraction planes of monoclinic cubic phase
of CuO (JCPDS file no. 00-005-0661) [81]. However, the
crystalline structure of the TiNPs exhibited predomi-
nant mycosynthesis of crystalline anatase with charac-
teristic peak positions at 25.8°, 37.9°, 48.7°, 54.8°, 62.9°
and 70.7°, which matched the diffraction planes of (101),
(004), (200), (105), (211) and (204), respectively, based on
(JCPDS file no. 2-21-1272). These findings were compat-
ible with previous reports of greenly synthesized CuO
and TiO,-NPs [45, 81]. Notably, the presence of CuO
and TiO, distinctive peaks in the XRD diffractogram of
CuTiNCs ascertained the successful fabrication of hybrid
composites. Wherein, clear diffraction peaks of CuO at
30.9°, 39.4°, 44.91 indicated the presence of CuO in the
nanocomposites along with diffraction peaks of TiO,
at 25.8°, 48.9°, 54.8°, 62.9° and 75.1°. Obviously, there
was no shift in the diffraction peaks of TiO, displayed
in the CuTiNCs upon incorporation of CuO, proposing
the adherence of CuNPs on the surface of TiNPs but not
integrated into the lattice of TiO,. This suggestion was
harmonized formerly with TEM. Our result is in com-
pliance with that reported by [82] who also declared
that the absence of notable changes in the intensity and
half-height widths of TiO, diffraction peaks revealed
the impregnation of CuO without changing both struc-
tures or even the crystallite size of TiO, in the chemi-
cally synthesized xCuO/TiO, nanocomposites. On the
other hand, in the study performed by [83], only sharp
peaks concerning Cu were displayed in an amorphous
TiO, matrix of Cu@TiO, samples, which were prepared
by sole gel method; reflecting the advantageous proper
incorporation of both CuO and TiO,NPs in our hybrid
crystalline system. As a general notice, all XRD patterns
of our examined NPs-NCs showed a background hump
at 20 before 20°, implying the conjugation of fungal bio-
molecules with the crystalline as-synthesized NPs-NCs.
Likewise, a similar finding was recorded by biologically
synthesized NPs [84, 85].

Compositional properties

The elemental composition and quantification of the
NPs samples were defined through energy-dispersive
X-ray analysis (EDX). The elemental pattern of CuNPs
indicated characteristic major absorption peaks at 0.9
and 8 keV with an atomic percentage of 39.6%, which
corresponds bending energy of metallic copper ; also an
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Fig. 5 XRD diffractograms of CuNPs (A), TiNPs (B) and CuTiNCs (C) fabricated by Candida sp.

additional peak at 0.5 keV that signifies oxygen with an
atomic percentage of 7.3%. Regarding TiNPs, a typical
maximum peak at bending energies of Ti and O at 4.5,
4.9 and 0.5 keV with atomic percentages of 41.1% and
50.4%, respectively (Fig. 5). As implied from the obtained
previous EDX profiles, the examined CuNPs and TiNPs
were biosynthesized in their oxide forms. Remarkably,
our finding is congruent with that obtained by [44, 45,
86]. On the other hand, the binary hybrid structure of
CuTiNCs was emphasized as indicated by the predomi-
nance of Cu, Ti and O signals in the examined samples
in atomic percentages recording 31.7, 35.3 and 25.5%,
respectively. Notably, the slightly higher percentage of Ti
signal than Cu implied the uniform dispersion of CuO on
the surface of TiO,NPs as pointed out by [44] and [82],
which agreed our finding that also recorded formerly
by TEM and XRD analysis. In addition, obvious intense
peaks of N and S were detected at 0.39 and 2.3 keV in
CuTiNCs pattern with atomic percentages reached to
1.7 and 2.1, respectively. The presence of such elements
could be ascribed to the conjugation of fungal biomol-
ecules (e.g., proteins, lipids, etc.) with the biosynthesized
NCs [87, 88]. Besides, the coexistence of strong C signal
in all examined EDX profiles of NPs-NCs at 0.27 KeV was
considered residues from fungal carbonaceous metabo-
lites. Interestingly, the association of such fungal enti-
ties with as-prepared NPs-NCs is an advantageous trait
through furnishing them with functionality, stability and

dispersity as self-functionalizing capping agents; hereby,
avoid multiple surface modification steps as mentioned
in chemical and physical methods. The involvement of
microbial biomolecules with NPs-NCs was documented
frequently in the green synthesis approach [89]. However,
despite the significance of such biomolecules as func-
tionalizing agents, especially in biological applications
(e.g. anticancer, antioxidant, antimicrobial, etc.) [90],
employed 500 °C calcination to TiNPs for eradicating the
organic scaffolds conjugated with NPs derived from gum
matrix to get refined free of companion biomolecules.

Functional properties

The analysis of FTIR spectroscopy is a powerful tool for
the primal determination and detection of active micro-
bial biofunctional groups associated with the synthesized
NPs, via absorbing the corresponding “resonant frequen-
cies” and depicting their representative IR spectra in the
infrared range of (4000-400 cm™') [70]. FTIR spectra
of the mycosynthesized CuNPs, TiNPs, CuTiNCs and
cell-free supernatant are illustrated in (Table 1; Fig. 7);
reflecting the presence of common peaks that contrib-
uted substantially in their biosynthesis, stabilization and
functionalization.

Generally, our results agreed with [91] and [92] who
found the same vibration peak in INPs and AgNPs syn-
thesized by Pleurotus sp. and nematophagous fungus
Duddingtonia flagrans. Concerning the vibrational
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Table 1 FTIR peaks assignments and their corresponding
functional groups associated with CuNPs, TiNPs, CuTiNCs and
cell-free extract involved in their biosynthesis and capping

Wave number Vibration type Assignment Refer-

(em™) ence

3700-4000 stretching O-H group [141]

3440, 3441 and 3442  stretching NH, [142]

2936 stretching C-H [143]

2438 stretching C=0 [144]

2270,2352 and 2382 stretching NH?* and NH** in pro-  [145]
tein/peptide bonds

1600, 1611 and 1649  stretching Amide-l/amide-lI [146]
linkages

1421 stretching Cc-O [138]

1447 stretching -C-H/-CH3in ali- [147]
phatic —compounds

1497 stretching C=0 of carboxylic [146]
acid

1372 stretching carboxyl groups [148]
(-COOH)

1045, 1076, 1124, stretching PO, [149]

1126 and 1177

modes for Cu and Ti [93], manifested that the region
below 1000 cm™' is characterized by metal-oxygen
bonds. Hereby, in the fingerprint zone, especially at
570 cm™! and the range of 615-830 cm™'; respectively,
the spectral peaks are affiliated to Cu-O, and O-Ti-O.
Such stretching vibrations were aligned with earlier
reports of [63] and [94]. However, a minor shift in the
absorption peaks was noticed in CuTiNCs profile, com-
pared to both sole metal NPs, which might be traced
back to the interaction of CuNPs and TiNPs and the
development of CuTiNCs [95, 96]. Sensibly, the coupling
of multiple functional groups such as C=0, C-H, C-O-
C, PO,>-, amine and amide with NPs seemed to be propi-
tious. Where, the electrostatic attraction or interactions
at the oxygen side form a bridge between metal atoms
and free amine groups, exopolysaccharides, protein resi-
dues and phospholipids mediated stabilization function-
ality as dispersing ligands. Similarly [97], advocated the
same point of view.

4

Energy (k

15)| 071
ev

23456 7 8 910 111213 14 15)
kev
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Thermal properties
The thermogravimetric analysis of the pure biofabricated
CuNPs, TiNPs and their nanocomposites retrieved curves
were demonstrated in (Fig. 8). Its main idea lies behind
following up the correlation between the applied higher
temperature in constant rate and mass shift proportions;
offering thereby a valuable insight into the mass, stabil-
ity, thermal properties, coating composition and ratios
of the nanoparticles [47]. In temperatures ranging from
20 °C to 800 °C, the TGA curves of the examined NPs-
NCs samples were represented in four main weight loss
stages. Initially, rapid mass reduction (7.37-12.0%) can be
easily detected in a temperature lower than 200 °C cor-
responding to the desorption and release of chemisorbed
and physisorbed/retained water molecules [98]. The sec-
ond weight loss portion was recorded from 200 to the
range of 400—428 °C reached to 39.7, 35.21 and 41.34%
for CuNPs, TiNPs and CuTiNCs, respectively, which
could be ascribed to the thermal pyrolysis and carboniza-
tion of organic molecules bound to the surface of NPs-
NCs [98]. The third stage began from 428 °C to the range
of 490-552 °C with weight loss assessed by 27.96, 35.60
and 26.29% % for CulNPs, TiNPs and CuTiNCs, respec-
tively. However, an additional step was observed in the
case of CuTiNCs, wherein about 3.75% weight reduction
was observed at 593 °C, which was attributed to the con-
tinuous evaporation of biosorbent water molecule and
gradual pyrolysis of the biomolecules residues (e.g., as
polysaccharides, proteins, phospholipids, etc.), which still
tightly bound to NCs surface [90]. In the same context
[99], revealed that the conjugation of amide I signature
with inorganic particles that were confirmed through
FTIR analysis at wave numbers of 1600: 1650 cm™?,
resulted in weight loss at a temperature range of 250—
595 °C, which are harmonized with the current data.
Remarkably, as stated by [100], the weight loss at
the temperature range of 200-350 °C and 350-550 °C
assigned to the degradation of organic matrix followed
by the combustion of organic residues. Actually, non-
significant weight loss reaching 4.89, 6.1 and 3.95% was

001 2 3 4 56 7 8 910 11 1213 14 15
Energy (kev)

Energy (

Fig. 6 EDX profiles of CuNPs, TINPs and CuTiNCs fabricated by Candida sp.
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Fig. 8 Thermal behavior analysis by TGA for CuNPs (A), TiNPs (B) and CuTiNCs (C) fabricated by Candida sp.

observed for CuNPs, TiNPs and CuTiNCs, respectively
throughout the range of 490/552°C to 799 °C; imply-
ing the stability of materials mass and their crystallinity.
Likewise [101], declared that insignificant weight loss in
the temperature range of 540~900°C was considered a
sign of the transformation of TiO, from the amorphous

phase to a crystalline phase. Ultimately, about 82.31,
88.96 and 82.73% of examined CuNPs, TiNPs and
CuTiNCs, respectively, get destroyed, leaving 17.69%
(0.94 mg), 11.04% (0.59 mg) and 17.27% (0.87 mg) with
considerable thermal stability remaining. Generally,
the hybridization of both Cu and Ti in the composite
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nanoform didn’t influence adversely on their thermal sta-
bility. Conversely [98], found that the pure TiO, offered
higher thermal stability with 23% mass loss compared to
the Cu3%-TiO, nanostructure that lost 35% of its mass
after Cu incorporation.

Surface charge properties

To evaluate the manner of particle diffusion in any fluid
(i.e., hydrodynamic diameters (size distribution) and
(-potential), the dynamic light scattering (DLS) was
employed as a noninvasive technique. As revealed by
[88], this technique gives an insinuation about the fluctu-
ations in light scattering intensity as a function of particle
sizes, which is attributed to Brownian motion. Figure 9
demonstrated the particle size distribution curves of
CuNPs, TiNPs and CuTiNCs. As observed, the hydro-
dynamic sizes of CuNPs assessed by 84.2 nm (78.9%),
27.3 nm (16.7%) and 3.5 nm (4.4%). However, the hydro-
dynamic size of 28.8, 83.4 and 393 nm with intensities
14.4, 72.1, and 13.5% was recorded for TiNPs. Regarding
CuTiNCs, the obtained hydrodynamic size were 28.8 nm
(24.3%) and 171.5 (75.7%) nm. Such distinct difference in
size between DLS and TEM could be ascribed to the con-
jugation of water and other fungal moieties to the surface
of NPs-NCs [88].

