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Preface to “Advances of Metal and Metal Oxide
Nanocomposites: Synthesis, Characterization and
Biomedical Applications”

Over the past few decades, many pathogenic bacteria have become resistant to existing
antibiotics, which has become a threat to infectious disease control worldwide. As a result, there
has been an extensive search for new, efficient, and alternative sources of antimicrobial agents to
combat multidrug-resistant pathogenic microorganisms. Nanotechnology deals with materials on a
nanometer scale, which is a thousand times smaller than the micrometer scale. This is comparable in
size to biomolecules and biomaterials, rather than to the plant and animal cells or viruses with which
biotechnology works. The difference between a biomaterial and a nanomaterial is that even though
biomolecules are engineered for various purposes, they are not considered nanomaterials because
they are not manmade. It involves expertise in a variety of fields, from biological, biochemical,
molecular biological, molecular engineering, and genetic engineering to agricultural knowledge.
Nanobiotechnology deals with technology that incorporates nano-molecules into biological systems,
or which miniaturizes biotechnology solutions to nanometer size to achieve greater reach and efficacy.
This may result in more effective and inexpensive assays and therapies. Nano-based approaches are
developed to improve traditional biotechnological methods and overcome their limitations, such as
the side effects caused by conventional therapies.

Metal and metal oxide nanocomposites have received considerable attention as an alternative to
conventional antimicrobial agents because of their diverse shape, size, high surface-to-volume ratio,
chemical/physical stability, activity, and a greater degree of selectivity. The design and synthesis of
metal and metal oxide nanocomposites (e.g. mono, bi-, tri-, and multi-metallic nanocomposites),
as well as polymer-based nanocomposites and hydrogels with diversified nanostructures (e.g.
nanoarrays, nhanotubes, core-shell, nanosheets, and nanorods), has sparked considerable interest in
terms of biomedical therapeutics, bioimaging, biosensors, drug delivery, and antimicrobial attributes.
As opposed to focusing on individual components, combinations of two or three antimicrobial agents
as synergy represent a potential area in need and are worthy of further investigation due to several
substances with the ability to improve solubility. It is carrying the science of about incomprehensibly
small devices closer to reality. These advancements will, at some stage, be so vast that they
affect all the areas of science and technology. This reprint comprises all aspects of the synthesis,
characterization, and biomedical application of different metal and metal oxide nanomaterials, and

nanocomposites.

Nagaraj Basavegowda and Kwang-Hyun Baek
Editors
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Abstract: Recently, infectious diseases caused by bacterial pathogens have become a major cause of
morbidity and mortality globally due to their resistance to multiple antibiotics. This has triggered ini-
tiatives to develop novel, alternative antimicrobial materials, which solve the issue of infection with
multidrug-resistant bacteria. Nanotechnology using nanoscale materials, especially multimetallic
nanoparticles (NPs), has attracted interest because of the favorable physicochemical properties of
these materials, including antibacterial properties and excellent biocompatibility. Multimetallic NPs,
particularly those formed by more than two metals, exhibit rich electronic, optical, and magnetic
properties. Multimetallic NP properties, including size and shape, zeta potential, and large surface
area, facilitate their efficient interaction with bacterial cell membranes, thereby inducing disruption,
reactive oxygen species production, protein dysfunction, DNA damage, and killing potentiated by
the host’s immune system. In this review, we summarize research progress on the synergistic effect of
multimetallic NPs as alternative antimicrobial agents for treating severe bacterial infections. We high-
light recent promising innovations of multimetallic NPs that help overcome antimicrobial resistance.
These include insights into their properties, mode of action, the development of synthetic methods,
and combinatorial therapies using bi- and trimetallic NPs with other existing antimicrobial agents.