On the other hand, the storage stability of NPs colloi-
dal dispersion, surface charge, degree of hydrophobicity,
particles distribution as well as the manner/ fate of inter-
action with the biological systems are predicted by mea-
suring the zeta ({) potential [46, 102]. This is determined
by the magnitude of the attractive or repulsive forces,
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which in turn is correlated to the potential difference
between the outer Helmholtz plane and the surface of
shear [46]. Accordingly, the stability of the nanosuspen-
sion requires the value of zeta potential to be in the range
of £20-30 mV [33, 47]. The higher absolute zeta poten-
tial of NPs indicates the high electric charge on their sur-
faces, which points to strong repelling forces that stabilize
the NPs in the medium with minor agglomeration [47].
As demonstrated in the zeta graphs (Fig. 10), the electro-
kinetic that existed on the shear plane of a particle, which
is related to surface charge, were evaluated by -31.3,
-26.2 and —27.7 mV for CuNPs, TiNPs and CuTiNCs,
correspondingly. As displayed, CuNPs possessed sig-
nificantly greater zeta potential owing to electrostatic
repulsion force among the NPs, which exceeded Van der
Waals attraction force that in turn results in “Brownian
motion’; ultimately higher stability and lower propensity
to agglomeration [102, 103]. In general, the electrostatic
repulsion force among similar surface-charged particles
is explained by DLVO theory [103]. On the other hand,
the lower { potential value of TiNPs, compared to the
other examined NPs-NCs, could be simply assigned to
the larger size and non-uniform shape of TiNPs, which
generated heterogenous dispersity and slow particle dif-
fusion in light scattering intensity as reflected by [104].
Notably, all examined NPs-NCs were negatively charged
owing to their wrapping with anionic biomolecules of
negatively charged proteins, nucleic acids, lipopolysac-
charides, etc., which bestowed NPs-NCs with dispersity,
functionality and stability. Seemingly, all the previous
data are harmonized, complementary and confirming
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Fig. 9 Hydrodynamic size of CuNPs (A), TiNPs (B) and CuTiNCs (C) prepared by Candida sp.
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Fig. 10 Long-term stability analysis determined by Zeta potential for CuNPs (A), TiNPs (B) and CuTiNCs (C) synthesized by Candida sp.

each other. Interestingly, the data of as-prepared NPs-
NCs of the current study showed superior (-potential
than other related studies [105, 106].

Thence, it is plausible to propose the mycosynthe-
sis/functionalization mechanism and also highlight the
eminant performance of nanofactory Candida sp. in
its manipulation differently with both NP-parent mol-
ecules, based on their nutritional importance to the cells
or their toxicity. That was unequivocally evident via cel-
lular compartmentaization of each synthesized NPs and
even NCs and also in exhibiting variable dimensions and
overall properties [42, 107]. For the intracellular synthe-
sis of CuNPs, the intact cells internalized Cu-precursor
through electrostatic interaction between positively
charged Cu®' ions and negatively charged functional
groups that scattered on the intact cell; followed by
metabolizing them either to alleviate their toxicity or to
recruit them in their metabolic functions [94]. In this
context, it is worth stating the significant tasks of Cu as
one of the essential microelements, which contributes in
physiological catalysis, regulation of the electron trans-
port process, denitrification, oxidative respiration and
other redox reactions [44]. After Cu®*' ions uptake, the
yeast cells underwent a cascade of oxidation-reduction
steps via reducing NADH-dependent enzymes (e.g.,

hydrogenases, cytochrome reductase, nitrate reduc-
tase, superoxide dismutase dehydrogenases, and cata-
lase). Such reducing biomolecules shuttle electrons to
the metal ions, which were subjected to sequential redox
reaction led to the formation of CuO nuclei. With con-
tinuous nucleation, the growth of larger crystals and
self-assembly were also continued till reaching to the
most thermostable crystallographically oriented form, as
explained in detail by [108].

At this stage the Candida sp. cells accumulated CuNPs
in the periplasmic compartment either for storage or for
pumping out by the efflux system to maintain homeosta-
sis [44, 78, 104]. However, the toxicity of the Ti-parent
molecule could explain its transformation extracellularly
by metal-selective interaction strategy induced by Can-
dida sp. cells, which adopted TiNPs synthesis under the
umbrella of metal adaptation/detoxification scenario. The
cells reduced Ti ions outside the cells, rather than inter-
nalize them, via several extracellular reducing biomol-
ecules such as extracellular polysaccharides, enzymes,
etc [109]. It is proposed that TiNPs were synthesized
via serious collaboration of such biomolecules to nucle-
ate Ti ions in the form of TiO,-nuclei, which undergo
a growth stage to form pleomorphic TiNPs. However,
upon dual exposure to Cu and Ti precursors, the cells are
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subjected to lethal metal stress, which triggers the cells
harness multiple metabolic pathways simultaneously
for detoxifying both metal ions in the form of CuTiNCs.
Seemingly, all biosynthesized NPs-NCs were less toxic
than their parent molecule. That could be clearly evident
through TEM, which depicted the viability and healthy
appearance of the cell. The cells were still intact with no
evidence of cellular damage or wall rupturing; reflecting
the capability of our bionanofactory to exert a balance for
healthy growth with efficient metal detoxification.

On the other hand, the availability of reducing bio-
molecules in the free-cells supernatant (i.e., extracellular
mycosynthesis) such as enzymes, quinones-derivatives,
quorum sensing molecules (e.g., farnesoic acid, tyrosol,
farnesol, tryptophol, and phenylethyl alcohol), extracel-
lular polysaccharides and other secondary metabolites
[109] facilitated the transformation of both metal salts
into their corresponding metal oxides in a sequential
stages of oxidation-reduction reactions as proposed in
the possible following equations:

CeH1206 — 2C3H50H 4 2C0O5 + Oxidoreductase (3)
H,O — H". + OH (4)

Cu*" + NADH'H + +NAD (P) H — Reductase — 2Cu" + NAD" + 2H" (5)
Ti' + +NADH + H* 4+ NAD (P) H — Reductase — Ti® + +NAD" + 2H* (6)
Ti*" + NADH + 3H*. + NAD (P) H — reductase — Ti** + NAD" 4 3H* (7)

Throughout aerobic incubation, the reduced Cu and Ti
ions were oxidized via oxygen, oxidase enzymes, and
oxidizing biomolecules that occupying reaction sphere.
Meanwhile, in the presence of OH-, the hydroxide forms
of both metals generated as declared in the following
equations:

Cu’ +20H" + Oxidase — Cu(OH)y) +2Hs  (8)
Ti® + +30H" + Oxidase — Ti(OH)y) + 3H,0  (9)
T +2(0H)" + Oxidase — Ti(OH)y + 2H20 (10)

However, such hydroxide intermediates were less stable
forms and dissociated, by the catalysis of fungal biomol-
ecules, into their corresponding oxide variants, which
were the most stable forms [110, 111].

Cu(OH), = CuO + H,0 (11)

Ti(OH); — Ti(OH), + OH~ (12)
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Ti(OH), — TiO (OH) + H, (13)

TiO (OH) — TiO9 + Hy0O (14)
Accordingly, the bioreduction / biooxidation processes of
both metal precursors were attained synchronously gen-
erating the first CuO and TiO, nuclei [44]. Such nuclei
serve as the seeds or embryos assembled into larger
crystals of TiO,-NPs that encompass CuO-NPs through
electrostatic, coordination, van der Waals, hydrogen
binding or even dispersion interactions generating nano-
composites architecture [112]. In fact, the mycologically
synthesized CuTiNCs were indigenously functionalized
by fungal biomolecules that prevailed in the reaction
mixture, acting in such way dual and simultaneous role
of reduction and self-functionalization. Hence, consid-
ered to be more economic by avoiding additional sur-
face-modification step that is substantially required in
physicochemical synthesis approaches to maintain the
stabilization of nanomaterials as inferred by [113]. Fur-
thermore, the indigenously functionalized NPs-NCs
would mediate facile and selective-targeting purposes,
in particular the biological applications such as antimi-
crobial, anticancer and antioxidant, etc. Evidently, the
extracellular synthesis of both NPs-NCs is particularly
favorable in terms of large-scale manufacture [114].

Applications of mycosynthesized NPs-NCs

Antimicrobial potency

Our study focused on assessing the biocide potency of
mycosynthesized CuNPs, TiNPs and their hybrid sys-
tem of CuTiNCs against various pathogenic microbes to
cover a wide array of application fields. The assessment
included some human pathogens, which are opportu-
nistic and responsible for food intoxication, water-borne
diseases, nosocomial and community-acquired infections
[115] . Besides, the response of phytopathogenic bacteria
versus the exposure of mycosynthesized NPs-NCs was
also evaluated by ZOI assay (Table 2; Fig. 11). Strikingly,
the examined pathogens cause a number of diseases in
different plant organs (i.e., fruit, stem, leaf, etc.) such as
fruit spots, blackleg, cankers, blights, wilts, soft rots and
tumors, leading to seasonal devastation of various crops
like potato, tomato, celery, carrot, lettuce, onion, cabbage
and fruits as well [116, 117].

As observed, the capability of NPs-NCs to thwart
microbial growth varied significantly. Wherein, the
CuTiNCs displayed the superior significant (P © 0.05)
antagonistic activity than that showed by their soli-
tary counterparts, as deduced from statistical analysis
of the data with one-way ANOVA. Besides, the antimi-
crobial activity of CuNPs was much significantly higher
than that exhibited by TiNPs in all examined pathogens.
Arguably, B. cereus was the most susceptible pathogen
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Table 2 Antimicrobial potency of mycosynthesized CuNPs, TiNPs
and CuTiNCs against pathogens via well diffusion method, ZOI
represented in cm. The results were expressed as mean + SEM
and (*) indicates the statistical significance (P<0.05)

Microorganism CuNPs TiNPs CuTiNCs
Human B. cereus 1.9+0.1% 05+0.1 2.7+£0.1%
Pathogens 5 gureus 1.25+£0.05% 03+005 1.65+0.15*
P aeruginosa 08+0.1 02+000 1.15£015
C. albicans 05%0.1 0.1+0.05 09+0.1
Plant E. carotovora 16+£0.1*  02+005 1.7+ 0.1
Pathogens  psyringe 14+01% 025+025 185+0.15*
P Solani 1.35+0.05% 0.15+0.05 1.7+02*
E.amylovora 1.1£0.1 0.2+0.1 1.7£0.0%
Pedobacter spp. 13+£0.1*% 0.15+0.05 1.85+0.05%
X.oryzae 1.65+0.15% 02£0.1 2.1+£0.1%
X.campestris 1.9£0.15% 04£02 215£0.1%
A. tumefaciens 1.55+0.15% 02+£0.1 1.95+0.05*
R. solanacearum 1.2+0.1 0.1+£0.1 16+£0.2%
C.michiganensis ~ 1.6+0.15% 035+0.15 1.8+0.2%

in its response to NPs-NCs among the other examined
pathogens. On the other hand, C. albicans showed viv-
idly higher resistance. Regarding this, many possible
interpretations could be encountered starting with the
rapprochement of the genus used, in our study for the
synthesis, with the examined strain, reflecting its ability

\ -
\&olanaéﬂll‘l /
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to sequester NPs-NCs or utilize the same metabolic path-
way to avoid their toxicity. Let alone the rigid fungal cell
wall, which is composed mainly of glucans, chitin and
chitosan conjugated with glycosylated protein that trig-
gers them less permeable to toxic materials [118]. Like-
wise, earlier studies by [63] and [65] accentuated the
higher susceptibility of bacteria to NPs treatment than
fungi and yeast. Meanwhile, the results of the current
study were similar to those obtained by [119, 120] and
relatively comparable to those reported by [83].

Despite the disparity in cell wall compositional orga-
nization and its structural architecture among all exam-
ined pathogens, its role in realizing the differences in
microbial sensitivity to the examined NPs-NCs could be
overlooked. The examined phytopathogens, which are all
Gram-negative, exhibited sensitivity patterns similar to
those of Gram-positive. However, the microbial physiol-
ogy, metabolic performance, and uptake/regulation sys-
tems are deemed to be intrinsic factors in managing the
resistance and sensitivity profiles among inter and intra-
species of the microbes against any antagonistic agent.

Antibiofilm activity
The antagonistic potency of CulNPs, TiNPs and
CuTiNCs in eradicating the biofilm growth of S. aureus,

Fig. 11 Antimicrobial activity of mycosynthesized CuTiNCs (a), CuNPs (b) and TiNPs (c) against the examined human and plant pathogens by the well

diffusion method
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Table 3 Antibiofilm activity of CuNPs, TiNPs and CuTiNCs (50, 100, and 200 pg /mL) fabricated by Candida sp. against some biofilm-
producing pathogens. The results were expressed as mean + SEM and (*) indicates the statistical significance (P*0.05)

Biofilm type CuNPs TiNPs CuTiNCs
50 pg 100 pg 200 pg 50 ug 100 pg 200 pg 50 pg 100 pg 200 pg
S. aureus 11317 13.9+0.2*% 382+19 0 8615 20242 36.1+1.8 624+£35 80.3+14*%
P. aeroginusa -11.7£15 54+17 30713 0 55%16 15642 284+1.7 559+41 68.7 £3.0%
C. albicans -142+09 38+19 234+18 0 39+16 92+2 225+18 39.7+40 55.7+3.0%
1007

Biofilm Inhibition %

.Contro
-('u.\‘Ps (100 pg/mL)

- CulNPs (200 pg/mL)

@'ri\m (200 pg/mL)

- CuTiNCs (100 pg/mL)

S. aureus P. aeruginosa

C. albicans -CuTiNCs (200 pg/mL)

Fig. 12 Antibiofilm performance of CuNPs, TiNPs and CuTiNCs in different concentrations (50, 100, and 200 pug /mL) against biofilm-producing pathogens

P aeruginosa, and C. albicans was evaluated (Table 3;
Fig. 12). As a general observation, there was a notice-
ably progressive thwart in the biofilm formation for
all examined pathogens in a concentration-dependent
manner. Surprisingly, the lowest dose of CuNPs showed
enhancement in biofilm growth by 11.3+£1.7, 11.7+1.5,
and 14.2+0.9% of S. aureus, P aeruginosa, and C. albi-
cans, respectively. Similar outputs were manifested by
[121] and [122]; attesting the fact that upon utilizing
sub-inhibitory concentrations of methicillin or any other
disinfectant can lead to dramatic induction in the biofilm
formation of S. aureus as a result of up-regulating the
genes encoding surface proteins responsible for the bio-
film formation process. Besides, the nature of Cu as vital
microelement trigger the biofilm-forming microbes, par-
ticularly in our study, utilized it in its lowest concentra-
tion (50 pg/mL) in regulating physiological processes and
various metabolic activities rather than antagonize their
biofilm development. In contrast [123], highlighted that
100 ng of CuNPs facilitated the elimination of biofilm at
the initial stage of development, making the eradication
process easier.

While no inhibition or enhancement performance was
recorded upon treatment with TiNPs (50 pg), Otherwise
[51] and [124], elucidated that the utilization of 100 pg/
ml of TiNPs was enough to clearly reduce the biofilm for-
mation in P aeruginosa as compared to S. aureus. Such
variability in the antagonistic performance among differ-
ent scholars could be ascribed to discrepancies in NPs
characteristics (e.g., size, crystal quality, surface area,

stability, surface properties, etc.), the synthesis method,
and the applied dosage [125, 126]. However, microbial
cell physiological properties, cell age, cell surface traits,
and microbial load also should be taken into consider-
ation [124, 127], and [65]. Additionally, the whole condi-
tions of the inactivation reaction, such as contact time,
organic/inorganic nutrient content, ionic strength, etc.,
were reported as categorical parameters that manage
the NPs-effectiveness in delaying or accelerating the pro-
hibition [128, 129]. Hence, it is important to consider a
balance for achieving effective biocide activity without
causing unwanted side effects, as recommended by [26]
and [130].

Strikingly, in the present investigation, there were com-
mon symptoms shared between biofilm-forming patho-
gens and the examined pathogens, which are dwelling
in free-floating or planktonic forms. Firstly, S. aureus
biofilm exhibited higher sensitivity for the treatments of
CuNPs, TiNPs, and CuTiNCs in all examined concentra-
tions. Secondly, the biofilm of C. albicans appeared to
be the least susceptible to all examined concentrations
of NPs-NCs. Thirdly, all concentrations of CuTiNCs
displayed a prominent prohibition pattern in all tested
biofilm-forming microbes. Notably, a significant inhibi-
tion (P 0.05) for S. aureus, P. aeruginosa, and C. albicans
biofilm development was recorded at 80.3+1.4, 68.7+3.0,
and 55.713.0%, respectively, upon treatment with 200 pg
of CuTiNCs, as testified by ANOVA. In comparison, a
study conducted by [44] revealed that 100 mg/mL of
CuFe nanocomposites devastated E. coli and S. aureus
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biofilm growth by 12 and 49%, respectively; reflecting
the potency of the current CuTiNCs in defeating biofilm
growth in minuscule amounts. Interestingly, no study
examined the antibiofilm potential of the CuTi hybrid.

Based on the previous backdrop, the whole scenario
for the antagonistic potentiality of NPs-NCs, under study
against various pathogens in either planktonic or bio-
film phases, could be envisaged. As outlined by [50] and
[131] the strategies followed by NPs in inducing their
toxicity could be described as nonspecific, complex, and
complicated modes of action. By serving as nanoknives,
NPs-NCs commence their action by physical cracking in
the cell wall, phospholipid peroxidation, depolymeriza-
tion of polysaccharides, and concurrent enfeeblement of
membrane integrity. All these features collectively result
in leakage of cellular components (proteins, lipopolysac-
charides, reducing sugars, etc.), dissipation of electron
motive force, osmotic imbalance, and a diminishment
in ATP intracellular levels. Once NPs, which are less
than 80 nm, are sequestered in the cell internally, more
destructive effects are exerted, including frustration of
biochemical activities and hindering metabolic path-
ways. Such could be implemented by the higher affinity
of metal ions released from NPs-NCs to bind with the
thiol group (R—SH) of amino acids, forming (-S-S-)
bonds, which deform protein structure, block their active
sites, and eventually cause proteins malfunctioning. Let
alone their ability to interact with nucleic acids, disrupt-
ing, in such a way, replication, DNA repair and protein
synthesis processes. However, the intrinsic reason for the
overall inhibition lies behind the massive oxidative stress
owing to the intense generation of oxygen-free radicals or
reactive oxygen species (ROS) like singlet oxygen (‘O,),
hydroxyl radicals (OH-) and superoxide radicals (O,~)
via Fenton and Haber—Weiss reactions. Such elevation of
ROS intensifies the damage to microbial biomolecules,
which terminates metabolic activities and ultimately cell
death. Additionally, regarding the antibiofilm potency,
NPs-NCs controlled the development of biofilm by lim-
iting the productivity of EPS, prohibiting cell adhesion
by modifying surface characteristics and enhancing the
quorum-quenching activity of sessile cells.

Worthwhile, the biocide potency of CuNPs exceeded
unequivocally that displayed by TiNPs, which is attrib-
uted to their higher surface area (surface/volume smaller
ratio) of ultrafine-size CuNPs with homogenous disper-
sity and limited aggregation. All those features allow
a faster elution rate of copper ions, more contact with
microbial cells, and consequently a higher rate of cyto-
toxicity. Whereas, the exposure of microorganisms to
CuTi in their composite nanoform declared distinct
functionalities and an eminent magnitude of toxicity
as compared to their sole NPs. That could be ascribed
to the synergistic leverage of two different metal oxides
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rather than merely additive impact, which was consis-
tent with that reported by several research groups [65,
132], and [44]. Intriguingly, the dual exposure of micro-
bial cells to different metal ions simultaneously released
from nanomaterials with binary structures put the cells
in a sudden shock situation, triggering them handi-
capped to induce multiple gene mutations for tolerating
such synchronized, multiple, and condensed antagonistic
doses. Therefore, it is plausible to propose that CuTiNCs
exerted their hostility by targeting multiple cellular loca-
tions simultaneously with a multimode of action. In the
same context [44] and [129], explicated similar findings
with CuFeNCs and CuZnNCs, respectively.

Out of the preceding results, the efficacy of mycosyn-
thesized CuTiNCs in ceasing microbial growth and cor-
rupting biofilm formation encouraged their application
as an antimicrofouling agent and disinfectant in purifying
environmental effluents from their microbial load.

Anti-microfouling activity

Biofouling, as an economic and ecological problem, is
detected in industrial aquatic processes, food and bever-
age industries, water desalination systems, oil industry
grates, cooling systems, electric cables, and pipelines of
water treatment, storage, and distribution. It involves the
accumulation of organic materials such as polysaccha-
rides, proteins, and glycoproteins, followed by the coloni-
zation of biofilm-forming organisms (e.g., bacteria, fungi,
phytoplankton, algae, and protozoa) on submerged sur-
faces. Such microfoulers represent the main focal point
and primary key step in establishing a rigid three-dimen-
sional polymeric matrix that captures larger organisms of
macrofoulers (e.g., macroalgae, bryozoans, mussels, bar-
nacles, and tube worms). Economically, to reduce energy
consumption, maintain wet surfaces of pipelines, and
protect the environment from pathogen dissemination,
the development of antifouling coating or painting is the
decipher [133]. Worthwhile, organotin (tributyltin) and
heavy metal-based paints are the most often employed
effective biocide, Nevertheless, owing to environmental
damage caused by their broad spectrum cytotoxicity (in
ppb) against target and nontarget organisms, their appli-
cations became limited [134]. Therefore, the utilization of
inorganic NPs as main constituents of antifouling agents
has gained momentum.

Herein, CuTiNCs showed significantly (P * 0.05) dis-
tinguished anti-microfouling properties by lessening the
density and diversity of adhered marine biofilm-forming
microbes by 64.63+3.5, and 89.82+4.3% for 100 and
200 pg/ml, respectively. The images of the light micro-
scope demonstrated that the surface area of the control
uncoated slide was harbored with an evenly dispersed
confluent, prolific, and dense biofouling load. In com-
parison, the treated slides appeared to have fewer cells
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dwelling on the coated surface in a separate manner.
For more morphological changes, SEM was employed.
(Fig. 13) demonstrated the destructive potentiality of
CuTiNCs against marine microfoulers more deeply than
a light microscope. Wherein, multilayer aggregations of
rods and coccid-shaped cells appeared compactly packed
and immersed in a dense EPS matrix in the untreated
control sample. However, a few numbers of microfouler
bacteria were loosely scattered, reflecting the decay of the
EPS skeleton. Besides, treatment with CuTiNCs resulted
in dramatic deformation of the cells, represented by the
presence of wide furrows, implying cell membrane dete-
rioration and disability to colonize CuTiNCs-coated
slides and construct their EPS lattice. Both images of
light and SEM emphasize the potential of CuTiNCs in
inhibiting microfouler settlement. Recent studies docu-
mented the incorporation of CuONPs and TiO,NPs in
fouling polymeric membranes to consolidate their hydro-
philicity and antimicrobial behavior [135, 136], and [137].
Hereby, the antagonistic feature of CuTiNCs impeded the
biofilm biomass coverage and disrupted its architecture
and distribution, which is a prerequisite step in the whole
biological fouling process, as declared by [138] and [53].
It is important to mention that the capability of CuTiNCs
to prevent macrofouling development in in-situ fields will
be implemented in an ongoing study. Hence, the current
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study succeeded in finding an alternative solution for the
micro-fouling problem through recruiting CuTiNCs as
antifouling paints.

Environmental effluents disinfection

Microbial pollution of aquatic environments menaces
the sanitary state of water bodies, which consequently
influences negatively the quality of water specified for
drinking and irrigation, in particular with the continuous
uplifting in population. The discharges from decontami-
nation stations, hospitals, domesticated animals, indus-
tries, and water treatment plants are considered to be the
major sources for microbial contamination [88, 139]. The
arrival of such contaminated sources into the drinking
water is a real peril that touches public health, which may
result in the dissemination of epidemics and the fall of a
country’s economy. Therefore, there is an urgent demand
for recruiting proper disinfection practices for purify-
ing contaminated water until it reaches standard limits
for consumption, especially given the current situation
of the water crisis. On the account of several limitations
regarding the chlorination approach, which is the most
effective and commonly applied disinfection method, the
endeavors for alternative green means are continuously
implemented. Accordingly, recent literature has devoted
different NPs-NCs to this concern. Meanwhile, based

Fig. 13 Anti-microfouling potentiality of CuTiNCs via light microscope (A, B, and C) and SEM (D, E, and F) of control, and treatment at 100 ug/ml and
200 pg/ml, respectively
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Table 4 Disinfection potentiality of 100 and 200 pug/ml of CuTiNCs in decontaminating domestic and agricultural effluents from some
microbial parameters. The results were expressed as mean+ SEM and (*) indicates the statistical significance (P* 0.05)

Parameter CuTiNCs Dose (pg/ml) Domestic effluent Count (CFU/mL) Agricultural effluent Count (CFU/
mL)
Control Treated Control Treated
Total Plate Count 100 142x107 £2.95x 10 451x10° 409x10° 1.80x10°
+35%10” +12x10° +885x10%
200 220%10° 1.065%10°
+1.08x10° +7.83%x10%
Mold &Yeast 100 125%10° £865%10° 5.06x10* 163x10 8.58x 10>
+865x% 103 +2.19% 103 +9.16% 107
200 268x10% 5.23% 103
+2.77%103 +29%x10°
Coliforms 100 158 10%+ 1.06x10° 5.83x10* 1.089%10* 533%x10%
+6.78% 107 +337%107 +205%10%
200 151x10* 266%10°
+1.06% 107 +1.39%10°
FecalStreptococcus 100 1.06X10%+ 12 40+25 4141 8+2
200 24 1% 0*

on international standards of environmental guidelines,
there are some criteria, such as total plate count (TPC),
mold & yeast (TMY), and indicator organisms, including
total coliforms (TCs) and fecal Streptococcus (ES), that
should be determined, and their concentration shouldn’t
exceed a certain allowable limit to be safely utilized [140].
Hence, in our study, the disinfection potency of CuTiNCs
(100 and 200 pg/ml) was scrutinized in treating two real
effluent samples through defining TPC, TMY, TCs, and
ES.