Keywords: alternative antimicrobial materials; infectious diseases; multidrug resistance; multimetal-
lic nanoparticles; synergistic effect

1. Introduction

Pathogenic bacteria are abundant in the environment. They spread quickly and can
easily cause adverse reactions, long-lasting health effects, or even death. Infection origi-
nating from the invasion of pathogens into the body is an acute threat to humans, causing
diseases, such as pneumonia, gastritis, and sepsis, which can lead to tissue damage, organ
failure, and death [1]. Antibiotics have immense benefits in the fight against a diverse range
of pathogens. However, mutations are one strategy that bacteria employ to enhance their
resistance to antibiotics, leading to the advent of a large number of multidrug-resistant
(MDR) strains, which markedly lowers the therapeutic ability of antibiotics. There is in-
creasing concern regarding the generation of antibiotic resistance, as bacteria vigorously
persist to emerge with flexible countersteps against conventional antibiotics [2]. This is one
of the most notable health-related matters of the 21st century [3]. Infectious diseases caused
by MDR bacteria and the abundance of these bacteria have increased at an alarming rate,
especially penicillin-resistant Streptococcus pneumoniae, methicillin-resistant Staphylococcus
aureus, vancomycin-resistant Enterococcus faecium, ceftazidime-resistant Klebsiella pneumonia
and Escherichia coli, fluoroquinolone-resistant Pseudomonas aeruginosa, and multi-antibiotic
resistant Acinetobacter baumannii [4,5]. In addition, various foodborne pathogens associated
with Gram-positive bacteria, such as Bacillus cereus, Campylobacter jejuni, Clostridium perfrin-
gens, Clostridium botulinum, Cronobacter sakazakii, E. coli, Listeria monocytogenes, Salmonella
enteritidis, Shigella dysenteriae, S. aureus, Vibrio furnissii, and Yersinia enterocolitica, are causing
a large number of diseases, with major effects on public health and safety [6].
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The production of new antibiotics requires enormous economic and labor demands
and is a time-consuming process. Hence, the development of alternative, unconventional
strategies to treat infectious diseases has become highly advisable [7]. The combination
of one antimicrobial agent with other antimicrobial agents has many advantages, such as
increased biological activity, reduced adverse effects, and increased antimicrobial toxicity
of the combined elements. In synergism, one antimicrobial agent influences the activity
of the other, and they finally act more efficiently and effectively together due to their
different mechanisms of individual action. This may be considered a new approach to
solve the problem of bacterial resistance and reduced antimicrobial susceptibility. Thus
far, many alternative strategies have been developed to combat MDR bacteria. Among
them, several in vitro studies have confirmed the significant antimicrobial activities of
combinations of essential oils/plant extracts, conventional antibiotics/plant extracts, and
phytochemicals/antibiotics [8].

Nanotechnology has important commercial applications in the fields of biology and
medicine, particularly in the areas of drug delivery, diagnosis, tissue engineering, imaging,
and bacterial infections [9]. Nanomaterials have special properties owing to their small
dimensions; electrical, mechanical, optical, and magnetic properties; thermal stability; and
high surface-to-volume ratio [10]. Nanomaterials are considered favorable alternatives to
antibiotics for controlling bacterial infections due to a diverse range of factors, such as their
size, morphology, surface charge, stability, and concentration in the growth medium. The
surface coatings of nanoparticles (NPs) play an important role in influencing the antimicro-
bial properties of nanomaterials [11,12]. Depending on the number of metals, metal and
metal oxide NPs are divided into mono-, bi-, tri-, and quadrometallic types. Among these,
bi-, tri-, and multimetallic NPs have attracted the greatest interest due to their enhanced
catalytic properties and favorable characteristics compared with monometallic NPs [13].
Multimetallic NPs are novel materials that incorporate two or more metals to make al-
loys with different functionalities and tunable properties, such as catalytic and optical
properties. Multimetallic NPs can be modified by controlling their structure, chemical
composition, and morphology to achieve maximum synergistic performance [14]. The
addition of one or more metals into the NPs is expected to bring combinatorial effects, such
as alteration of the electron structure, deduction of the lattice distance, and improvements
in the total electronic charge shift [15]. Therefore, the study of the multidimensional space
is warranted.