As observed in Table (4), the enhancement in microbial
inhibitory power was associated with an increase in the
treatment dose. Virtually all the examined parameters of
TPC, TM, TCs, and ES revealed the distinct disinfection
potentiality of CuTiNCs in controlling and inhabiting the
microbial content in domestic and agricultural effluents.
Wherein, 100 and 200 pg/ml of CuTiNCs engendered
about 68.23 and 84.48% reductions in the TPC content of
domestic effluent and 55.95 and 73.94% for agricultural
effluent, respectively. Whereas, the suppression of mold
and yeast content induced by both doses recorded 59.81
and 78.69% for domestic effluent and 47.40 and 67.93%
for agricultural effluent, respectively. Regarding indicator
microorganisms, the disinfection potency reached 90.43
and 75.57% for TCs in domestic and agricultural efflu-
ents, 98.11% and complete elimination of FS, respectively,
upon treatment with 200 pug/ml of CuTiNCs. Generally,
CuTiNCs exerted a higher disinfection potentiality in
domestic eftfluent than that observed in agricultural sam-
ple. The presence of heavy metals and residues from pes-
ticides, herbicides, and fertilizers was proposed to induce
a greater tolerance modality for the agriculture-dwelling
microbiota than that in municipal wastewater, which was
enriched with residues of organic nutrients as accentu-
ated formerly by water quality studies of physicochemical

parameters [55]. Additionally, the presence of a higher
content of dissolved solids and cations, such as Ca**
could reveal intricacies in the interaction between NCs
and the microbial surface. That could happen through
the adsorption of such cations on negatively charged
CuTiNCs, neutralizing their surface and generating large
floccules, which subsequently hampered the antagonistic
effect of the released CuO and TiO, ions [138]. There-
fore, the physicochemical properties of wastewater are
an incontestably conclusive factor in determining the
adequate dose required for implementing an accept-
able disinfection process. Eventually, the collective traits
of mycologically synthesized /functionalized CuTiNCs
and the synergism provided by both ions released from
the hybrid NCs will open up innovative avenues for their
recruitment in various technological applications.

Conclusion

To summarize, this investigation, for the first time, accen-
tuates the ability of Candida sp. towards the fabrication
of binary hybridized nanoforms of CuTiNCs. Through a
simple eco-friendly bottom-up approach, the bionano-
factory Candida sp. was challenged for both extracel-
lular and intracellular production of CuNPs, TiNPs and
their nanocomposites. The mycofabrication of CuNPs,
TiNPs, and CuTiNCs was assured via TEM, SEM, XRD,
UV-Vis spectroscopy, FTIR, EDX, (-potential, and TGA.
The biocidal activity of myco-synthesized NPs-NCs was
assessed against a vast array of human as well as plant
pathogens. Besides, the antibiofilm activity of CuNPs,
TiNPs, and CuTiNCs in different concentrations was
also defined. A significant inhibition (P * 0.05) exerted
by CuTiNCs (200 pg/mL) reached to 80.3+1.4, 68.7£3.0,
and 55.7+3.0% in defeating S. aureus, P aeruginosa,
and C. albicans biofilms development, respectively. The
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results unveiled the superior potency of CuTiNCs com-
pared to their single nanoforms, in a dose-dependent
modality, which favored their applications in wastewa-
ter treatment as antifouling agents and disinfectants.
The light microscopy and SEM depicted the capability
of 200 pg/ml CuTiNCs in inhibiting microfouler settle-
ment by 89.82+4.3%, while deteriorating EPS architec-
ture and cell morphology. However, 100 and 200 pg/ml of
CuTiNCs exhibited an eminent disinfection potential and
diminished the microbial load of bacteria, molds, yeast,
and indicator organisms of coliforms and fecal Strepto-
cocci after 2 h of exposure. Interestingly, the mutual cor-
porative interactions of Cu and Ti ions from the CuTiNCs
spark immense interest to be invested in prospective
medical and energy-mediated applications.

Acknowledgements

The authors acknowledge the Genetic Engineering and Biotechnology
Research Institute (GEBRI), City of Scientific Research and Technological
Applications (SRTA-City), New Borg El-Arab, Alexandria, Egypt.

Author contributions

AA. Performed main experiments of NPs-NCs mycosynthesis, collected
literature data, writing the first draft and reviewing the final manuscript. A.E.
general administration. M.E. conceived the idea, designed and performed
experiments related to the applications, carried out the statistical analysis,
prepared figures and tables and contributed substantially in the writing,
editing and reviewing of the manuscript.

Funding

This research received no external funding.

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

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
This article contains no studies with human participants or animals performed
by authors.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Botany and Microbiology Department, Faculty of science, Damietta
University, Damietta, Egypt

“Environmental Biotechnology Department, Genetic Engineering and
Biotechnology Research Institute (GEBRI), City of Scientific Research and
Technological Applications (SRTA-City), New Borg El- Arab City,
Alexandria 21934, Egypt

Received: 25 November 2023 / Accepted: 23 April 2024
Published online: 23 May 2024

References
1. Steffan JJ, Derby JA, Brevik EC. Since January 2020 Elsevier has created a
COVID-19 resource centre with free information in English and Mandarin on

20.

21.

Page 21 of 25

the novel coronavirus COVID- 19. The COVID-19 resource centre is hosted on
Elsevier Connect, the company ‘s public news and information, no. January,
2020.

Jiménez-Reyes MF, Carrasco H, Olea AF, Silva-Moreno E. Natural compounds:
a sustainable alternative to the phytopathogens control. J Chil Chem Soc.
2019;64(2):4459-65. https://doi.org/10.4067/50717-97072019000204459.
Karn SK, Duan J, Jenkinson IR. Book Review: role of Biofilms in Bioremediation.
Front Environ Sci. May 2017,0:22. https://doi.org/10.3389/FENVS.2017.00022.
Dass SC, Wang R. Biofilm through the looking glass: a microbial Food

Safety Perspective. Pathogens. 2022;11(3). https://doi.org/10.3390/
pathogens11030346.

Rovey P, Cappellari R, Gallarato LA, Bogino P, Oliva M, Giordano W. Biofilm-
Forming ability of Phytopathogenic Bacteria: a review of its involvement in
plant stress, pp. 1-19, 2023.

Li M, Song G, Liu R, Huang X, Liu H. Inactivation and risk control of patho-
genic microorganisms in municipal sludge treatment: a review. Front Environ
Sci Eng. 2022;16(6):1-23. https://doi.org/10.1007/511783-021-1504-5.
Damalas CA, Eleftherohorinos IG. Pesticide exposure, safety issues, and risk
assessment indicators. Int J Environ Res Public Health. 2011,8(5):1402-19.
https://doi.org/10.3390/ijerph8051402.

Dezfuli AAZ, Abu-Elghait M, Salem SS. Recent insights into Nanotechnol-
ogy in Colorectal Cancer. Appl Biochem Biotechnol. 2023. https://doi.
0rg/10.1007/512010-023-04696-3.

Salem SS, Hammad EN, Mohamed AA, El-Dougdoug W. A Comprehensive
Review of nanomaterials: types, synthesis, characterization, and applica-
tions. Biointerface Res Appl Chem. 2023;13(1). https://doi.org/10.33263/
BRIAC131.041.

Salem SS. A mini review on green nanotechnology and its development in
biological effects. Arch Microbiol. 2023;205(4):1-15. https://doi.org/10.1007/
500203-023-03467-2.

Radulescu DM, Surdu VA, Ficai A, Ficai D, Grumezescu AM, Andronescu E.
Green Synthesis of Metal and Metal Oxide nanoparticles: a review of the
principles and Biomedical Applications. Int J Mol Sci. 2023;24(20). https://doi.
0rg/10.3390/ijms242015397.

Shehabeldine AM, et al. Potential antimicrobial and Antibiofilm properties
of Copper Oxide nanoparticles: Time-kill kinetic essay and ultrastructure of
pathogenic bacterial cells. Appl Biochem Biotechnol. 2023;195(1):467-85.
https://doi.org/10.1007/512010-022-04120-2.

Abdelghany TM, et al. Phytofabrication of zinc oxide nanoparticles with
advanced characterization and its antioxidant, anticancer, and antimicrobial
activity against pathogenic microorganisms. Biomass Convers Biorefinery.
2023;13(1):417-30. https://doi.org/10.1007/513399-022-03412-1.

Soliman MKY, Salem SS, Abu-Elghait M, Azab MS. Biosynthesis of silver

and gold nanoparticles and their efficacy towards Antibacterial, Antib-
jofilm, cytotoxicity, and antioxidant activities. Appl Biochem Biotechnol.
2023;195(2):1158-83. https://doi.org/10.1007/512010-022-04199-7.

Santha A, Varghese R, Joy Prabu H, Johnson |, Magimai Antoni D, Raj, John
Sundaram S. Production of sustainable biofuel from biogenic waste using
CuO nanoparticles as heterogeneous catalyst, Mater. Today Proc, 2019;36(Part
2):447-452, https://doi.org/10.1016/j.matpr.2020.05.069.

Singh J, Kumar V, Kim KH, Rawat M. Biogenic synthesis of copper oxide
nanoparticles using plant extract and its prodigious potential for photo-
catalytic degradation of dyes. Environ Res. 2019;177:108569. https://doi.
0rg/10.1016/j.envres.2019.108569.

Hashmi SS, et al. Potentials of phyto-fabricated nanoparticles as ecofriendly
agents for photocatalytic degradation of toxic dyes and waste water
treatment, risk assessment and probable mechanism. J Indian Chem Soc.
2021;98(4):100019. https://doi.org/10.1016/j,jics.2021.100019.

Akinola PO, Lateef A, Asafa TB, Beukes LS, Hakeem AS, Irshad HM. Multifunc-
tional titanium dioxide nanoparticles biofabricated via phytosynthetic route
using extracts of Cola nitida: antimicrobial, dye degradation, antioxidant and
anticoagulant activities. Heliyon. 2020,6(8):e04610. https://doi.org/10.1016/].
heliyon.2020.e04610.

Alizadeh B, Delnavaz M, Shakeri A. Removal of Cd(ll) and phenol using
novel cross-linked magnetic EDTA/chitosan/TiO2 nanocomposite,
Carbohydr. Polym, 2018;181(August):675-683, https://doi.org/10.1016/].
carbpol.2017.11.095.

lkram M et al. Jul, Therapeutic potential of biogenic titanium dioxide
nanoparticles: A review on mechanistic approaches, Nanomedicine,
2021;16(16):1429-1446, https://doi.org/10.2217/NNM-2021-0020.

Shende Vishnu D. Rajput Sudhirs, and AVGTMM, editors sns,

microbial synthesis of nanomaterials contributor copy., Nov. Sci.


https://doi.org/10.4067/S0717-97072019000204459
https://doi.org/10.3389/FENVS.2017.00022
https://doi.org/10.3390/pathogens11030346
https://doi.org/10.3390/pathogens11030346
https://doi.org/10.1007/s11783-021-1504-5
https://doi.org/10.3390/ijerph8051402
https://doi.org/10.1007/s12010-023-04696-3
https://doi.org/10.1007/s12010-023-04696-3
https://doi.org/10.33263/BRIAC131.041
https://doi.org/10.33263/BRIAC131.041
https://doi.org/10.1007/s00203-023-03467-2
https://doi.org/10.1007/s00203-023-03467-2
https://doi.org/10.3390/ijms242015397
https://doi.org/10.3390/ijms242015397
https://doi.org/10.1007/s12010-022-04120-2
https://doi.org/10.1007/s13399-022-03412-1
https://doi.org/10.1007/s12010-022-04199-7
https://doi.org/10.1016/j.matpr.2020.05.069
https://doi.org/10.1016/j.envres.2019.108569
https://doi.org/10.1016/j.envres.2019.108569
https://doi.org/10.1016/j.jics.2021.100019
https://doi.org/10.1016/j.heliyon.2020.e04610
https://doi.org/10.1016/j.heliyon.2020.e04610
https://doi.org/10.1016/j.carbpol.2017.11.095
https://doi.org/10.1016/j.carbpol.2017.11.095
https://doi.org/10.2217/NNM-2021-0020

Almahdy et al. Microbial Cell Factories

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2024) 23:148

Publ. Inc. All, pp. 93-122, 2021, [Online]. Available: https://mail.
google.com/mail/u/0/?pli=1%5Cnpapers3://publication/uuid/
D84FC782-E317-4880-B951-0697213436E1.

TanY, LiuY, Birdi G, Grover LM, Li H, Li K. Calcium silicate/calcium aluminate
composite biocement for bone restorative application: synthesis, characteri-
sation and in vitro biocompatibility. Adv Appl Ceram. 2016;115(7):384-90.
https://doi.org/10.1080/17436753.2016.1163006.

Stabnikov V, lvanov V. Biotechnological production of biopolymers and
admixtures for eco-efficient construction materials. Elsevier Ltd; 2016.
Kausar A. Green nanocomposites for energy storage. J Compos Sci. 2021;5(8).
https://doi.org/10.3390/jcs5080202.

Guan Z, Linsley CS, Hwang |, Yao G, Wu BM, Li X. Novel zinc/tungsten carbide
nanocomposite as bioabsorbable implant. Mater Lett. 2020,263:127282.
https://doi.org/10.1016/j.matlet.2019.127282.

Hassan MS, Amna T, Kim HY, Khil MS. Enhanced bactericidal effect of novel
CuO/TiO2 composite nanorods and a mechanism thereof. Compos Part B
Eng. 2013;45(1):904-10. https://doi.org/10.1016/j.compositesb.2012.09.009.
Hajipour P et al. Surface modification of TiO2 nanoparticles with CuO for
visible-light antibacterial applications and photocatalytic degradation of
antibiotics, Ceram. Int, 2021,47(23):33875-33885, https://doi.org/10.1016/j.
ceramint.2021.08.300.

Kargar M, Ahari H, Kakoolaki S, Mizani M. Antimicrobial effects of silver/
copper/titanium dioxide-nanocomposites synthesised by chemical reduc-
tion method to increase the shelf life of caviar (Huso huso). Iran J Fish Sci.
2021;20(1):13-31. https://doi.org/10.22092/ijfs.2021.350974.0.

Elderdery AY, et al. Synthesis, characterization, and Antimicrobial and Antip-
roliferative effects of CuO-TiO2-Chitosan-escin nanocomposites on human
leukemic MOLT4 cells. Nanomaterials. 2022;12(21). https://doi.org/10.3390/
nano12213753.

Ahmed S, Kaur G, Sharma P, Singh S, lkram S. Fruit waste (peel) as bio-reduc-
tant to synthesize silver nanoparticles with antimicrobial, antioxidant and
cytotoxic activities. J Econ Financ Adm Sci. 2018. https://doi.org/10.1016/j.
jab.2018.02.002.

Wolfaardt GM, Lawrence JR, Robarts RD, Caldwell DE. Bioaccumulation of the
Herbicide Diclofop in Extracellular polymers and its utilization by a Biofilm
Community during Starvation. Appl Environ Microbiol. 1995,61(1):152-8.
https://doi.org/10.1128/AEM.61.1.152-158.1995.

Baset A, Khan AU. A Comprehensive Review of Green Synthesis of Copper
Oxide nanoparticles and their diverse Biomedical Applications. Inorg Chem
Commun. 2020;108369. https://doi.org/10.1016/j.inoche.2020.108369.
El-naggar NE, Hussein MH, El-sawah AA. Bio-fabrication of silver nanoparticles
by phycocyanin, characterization, in vitro anticancer activity against breast
cancer cell line and in vivo cytotxicity, Sci. Rep, 2017;August:1-20, https://doi.
0rg/10.1038/541598-017-11121-3.

Atif M, et al. Ecotoxicology and Environmental Safety Synthesis, characteriza-
tion and advanced sustainable applications of titanium dioxide nanoparticles
:a review. Ecotoxicol Environ Saf. 2021;212:111978. https://doi.org/10.1016/].
ecoenv.2021.111978.

Priyadarshini S, Mainal A, Sonsudin F, Yahya R, Alyousef AA, Mohammed A.
Biosynthesis of TiO2 nanoparticles and their superior antibacterial effect
against human nosocomial bacterial pathogens. Res Chem Intermed.
2019;0123456789 https://doi.org/10.1007/511164-019-03857-6.

Bopape DA, Mathobela S, Matinise N, Motaung DE, Hintsho-Mbita NC. Green
synthesis of CuO-TiO2 nanoparticles for the degradation of Organic pollut-
ants: Physical, Optical and Electrochemical properties. Catalysts. 2023;13(1).
https://doi.org/10.3390/catal13010163.

Lu D, Zelekew OA, Abay AK, Huang Q Chen X, Zheng Y. Synthesis and pho-
tocatalytic activities of a CuO/TiO 2 composite catalyst using aquatic plants
with accumulated copper as a template. RSC Adv. 2019;9(4):2018-25. https://
doi.org/10.1039/c8ra09645g.

Abdelfattah NAH, Yousef MA, Badawy AA, Salem SS. Influence of biosynthe-
sized magnesium oxide nanoparticles on growth and physiological aspects
of cowpea (Vigna unguiculata L) plant, cowpea beetle, and cytotoxicity.
Biotechnol J. 2023;18(12). https://doi.org/10.1002/biot.202300301.

Salem SS. Bio-fabrication of Selenium nanoparticles using Baker’s yeast
extract and its antimicrobial efficacy on Food Borne pathogens. Appl
Biochem Biotechnol. 2022;194(5):1898-910. https://doi.org/10.1007/
$12010-022-03809-8.

El-Khawaga AM, et al. Correction to: green synthesized ZnO nanoparticles
by Saccharomyces cerevisiae and their antibacterial activity and photo-
catalytic degradation (Biomass Conversion and Biorefinery, (2023), 10.1007/

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

53.

54.

55.

56.

57.

58.

59.

Page 22 of 25

$13399-023-04827-0). Biomass Convers Biorefinery. 2023;13399. https://doi.
0rg/10.1007/513399-023-05131-7.

Mattanovich D, Sauer M, Gasser B. Yeast biotechnology: Teaching the old
dog new tricks. New Microb Technol Adv Biofuels Towar More Sustain Prod
Methods. 2015;77-86. https://doi.org/10.1201/b18525-10.

Roychoudhury A. Yeast-mediated green synthesis of nanoparticles for Bio-
logical Applications. Indian J Od Pharm Biol Res. 2020;8(3):26-31. https://doi.
0rg/10.30750/ijpbr.8.3.4.

Manuel J, Dfaz R, Conceigao M, Montenegro S. Microbial Processes for Syn-
thesizing Nanomaterials.

Eltarahony M, Serie MA, Hamad H, Zaki S. Unveiling the role of novel biogenic
functionalized CuFe hybrid nanocomposites in boosting anticancer, antimi-
crobial and biosorption activities. Sci Rep. 2021;0123456789:1-22. https://doi.
0rg/10.1038/541598-021-87363-z.

Abdel-Maksoud G, Abdel-Nasser M, Hassan SED, Eid AM, Abdel-Nasser A,
Fouda A. Biosynthesis of titanium dioxide nanoparticles using probiotic
bacterial strain, Lactobacillus rhamnosus, and evaluate of their biocompat-
ibility and antifungal activity. Biomass Convers Biorefinery. 2023. https://doi.
0rg/10.1007/513399-023-04587-x.

Rafique M, et al. A review on synthesis, characterization and applications of
copper nanoparticles using Green Method. NANO. 2017;12(4). https://doi.
0rg/10.1142/51793292017500436.

Mourdikoudis S, Pallares RM, Thanh NTK. Characterization techniques for
nanoparticles: comparison and complementarity upon studying nanoparti-
cle properties, Nanoscale, 2018;10(27):12871-12934, https://doi.org/10.1039/
C8NR02278J.

S. M. CH. Shilpa Chakra1,*, Structural, Antimicrobial and Electrochemical
Properties of Cu/TiO2 nanocomposites CH. J Nanosci Technol, 2018;4(1):2-6.
Renuka S, Hariharan 'V, Arulraj JV, Sutharsan P, Gokulakumar B, Dhanaraj K.
Evaluation of antibacterial activity using Aerva lanata and Millettia pinnata
leaf extracts mediated ZnO and Cu-doped ZnO nanoparticles. Glob NEST J.
2023;25(6):48-54. https://doi.org/10.30955/gnj.004655.

Elyamny S, Eltarahony M, Abu-Serie M, Nabil MM, Kashyout AEHB. One-pot
fabrication of Ag @Ag20 core-shell nanostructures for biosafe antimi-
crobial and antibiofilm applications. Sci Rep. 2021;11(1):1-13. https://doi.
0rg/10.1038/541598-021-01687-4.

Achudhan D, et al. The antibacterial, antibiofilm, antifogging and mosquito-
cidal activities of titanium dioxide (TiO2) nanoparticles green-synthesized
using multiple plants extracts. J Environ Chem Eng. 2020;8(6). https://doi.
0rg/10.1016/j.jece.2020.104521.

Veena S, Swetha D, Karthik L, Gaurav K, Rao BKV. Antibiofouling activity of
marine actinobacterial mediated titanium dioxide nanoparticles. Indian J
Geo-Mar Sci. 2016;45(4):583-90.

Sam N, Palanichamy S, Chellammal S, Kalaiselvi P, Subramanian G. Antifouling
effects of silver nano particles synthesized from tropical seaweeds, Int.J.Curr.
Microbiol App.Sci, 2015;4(4):1029-1042, [Online]. Available: http://www.
jjcmas.com.

Wei-Zhao Shia ZY, Lianga Y-S, Lua B, Chena M, Cuprous oxide nanoparticles:
preparation and evaluation of antifouling activity., Artig. http//dx.doi.
0rg/10.21577/0100-4042.20170374, 2019;42(6):638-641, [Online]. Available:
https://doi.org/10.21577/0100-4042.20170374.

Eltarahony M, El-Fakharany E, Abu-Serie M, EIKady M, Ibrahim A. Statistical
modeling of methylene blue degradation by yeast-bacteria consortium;
optimization via agro-industrial waste, immobilization and application in
real effluents. Microb Cell Fact. 2021;20(1):1-26. https://doi.org/10.1186/
$12934-021-01730-z.

Editors Baird EWRRB, Eaton AD. Standard Methods for the Examination of
Water and Wastewater Standard Methods for the Examination of Water and
Wastewater, Public Health, 2012;51(1):940-940, [Online]. Available: http://
www.ajph.org/cgi/doi/https;//doi.org/10.2105/AJPH.51.6.940-a.

Eltarahony M, Zaki S, Kheiralla Z, Abd-El-Haleem D. Study on the Antagonistic
Potential of Biosynthesized Hematite Nanoparticles during Water and Waste-
water Treatment. Clean - Soil Air Water. 2019;47(6). https://doi.org/10.1002/
clen.201800418.

Mulvaney P. Surface plasmon spectroscopy of nanosized metal particles.
Langmuir. 1996;12(3):788-800. https://doi.org/10.1021/1a9502711.