Monometallic NPs possess only one type of metal with specific chemical and physical
properties, such as Ag, Au, Zn, Pd, Cu, Tj, 5i, Al, Se, and Mg, which have been used for their
antimicrobial activity for centuries. Among these, Ag NPs are the most effective as they are
able to kill both Gram-positive and Gram-negative bacteria, and they are even effective
against drug-resistant species [16]. Moreover, metal oxide NPs, such as Ag,O, ZnO, CuO,
TiO,, NiO, Fe3O4, a-Fe; O3, CaO, MgO, Al,O3, CeO,, Mn3Oy4, and ZrO, NPs, have highly
potent antibacterial effects against a wide spectrum of microorganisms [17]. Similarly,
metal sulfide and metal-organic framework (MOF) nanomaterials, such as AgS-, FeS-,
CdS-, and ZnS-MOFs and Mn-, Cu-, and Zn-based MOFs, have demonstrated antimicrobial
activities [18]. Bimetallic NPs are formed via the integration of two different types of
metal atoms to form a single nanometric material with varying structures, morphologies,
and properties [19]. Bimetallic NPs can be tuned by selecting the appropriate metal
precursors to achieve the desired shape, size, structure, and morphology according to
the configuration of atoms, and this finally leads to the formation of alloy, core-shell,
and aggregated nanoparticle types [13]. Bimetallic NPs, such as Ag/Au, Ag/Cu, Au/Pt,
Au/Pd, Ag/Fe, Fe/Pt, Cu/Zn, Cu/Ni, Au/CuS, and Fe3S;/Ag NPs, have distinctive
surface activities. In addition, bimetallic oxide NPs, such as MgO/ZnO, CuO/Zn0O, and
Fe304/Zn0O NPs, due to tensile strain and synergism between the constituent metals, often
exhibit unique antibacterial performance.

Similarly, trimetallic NPs are made from three different metals for lowering metal
consumption, atomic ordering, and fine-tuning the size and morphology of these NPs.
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Trimetallic NPs exhibit higher catalytic selectivity/activity and efficiency in various appli-
cations, such as biomedical, antimicrobial, catalytic, active food packaging, and sensing
applications. Moreover, owing to the presence of three metals, there are some possibilities
for different structures and morphologies, such as core—shell, mixed structure, subcluster
segregated, and multishell [20]. To change their catalytic performance, trimetallic NPs
were further designated as alloys and intermetallic NPs by altering the atomic distribu-
tion and surface compositions of different metals [21]. Trimetallic NPs exhibit innovative
physicochemical properties owing to their synergistic or multifunctional effects for diverse
potential applications when compared with monometallic and bimetallic nanomaterials.
However, to date, only monometallic, bimetallic, and very few trimetallic NPs have been
reported for their antimicrobial effects.

Hence, the distinctive properties of nanomaterials provide a favorable environment for
antibacterial therapies when compared with their bulk forms. Many inorganic and organic
nanocomposites exhibit potential antibacterial properties with fast and sensitive bacterial
detection. Nanocomposites are designed with targeted and sustained release mechanisms,
environmental responsiveness, and combinatorial delivery systems for antibacterial ther-
apies [22]. In particular, metal and metal oxide NPs, with nanotoxic mechanisms and
collective modes of action, cause membrane damage and produce reactive oxygen species
(ROS) that act against bacterial cells [23], which is why pathogens can barely develop
resistance against them. The release of metal and metal oxide ions is the main mechanism
responsible for the antimicrobial properties of nanocomposites. The current review aimed
to highlight the most recent literature on mono-, bi-, tri-, and multimetallic NPs and their
antimicrobial abilities. We discuss the importance, properties, fabrication methods, an-
timicrobial activities, and mechanisms of multimetallic NPs. Additionally, the synergistic
effects, toxicity, and future prospects of multimetallic NPs are discussed. This study is
expected to enhance our understanding of the development of multimetallic NPs and the
replacement of conventional antibiotics with alternative antimicrobial agents to combat
MDR pathogens.