Sharma NK; Vishwakarma J, Rai S, Alomar TS, Almasoud N, Bhattarai A. Green
Route Synthesis and Characterization Techniques of Silver Nanoparticles and
their biological adeptness. ACS Omega. 2022;7(31):27004-20. https://doi.
0rg/10.1021/acsomega.2c01400.


https://mail.google.com/mail/u/0/?pli=1%5Cnpapers3://publication/uuid/D84FC782-E317-4880-B951-0697213436E1
https://mail.google.com/mail/u/0/?pli=1%5Cnpapers3://publication/uuid/D84FC782-E317-4880-B951-0697213436E1
https://mail.google.com/mail/u/0/?pli=1%5Cnpapers3://publication/uuid/D84FC782-E317-4880-B951-0697213436E1
https://doi.org/10.1080/17436753.2016.1163006
https://doi.org/10.3390/jcs5080202
https://doi.org/10.1016/j.matlet.2019.127282
https://doi.org/10.1016/j.compositesb.2012.09.009
https://doi.org/10.1016/j.ceramint.2021.08.300
https://doi.org/10.1016/j.ceramint.2021.08.300
https://doi.org/10.22092/ijfs.2021.350974.0
https://doi.org/10.3390/nano12213753
https://doi.org/10.3390/nano12213753
https://doi.org/10.1016/j.jab.2018.02.002
https://doi.org/10.1016/j.jab.2018.02.002
https://doi.org/10.1128/AEM.61.1.152-158.1995
https://doi.org/10.1016/j.inoche.2020.108369
https://doi.org/10.1038/s41598-017-11121-3
https://doi.org/10.1038/s41598-017-11121-3
https://doi.org/10.1016/j.ecoenv.2021.111978
https://doi.org/10.1016/j.ecoenv.2021.111978
https://doi.org/10.1007/s11164-019-03857-6
https://doi.org/10.3390/catal13010163
https://doi.org/10.1039/c8ra09645g
https://doi.org/10.1039/c8ra09645g
https://doi.org/10.1002/biot.202300301
https://doi.org/10.1007/s12010-022-03809-8
https://doi.org/10.1007/s12010-022-03809-8
https://doi.org/10.1007/s13399-023-05131-7
https://doi.org/10.1007/s13399-023-05131-7
https://doi.org/10.1201/b18525-10
https://doi.org/10.30750/ijpbr.8.3.4
https://doi.org/10.30750/ijpbr.8.3.4
https://doi.org/10.1038/s41598-021-87363-z
https://doi.org/10.1038/s41598-021-87363-z
https://doi.org/10.1007/s13399-023-04587-x
https://doi.org/10.1007/s13399-023-04587-x
https://doi.org/10.1142/S1793292017500436
https://doi.org/10.1142/S1793292017500436
https://doi.org/10.1039/C8NR02278J
https://doi.org/10.1039/C8NR02278J
https://doi.org/10.30955/gnj.004655
https://doi.org/10.1038/s41598-021-01687-4
https://doi.org/10.1038/s41598-021-01687-4
https://doi.org/10.1016/j.jece.2020.104521
https://doi.org/10.1016/j.jece.2020.104521
http://www.ijcmas.com
http://www.ijcmas.com
https://doi.org/10.21577/0100-4042.20170374
https://doi.org/10.1186/s12934-021-01730-z
https://doi.org/10.1186/s12934-021-01730-z
http://www.ajph.org/cgi/doi/
http://www.ajph.org/cgi/doi/
https://doi.org/10.2105/AJPH.51.6.940-a
https://doi.org/10.1002/clen.201800418
https://doi.org/10.1002/clen.201800418
https://doi.org/10.1021/la9502711
https://doi.org/10.1021/acsomega.2c01400
https://doi.org/10.1021/acsomega.2c01400

Almahdy et al. Microbial Cell Factories

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

(2024) 23:148

Akinsiku AA et al. Modeling and synthesis of ag and ag/Ni allied bimetallic
nanoparticles by green method: Optical and biological properties, Int. J.
Biomater, 2018;2018(3), https://doi.org/10.1155/2018/9658080.

Tabrizian P. Co-assembly of graphene oxide / magnetic bimetallic nanopar-
ticles for high-efficiency removal of tetracycline. no. April, 2017.

Bibi |, et al. Green synthesis of iron oxide nanoparticles using pomegranate
seeds extract and photocatalytic activity evaluation for the degradation of
textile dye. J Mater Res Technol. 2019;8(6):6115-24. https://doi.org/10.1016/j.
jmrt.2019.10.006.

Amin F et al. Green Synthesis of Copper Oxide Nanoparticles Using

Aerva javanica Leaf Extract and Their Characterization and Investigation

of in Vitro Antimicrobial Potential and Cytotoxic Activities, Evidence-

based Complement. Altern. Med, 2021;2021(Mic):2021, https://doi.
0rg/10.1155/2021/5589703.

Ali M, ljaz M, Ikram M, Ul-Hamid A, Avais M, Anjum AA. Biogenic synthesis,
characterization and antibacterial potential evaluation of copper oxide
nanoparticles against Escherichia coli. Nanoscale Res Lett. 2021;16(1). https://
doi.org/10.1186/511671-021-03605-z.

Sumbal A, Nadeem S, Naz JS, Ali A, Mannan, Zia M. Synthesis, characteriza-
tion and biological activities of monometallic and bimetallic nanoparticles

using Mirabilis jalapa leaf extract. Biotechnol Rep. 2019;22:e00338. https://doi.

0rg/10.1016/j.btre.2019.e00338.

Chemical. Synthesis of Silver Nanoparticles and their Antiproliferation against
Human Lung Cancer Cells In vitro - ProQuest, February 23, 2012; Accepted:
March 25,2012) ABSTRACT, 2012. https://www.proquest.com/openview/bf4
cb4da0cf70384550b01d61ec0e366/17pg-origsite=gscholar&cbl=2050705
(accessed Aug. 07, 2022).

Sankar R, Manikandan P, MalarvizhiV, Fathima T, Shivashangari KS, Ravikumar
V. Green synthesis of colloidal copper oxide nanoparticles using Carica
papaya and its application in photocatalytic dye degradation. Spectro-

chim Acta - Part Mol Biomol Spectrosc. 2014;121(75):746-50. https://doi.
0rg/10.1016/j.53a.2013.12.020.

Alswat AA, Bin Ahmad M, Hussein MZ, Ibrahim NA, Saleh TA. Copper oxide
nanoparticles-loaded zeolite and its characteristics and antibacterial activi-
ties. J Mater Sci Technol. Aug. 2017;33(8):889-96. https://doi.org/10.1016/J.
JMST.2017.03.015.

Tshireletso P, Ateba CN, Fayemi OE. Spectroscopic and Antibacterial proper-
ties of CUONPs from Orange, Lemon and Tangerine Peel extracts: potential
for combating bacterial resistance. Mol 2021. Jan. 2021,26(3):586. https://doi.
0rg/10.3390/MOLECULES26030586.

Subhapriya S, Gomathipriya P. Green synthesis of titanium dioxide (TiO2)
nanoparticles by Trigonella foenum-graecum extract and its antimicrobial
properties, Microb. Pathog, 2018;116(December 2017):215-220, https://doi.
0rg/10.1016/j.micpath.2018.01.027.

Dhandapani P, Maruthamuthu S, Rajagopal G. Bio-mediated synthesis

of TiO 2 nanoparticles and its photocatalytic effect on aquatic biofilm. J
Photochem Photobiol B Biol. 2012;110:43-9. https://doi.org/10.1016/j.
jphotobiol.2012.03.003.

Ordenes-Aenishanslins NA, Saona LA, Duran-Toro VM, Monrés JP, Bravo DM,
Pérez-Donoso JM. Use of titanium dioxide nanoparticles biosynthesized by
Bacillus mycoides in quantum dot sensitized solar cells. Microb Cell Fact.
2014;13(1):1-10. https://doi.org/10.1186/512934-014-0090-7.

Banik M, Patra M, Dutta D, Mukherjee R, Basu T. A simple robust method of
synthesis of copper-silver core-shell nano-particle: evaluation of its struc-
tural and chemical properties with anticancer potency. Nanotechnology.
2018;29(32). https://doi.org/10.1088/1361-6528/aac372.

JinJ, Zhang L, Shi M, Zhang Y, Wang Q. Ti-GO-Ag nanocomposite: the effect
of content level on the antimicrobial activity and cytotoxicity. Int J Nanomed.
2017,12:4209-24. https//doi.org/10.2147/1IN.5134843.

Hazarika S, Dutta P, Borah G. Surfactant-free synthesis of Ag@TiO 2 and CuO@
TiO 2 photocatalyst: a comparative study of their photocatalytic activity for
reduction of nitroaromatics in water. Mater Res Express. 2023;10(9):095002.
https://doi.org/10.1088/2053-1591/acece3.

Shahriary S, Tafvizi F, Khodarahmi P, Shaabanzadeh M. Phyto-mediated syn-
thesis of CuO nanoparticles using aqueous leaf extract of Artemisia deserti
and their anticancer effects on A2780-CP cisplatin-resistant ovarian cancer
cells. Biomass Convers Biorefinery 2022. 2022;1-17. https://doi.org/10.1007/
$13399-022-02436-X.

Irshad MA, et al. Synthesis, characterization and advanced sustainable appli-
cations of titanium dioxide nanoparticles: a review. Ecotoxicol Environ Saf.
2021;212:111978. https://doi.org/10.1016/j.ecoenv.2021.111978.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

95.

96.

Page 23 of 25

Forcade F, Snyders R, Guisbiers G, Gonzalez B, Noirfalise X, Vigil E. Impact

of the chemical precursor on the crystalline constitution of nano-Cu0/

TiO2 films. Mater Res Bull. 2015;70:248-53. https://doi.org/10.1016/j.
materresbull.2015.04.031.

El-Fakharany EM, Abu-Serie MM, Ibrahim A, Eltarahony M. Anticancer activity
of lactoferrin-coated biosynthesized selenium nanoparticles for combat-
ing different human cancer cells via mediating apoptotic effects. Sci Rep.
2023;13(1):1-18. https://doi.org/10.1038/s41598-023-36492-8.

Fauzian M, Taufik A, Saleh R, Seeharaj P, Vittayakorn N. Synthesis and
characterization of nano-CuO and CuO / TiO 2 photocatalysts, https://doi.
0rg/10.1088/2043-6262/4/2/025002.

LiH,SuZ Hus, Yan Y. Free-standing and flexible Cu/Cu20/Cu0 heterojunc-
tion net: a novel material as cost-effective and easily recycled visible-

light photocatalyst. Appl Catal B Environ. 2017;207:134-42. https://doi.
0rg/10.1016/j.apcath.2017.02.013.

Lei M,Wang N, Zhu L, Zhou Q, Nie G, Tang H. Photocatalytic reductive deg-
radation of polybrominated diphenyl ethers on CuO/TiO2 nanocomposites:
a mechanism based on the switching of photocatalytic reduction potential
being controlled by the valence state of copper. Appl Catal B Environ.
2016;182:414-23. https://doi.org/10.1016/j.apcatb.2015.09.031.

Fuentes S, Tapia A, Pozo P. Synthesis, characterization, and antibacterial activ-
ity evaluation of Cu@TiO2 nanocomposites. Mater Lett. 2021,296:129885.
https://doi.org/10.1016/j.matlet.2021.129885.

Ismail M, et al. Green synthesis of antibacterial bimetallic Ag-Cu nanopar-
ticles for catalytic reduction of persistent organic pollutants. J Mater Sci Mater
Electron. 2018;29:20840-55. https://doi.org/10.1007/510854-018-0227-2.
Saif S, Tahir A, Asim T, Chen Y, Adil SF. Polymeric nanocomposites of iron—
oxide nanoparticles (lonps) synthesized using terminalia chebula leaf
extract for enhanced adsorption of arsenic(v) from water. Colloids Interfaces.
2019;3(1). https://doi.org/10.3390/colloids3010017.

Atique AKM, Ullah, et al. In vitro cytotoxicity and antibiotic application of
green route surface modified ferromagnetic TiO2 nanoparticles. RSC Adv.
2019;9(23):13254-62. https://doi.org/10.1039/c9ra01395d.

Helmy ET, EI Nemr A, Arafa E, Eldafrawy S, Mousa M. Photocatalytic deg-
radation of textile dyeing wastewater under visible light irradiation using
green synthesized mesoporous non-metal-doped TiO2. Bull Mater Sci. Dec.
2021;44(1):1-11. https://doi.org/10.1007/512034-020-02322-0/TABLES/2.
Eltarahony M, Zaki S, Abd-El-Haleem D. Concurrent synthesis of zero- and
one-dimensional, spherical, rod-, needle-, and wire-shaped cuo nanopar-
ticles by proteus mirabilis 10B. J Nanomater. 2018;2018. https://doi.
0rg/10.1155/2018/1849616.

Mohammadi-Aloucheh R, Habibi-Yangjeh A, Bayrami A, Latifi-Navid S, Asadi
A. Enhanced anti-bacterial activities of ZnO nanoparticles and ZnO/CuO
nanocomposites synthesized using Vaccinium arctostaphylos L. fruit extract.
Artif Cells Nanomed Biotechnol. 2018;46(sup1):1200-9. https://doi.org/10.108
0/21691401.2018.1448988.

Saranya SKSKS, et al. Green synthesis of high temperature stable Anatase
Titanium Dioxide nanoparticles using gum Kondagogu: characterization and
solar driven photocatalytic degradation of Organic Dye. Nanomater 2018.
2018;8(12):1002. https://doi.org/10.3390/NANO8121002.

Mazumdar H. A study on Biosynthesis of Iron nanoparticles by Pleurotus sp.,
2015;1(December):39-49, 2015.

Costa Silva LP, et al. Extracellular biosynthesis of silver nanoparticles using
the cell-free filtrate of nematophagous fungus Duddingtonia flagrans. Int J
Nanomed. 2017;12:6373-81. https://doi.org/10.2147/1JN.S137703.

De Queiroz GA, De Bezerra Barbosa CMM. Study of the structural and
morphological properties of copper catalysts supported on al203 and tio2
synthesized by the impregnation method. Rev Mater. 2019;24(1). https://doi.
0rg/10.1590/51517-707620190001.0605.

IR Spectrum Table. https://www.sigmaaldrich.com/EG/en/technical-docu-
ments/technical-article/analytical-chemistry/photometry-and-reflectometry/
ir-spectrum-table (Accessed Sep 05, 2022).

Udayabhanu N, Lakshmana Reddy MV, Shankar SC, Sharma, Nagaraju G.
One-pot synthesis of Cu-Ti02/CuO nanocomposite: application to photo-
catalysis for enhanced H2 production, dye degradation & detoxification of cr
(VI). Int J Hydrogen Energy. 2020;45(13):7813-28. https://doi.org/10.1016/j.
ijhydene.2019.10.081.

Baka Z, Abou-Dobara M, El-Sayed A, El-Zahed M. Synthesis, characterization
and antimicrobial activity of chitosan/Ag nanocomposite using Escherichia
coli D8. Sci J Damietta Fac Sci. 2019;9(1):1-6. https://doi.org/10.21608/
5jdfs.2019.194816.


https://doi.org/10.1155/2018/9658080
https://doi.org/10.1016/j.jmrt.2019.10.006
https://doi.org/10.1016/j.jmrt.2019.10.006
https://doi.org/10.1155/2021/5589703
https://doi.org/10.1155/2021/5589703
https://doi.org/10.1186/s11671-021-03605-z
https://doi.org/10.1186/s11671-021-03605-z
https://doi.org/10.1016/j.btre.2019.e00338
https://doi.org/10.1016/j.btre.2019.e00338
https://www.proquest.com/openview/bf4cb4da0cf70384550b01d61ec0e366/1?pq-origsite=gscholar&cbl=2050705
https://www.proquest.com/openview/bf4cb4da0cf70384550b01d61ec0e366/1?pq-origsite=gscholar&cbl=2050705
https://doi.org/10.1016/j.saa.2013.12.020
https://doi.org/10.1016/j.saa.2013.12.020
https://doi.org/10.1016/J.JMST.2017.03.015
https://doi.org/10.1016/J.JMST.2017.03.015
https://doi.org/10.3390/MOLECULES26030586
https://doi.org/10.3390/MOLECULES26030586
https://doi.org/10.1016/j.micpath.2018.01.027
https://doi.org/10.1016/j.micpath.2018.01.027
https://doi.org/10.1016/j.jphotobiol.2012.03.003
https://doi.org/10.1016/j.jphotobiol.2012.03.003
https://doi.org/10.1186/s12934-014-0090-7
https://doi.org/10.1088/1361-6528/aac372
https://doi.org/10.2147/IJN.S134843
https://doi.org/10.1088/2053-1591/acece3
https://doi.org/10.1007/S13399-022-02436-X
https://doi.org/10.1007/S13399-022-02436-X
https://doi.org/10.1016/j.ecoenv.2021.111978
https://doi.org/10.1016/j.materresbull.2015.04.031
https://doi.org/10.1016/j.materresbull.2015.04.031
https://doi.org/10.1038/s41598-023-36492-8
https://doi.org/10.1088/2043-6262/4/2/025002
https://doi.org/10.1088/2043-6262/4/2/025002
https://doi.org/10.1016/j.apcatb.2017.02.013
https://doi.org/10.1016/j.apcatb.2017.02.013
https://doi.org/10.1016/j.apcatb.2015.09.031
https://doi.org/10.1016/j.matlet.2021.129885
https://doi.org/10.1007/s10854-018-0227-2
https://doi.org/10.3390/colloids3010017
https://doi.org/10.1039/c9ra01395d
https://doi.org/10.1007/S12034-020-02322-0/TABLES/2
https://doi.org/10.1155/2018/1849616
https://doi.org/10.1155/2018/1849616
https://doi.org/10.1080/21691401.2018.1448988
https://doi.org/10.1080/21691401.2018.1448988
https://doi.org/10.3390/NANO8121002
https://doi.org/10.2147/IJN.S137703
https://doi.org/10.1590/s1517-707620190001.0605
https://doi.org/10.1590/s1517-707620190001.0605
https://www.sigmaaldrich.com/EG/en/technical-documents/technical-article/analytical-chemistry/photometry-and-reflectometry/ir-spectrum-table
https://www.sigmaaldrich.com/EG/en/technical-documents/technical-article/analytical-chemistry/photometry-and-reflectometry/ir-spectrum-table
https://www.sigmaaldrich.com/EG/en/technical-documents/technical-article/analytical-chemistry/photometry-and-reflectometry/ir-spectrum-table
https://doi.org/10.1016/j.ijhydene.2019.10.081
https://doi.org/10.1016/j.ijhydene.2019.10.081
https://doi.org/10.21608/sjdfs.2019.194816
https://doi.org/10.21608/sjdfs.2019.194816

Almahdy et al. Microbial Cell Factories

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111

113.

114.

116.

117.

(2024) 23:148

Mohamedin A, EI-Naggar NE-A, Shawqi Hamza S, Sherief AA. Green Synthesis,
characterization and antimicrobial activities of silver nanoparticles by
Streptomyces viridodiastaticus SSHH-1 as a living Nanofactory: statistical
optimization of process variables. Curr Nanosci. 2015;11(5):640-54. https://
doi.org/10.2174/1573413711666150309233939.

Rajeshkumar S, Santhoshkumar J, Jule LT, Ramaswamy K. Phytosynthesis of
Titanium Dioxide Nanoparticles Using King of Bitter Andrographis paniculata
and Its Embryonic Toxicology Evaluation and Biomedical Potential, Bioinorg.
Chem. Appl, 2021, 2021, https://doi.org/10.1155/2021/6267634.

Eltarahony M, Zaki S, Kamal A, Abd-El-Haleem D. Calcite and Vaterite
Biosynthesis by Nitrate Dissimilating Bacteria in carbonatogenesis process
under aerobic and anaerobic conditions. Geomicrobiol J. 2021;38(9):791-808.
https://doi.org/10.1080/01490451.2021.1951398.

Yao C, Xie A, ShenY, Zhu J, Li T. Green synthesis of calcium carbonate with
unusual morphologies in the presence of fruit extracts. J Chil Chem Soc.
2013;58(4):2235-8. https://doi.org/10.4067/50717-97072013000400072.
Zuas O, Budiman H. Synthesis of nanostructured copper-doped titania and
its properties. Nano-Micro Lett. 2013;5(1):26-33. https://doi.org/10.3786/nml.
V5i1.p26-33.

Moghaddam AB, et al. Biosynthesis of ZnO nanoparticles by a new Pichia
kudriavzevii yeast strain and evaluation of their antimicrobial and antioxidant
activities. Molecules. 2017;22(6). https://doi.org/10.3390/molecules22060872.
Azarian A. Facile synthesis of copper oxide nanotubes decorated by TiO2
nanoparticles, optical and photocatalytic activity in water. J Exp Nanosci.
2016;11(12):940-50. https://doi.org/10.1080/17458080.2016.1181278.

Zaki SA, Eltarahony MM, Abd-El-Haleem DA. Disinfection of water and
wastewater by biosynthesized magnetite and zerovalent iron nanopar-
ticles via NAP-NAR enzymes of Proteus mirabilis 10B. Environ Sci Pollut Res.
2019;26(23):23661-78. https://doi.org/10.1007/511356-019-05479-2.

Sethy NK, Arif Z, Mishra PK, Kumar P. Green synthesis of TIO2 nanoparticles
from Syzygium cumini extract for photo-catalytic removal of lead (pb) in
explosive industrial wastewater. Green Process Synth. 2020,9(1):171-81.
https://doi.org/10.1515/gps-2020-0018.

Alhalili Z. Green synthesis of copper oxide nanoparticles CuO NPs from Euca-
lyptus Globoulus leaf extract: Adsorption and design of experiments. Arab J
Chem. 2022;15(5):103739. https://doi.org/10.1016/].arabjc.2022.103739.
Saravanan A, et al. A review on biosynthesis of metal nanoparticles and its
environmental applications. Chemosphere. 2021;264:128580. https://doi.
0rg/10.1016/j.chemosphere.2020.128580.

Thanh NTK, Maclean N, Mahiddine S. Mechanisms of nucleation and growth
of nanoparticles in solution. Chem Rev. 2014;114(15):7610-30. https://doi.
0rg/10.1021/cr400544s.

Han TL, Tumanov S, Cannon RD, Villas-Boas SG. Metabolic response of
Candida albicans to Phenylethyl Alcohol under Hyphae-Inducing conditions.
PLoS ONE. 2013;8(8). https://doi.org/10.1371/journal.pone.0071364.

Schmidt J, Vogelsberger W. Aqueous long-term solubility of titania nanopar-
ticles and titanium(IV) hydrolysis in a sodium chloride system studied by
adsorptive stripping voltammetry. J Solut Chem. 2009;38(10):1267-82.
https://doi.org/10.1007/510953-009-9445-9.

Cudennec, Lecerf A, Cudennec, Lecerf A, State S. The transformation of
Cu (OH) 2 into CuO, revisited to cite this version : HAL id : hal-02503180 the
transformation of Cu (OH) 2 into CuQ, revisited, 5, pp. 1471-4, 2003.

. Koumpouras K, Larsson JA. Distinguishing between chemical bonding and

physical binding using electron localization function (ELF). J Phys Condens
Matter. 2020;32(31). https://doi.org/10.1088/1361-648X/ab7fd8.

BagbiY, Sarswat A, Mohan D, Pandey A, Solanki PR. Lead and chromium
adsorption from Water using L-Cysteine Functionalized Magnetite

(Fe304) nanoparticles. Sci Rep. 2017;7(1):1-15. https://doi.org/10.1038/
$41598-017-03380-x.

Al-Qasmi N. Facial eco-friendly synthesis of copper oxide nanoparticles using
Chia seeds extract and evaluation of its electrochemical activity. Processes.
2021;9(11). https://doi.org/10.3390/pr9112027.

. Yenice B, GUrsu. Potential antibiofilm activity of farnesol-loaded poly(DL-

lactide-co-glycolide) (PLGA) nanoparticles against Candida albicans. J Anal
SciTechnol. 2020;11(1). https://doi.org/10.1186/540543-020-00241-7.
Agyemang PA, Kabir MN, Kersey CM, Dumenyo CK. The bacterial soft rot
pathogens, pectobacterium carotovorum and p. atrosepticum, respond to
different classes of virulence-inducing host chemical signals. Horticulturae.
2020,6(1). https://doi.org/10.3390/horticulturae6010013.
Gutiérrez-Barranquero JA, Cazorla FM, de Vicente A. Pseudomonas syringae
pv. Syringae associated with mango trees, a particular pathogen within the

119.

120.

N

122.

123.

125.

126.

127.

129.

132.

135.

138.

Page 24 of 25

'hodgepodge’ of the Pseudomonas syringae complex, front. Plant Sci, vol. 10,
no. May, pp. 1-20, 2019, https://doi.org/10.3389/fpls.2019.00570.

. Garcia-Rubio R, de Oliveira HC, Rivera J, Trevijano-Contador N. The Fungal

Cell Wall: Candida, Cryptococcus, and Aspergillus Species, Front. Microbiol,
2020;10(January):1-13, https://doi.org/10.3389/fmicb.2019.02993.
Buvaneswari* RRK. Ructural, antimicrobial and Electrochemical Properties of
Cu/TiO2 nanocomposites CH. Jacsdirectory Com. 2018;4(5):348-52.
Sagadevan S, et al. Exploration of the antibacterial capacity and ethanol sens-
ing ability of Cu-TiO2 nanoparticles. J Exp Nanosci. 2020;15(1):337-49. https://
doi.org/10.1080/17458080.2020.1796979.

. LiuJ, et al. Transcriptomics Study on Staphylococcus aureus Biofilm under

Low Concentration of Ampicillin. Front Microbiol. 2018;9:1-12. https://doi.
0rg/10.3389/fmicb.2018.02413.

Slany M, Oppelt J, Cincarova L. Formation of Staphylococcus aureus biofilm in
the presence of sublethal concentrations of disinfectants studied via a tran-
scriptomic analysis using transcriptome sequencing (RNA-seq). Appl Environ
Microbiol. 2017;83(24):1-13. https://doi.org/10.1128/AEM.01643-17.

Slany M, Oppelt J, Cincarova L. One pot synthesis and anti-biofilm potential
of copper nanoparticles (CUNPs) against clinical strains of Pseudomonas
aeruginosa. Biofouling: J Bioadhesion Biofilm Res, pp. 379-91, 2015.

. Abdulazeem L, AL-Amiedi BHH, Alrubaei HA, AL-Mawlah YH. Titanium dioxide

nanoparticles as antibacterial agents against some pathogenic bacteria. Drug
Invent Today. 2019;12(5):963-7.

Jaramillo AF, et al. Comparative study of the Antimicrobial Effect of nanocom-
posites and Composite based on poly(butylene adipate-co-terephthalate)
using cu and Cu/Cu20 nanoparticles and CuSO4. Nanoscale Res Lett.
2019;14. https://doi.org/10.1186/511671-019-2987-x.

Ansari MA, et al. Synthesis of electrospun tio2 nanofibers and characteriza-
tion of their antibacterial and antibiofilm potential against gram-positive and
gram-negative bacteria. Antibiotics. 2020;9(9):1-15. https://doi.org/10.3390/
antibiotics9090572.

Mahamuni-Badiger PP et al. Biofilm formation to inhibition: Role of zinc
oxide-based nanoparticles, Mater. Sci. Eng. C, 2020;108(June):2019, https://
doi.org/10.1016/j.msec.2019.110319.

. Pinto RJB, Daina S, Sadocco P, Neto CP, Trindade T. Antibacterial activity

of nanocomposites of copper and cellulose, Biomed Res. Int, 2013, 2013,
https://doi.org/10.1155/2013/280512.

Noman E, Al-Gheethi A, Talip BA, Mohamed R, Kassim AH. Inactivating
pathogenic bacteria in greywater by biosynthesized Cu/Zn nanoparticles
from secondary metabolite of aspergillus iizukae; optimization, mechanism
and techno economic analysis. PLoS ONE. 2019;14(9):1-21. https://doi.
org/10.1371/journal.pone.0221522.

. Irshad MA, et al. Recent advances and mechanistic insights into antibacte-

rial activity, Antibiofilm Activity, and cytotoxicity of silver nanoparticles.
Ecotoxicol Environ Saf. 2021;212:111978. https://doi.org/10.1016/].
ecoenv.2021.111978.

. Pazos-Ortiz E et al. Dose-Dependent Antimicrobial Activity of Silver Nanopar-

ticles on Polycaprolactone Fibers against Gram-Positive and Gram-Negative
Bacteria, J. Nanomater, 2017, 2017, https://doi.org/10.1155/2017/4752314.
Omajali JB, et al. Novel catalytically active Pd/Ru bimetallic nanoparticles
synthesized by Bacillus benzeovorans. Sci Rep. 2019;9(1):1-12. https://doi.
0rg/10.1038/541598-019-40312-3.

. Hader D. Chapter 18 - marine sponges: source of novel biotechnological

substances. Nat Bioact Compd. 2021;0:363-79.

. Sathish T, Aparna H. Anti-biofouling activity of Prodigiosin, a pig-

ment extracted from Serratia marcescens. Int J Curr Microbiol Appl Sci.
2014;3(5):712-25.

Asadollahi M, Bastani D, Mousavi SA, Heydari H, Mousavi DV. Improve-
ment of performance and fouling resistance of polyamide reverse osmosis
membranes using acrylamide and TiO2 nanoparticles under UV irradiation
for water desalination. J Appl Polym Sci. 2020;137(11):1-16. https://doi.
0rg/10.1002/app.48461.

. Ramanujam Padmavathi A, Sriyutha Murthy P, Das A, Subba Rao T, June.

2021;301:130342, https://doi.org/10.1016/j.matlet.2021.130342.

. Abu-Dalo MA, Bozeya A, Sawalmeh Z, Albiss B, Alnairat N, Abu-Zurayk R.

Antifouling polymeric nanocomposite membrane based on interfacial
polymerization of polyamide enhanced with green TiO 2 nanoparticles for
water desalination. Peer) Anal Chem. 2023;5:e26. https://doi.org/10.7717/
peerj-achem.26.

Zhang Y, Yan W, Sun Z, Li X, Gao J. Fabrication of magnetically recyclable Ag/
Cu@Fe304 nanoparticles with excellent catalytic activity for p-nitrophenol
reduction. RSC Adv. 2014;4(72):38040-7. https://doi.org/10.1039/c4ra05514d.


https://doi.org/10.2174/1573413711666150309233939
https://doi.org/10.2174/1573413711666150309233939
https://doi.org/10.1155/2021/6267634
https://doi.org/10.1080/01490451.2021.1951398
https://doi.org/10.4067/S0717-97072013000400072
https://doi.org/10.3786/nml.v5i1.p26-33
https://doi.org/10.3786/nml.v5i1.p26-33
https://doi.org/10.3390/molecules22060872
https://doi.org/10.1080/17458080.2016.1181278
https://doi.org/10.1007/s11356-019-05479-2
https://doi.org/10.1515/gps-2020-0018
https://doi.org/10.1016/j.arabjc.2022.103739
https://doi.org/10.1016/j.chemosphere.2020.128580
https://doi.org/10.1016/j.chemosphere.2020.128580
https://doi.org/10.1021/cr400544s
https://doi.org/10.1021/cr400544s
https://doi.org/10.1371/journal.pone.0071364
https://doi.org/10.1007/s10953-009-9445-9
https://doi.org/10.1088/1361-648X/ab7fd8
https://doi.org/10.1038/s41598-017-03380-x
https://doi.org/10.1038/s41598-017-03380-x
https://doi.org/10.3390/pr9112027
https://doi.org/10.1186/s40543-020-00241-7
https://doi.org/10.3390/horticulturae6010013
https://doi.org/10.3389/fpls.2019.00570
https://doi.org/10.3389/fmicb.2019.02993
https://doi.org/10.1080/17458080.2020.1796979
https://doi.org/10.1080/17458080.2020.1796979
https://doi.org/10.3389/fmicb.2018.02413
https://doi.org/10.3389/fmicb.2018.02413
https://doi.org/10.1128/AEM.01643-17
https://doi.org/10.1186/s11671-019-2987-x
https://doi.org/10.3390/antibiotics9090572
https://doi.org/10.3390/antibiotics9090572
https://doi.org/10.1016/j.msec.2019.110319
https://doi.org/10.1016/j.msec.2019.110319
https://doi.org/10.1155/2013/280512
https://doi.org/10.1371/journal.pone.0221522
https://doi.org/10.1371/journal.pone.0221522
https://doi.org/10.1016/j.ecoenv.2021.111978
https://doi.org/10.1016/j.ecoenv.2021.111978
https://doi.org/10.1155/2017/4752314
https://doi.org/10.1038/s41598-019-40312-3
https://doi.org/10.1038/s41598-019-40312-3
https://doi.org/10.1002/app.48461
https://doi.org/10.1002/app.48461
https://doi.org/10.1016/j.matlet.2021.130342
https://doi.org/10.7717/peerj-achem.26
https://doi.org/10.7717/peerj-achem.26
https://doi.org/10.1039/c4ra05514d

Almahdy et al. Microbial Cell Factories

139.

140.

141.

142.

143.

145.

146.

(2024) 23:148

Alegbeleye OO, Singleton |, Sant’Ana AS. Sources and contamination routes
of microbial pathogens to fresh produce during field cultivation: a review.
Food Microbiol. 2018;73:177-208. https://doi.org/10.1016/j.fm.2018.01.003.
Edition F, The I, Addendum F. Guidelines for drinking — water quality purpose
of the guidelines for drinking-water quality. Who, 2017.

Baker MJ, et al. Using Fourier transform IR spectroscopy to analyze bio-
logical materials. Nat Protoc. 2014;9(8):1771-91. https://doi.org/10.1038/
nprot.2014.110.

Syame SM, Mohamed WS, Mahmoud RK, Omara ST. Synthesis of copper-
chitosan nanocomposites and their applications in treatment of local
pathogenic isolates bacteria. Orient J Chem. 2017;33(6):2959-69. https://doi.
0rg/10.13005/0jc/330632.

Hamedi A, et al. In situ synthesis of MIL-100(fe) at the surface of fe3o4@ac

as highly efficient dye adsorbing nanocomposite. Int J Mol Sci. 2019;20(22).
https://doi.org/10.3390/ijms20225612.

. Ali R, Aslam Z, Shawabkeh RA, Asghar A, Hussein IA. BET, FTIR, and RAMAN

characterizations of activated carbon from waste oil fly ash. Turkish J Chem.
2020;44(2):279-95. https://doi.org/10.3906/KIM-1909-20.

Meena Kumari M, Jacob J, Philip D. Green synthesis and applications of Au-Ag
bimetallic nanoparticles. Spectrochim Acta - Part Mol Biomol Spectrosc.
2015;137:185-92. https://doi.org/10.1016/}.53a.2014.08.079.

Hezema NN, Eltarahony MM, Abdel Salam SA. Therapeutic and antioxidant
potential of bionanofactory Ochrobactrum sp.-mediated magnetite and

147.

148.

149.

Page 25 of 25

zerovalent iron nanoparticles against acute experimental toxoplasmosis.
PLoS Negl Trop Dis. 2023;17(10):1-20. https://doi.org/10.1371/journal.
pntd.0011655.

John MS, et al. 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. Mar Drugs. 2021;19(5). https://doi.org/10.3390/md19050263.
Nalbandian L, Patrikiadou E, Zaspalis V, Patrikidou A, Hatzidaki E, Papandreou
CN. Magnetic nanoparticles in medical diagnostic applications: synthesis,
characterization and proteins conjugation. Curr Nanosci. 2015;12(4):455-68.
https://doi.org/10.2174/1573413712666151210230002.

Pandharipande S, Makode A, Synthesis and Characterization of Magnetic
Nanocomposites using Oxides of FeCu, Chitosan and Onion, Shekhar L, Pand-
haripande, Aakruti B. Makode International Journal of Science, Engineering
and Technology Research (IJSETR) Volume 6, Issue 7, July 2017, Int. J. Sci. Eng.
Technol. Res. Vol. 6, Issue 7, July 2017, 1SSN 2278-7798, vol. 6, Jul. 2017.

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


https://doi.org/10.1016/j.fm.2018.01.003
https://doi.org/10.1038/nprot.2014.110
https://doi.org/10.1038/nprot.2014.110
https://doi.org/10.13005/ojc/330632
https://doi.org/10.13005/ojc/330632
https://doi.org/10.3390/ijms20225612
https://doi.org/10.3906/KIM-1909-20
https://doi.org/10.1016/j.saa.2014.08.079
https://doi.org/10.1371/journal.pntd.0011655
https://doi.org/10.1371/journal.pntd.0011655
https://doi.org/10.3390/md19050263
https://doi.org/10.2174/1573413712666151210230002

	﻿A novel functionalized CuTi hybrid nanocomposites: facile one-pot mycosynthesis, characterization, antimicrobial, antibiofilm, antifouling and wastewater disinfection performance
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Materials
	﻿Methods
	﻿Collection of samples, screening and cultural conditions
	﻿Mycosynthesis approach of NPs-NCs


	﻿Characterization of the mycosynthesized NPs-NCs
	﻿Applications of mycosynthesized NPs-NCs
	﻿Antimicrobial potency
	﻿Antibiofilm activity
	﻿Anti-microfouling activity

	﻿Environmental effluents disinfection
	﻿Statistical analysis
	﻿Results and discussion
	﻿Mycosynthesis approach and physicochemical characterization of NPs-NCs
	﻿Morphological properties
	﻿Optical properties
	﻿Structural properties
	﻿Compositional properties
	﻿Functional properties
	﻿Thermal properties
	﻿Surface charge properties