2. Multimetallic NPs

Multimetallic NPs, comprising two or more different metals to form alloy or core—
shell nanocomposites, have attracted considerable attention as novel materials due to their
unique functionalities. The combined action of different metals and metal oxides in a
chemical transformation enhances the catalytic performance of multimetallic NPs [24].
Multimetallic NPs with binary, ternary, and quaternary combinations usually have special
characteristics, with enhanced chemical, optical, and catalytic properties when compared
with mono- and bimetallic NPs, because of the synergistic effects between different met-
als [14]. Metallic NPs are classified as monometallic, bimetallic, trimetallic, quadrometallic,
and so on based on the number of metallic ingredients.

2.1. Monometallic NPs

As the name suggests, monometallic NPs compose a single metal species, which
compels for the catalytic characteristics of the nanoparticle. Based on the type of metal
atom and properties, monometallic NPs are in different forms, like metallic, magnetic,
transition metal, and oxide. They can be synthesized by chemical reduction and green
synthetic methods, and their structure can be stabilized by various functional groups.
Many studies have reported on a wide range of monometallic and metal oxide NPs, and
these are used in various catalytic, medical, agricultural, active food packaging, nano-
biosensor construction, industrial, and environmental applications. The order of atoms at
the nanoscale, which differs from the bulk materials, is due to not only the large surface-
area-to-volume ratio but also the specific electronic structure, plasmon excitation, and
quantum confinement. In addition, the increased number of kinks, short-range ordering,
chemical properties, and ability to store excess electrons also enhance activity. Recent
studies on the antimicrobial activity of monometallic and metal oxide NPs are summarized
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in Table 1, highlighting the size, bacterial strains tested, mode of action, and fabrication

techniques used.

Table 1. Antimicrobial activity of monometallic and metal oxide nanoparticles (NPs).

NPs Size (nm) Bacteria Mode of Action Synthesis Ref.
. DNA damage and cell membrane .
Ag 10 V. natriegens rupture by reactive oxygen species (ROS) Green catalysis [25]
Au 20 S. pneumoniae Cell lysis Chemical reduction [26]
Pd 13-18 S. aureus, S. pyrogens, Cell membrane des.tructlon and Biosynthesis (plant) [27]
B. subtilis apoptosis
Ga 305 M. tuberculosis Reduction of the growth of Homogenizer [28]
mycobacterium
Cu 15-25 S. aureus, B. subtilis Synergistic effects of organic functional Biosynthesis (plant) [29]
groups
Pt 2-5 E. coli, A. hydrophila Decrease in the bacterial c.ell viability and Chemical reduction [30]
ROS generation
Si 90-100 S. aureus, P. aeruginosa Mechanical damage of the bacterial Laser ablation [31]
membrane
. Production of ROS, disruption of the . .
117 Klebsiella sp. phospholipid bilayer Biosynthesis (plant) [32]
o . Ionic interaction between NPs and . .
Se 55.9 B. subtilis, E. coli bacteria-caused cell damage Biosynthesis (plant) [33]
85 E. coli, S. aureus Cell membrane daRH(I)aSge due to action of Laser ablation [34]
Ni 60 P. aeruginosa Cell membrane destruction Biosynthesis (plant) [35]
. Inactivation of proteins and decrease in . .
Mn 50-100 S. aureus, E. coli the membrane permeability Biosynthesis (plant) [36]
. Attraction between negatively charged . .
Fe 474 E. coli. cell membrane and NPs Biosynthesis (plant) [37]
. B. anthracis, C. jejuni, ers . . Chemical
Bi 40 E. coli, M. arginini Inhibition of protein synthesis condensation [38]
. . Penetration of the cells and hindrance of . .
Ag,O 10-60 S. mutans, L. acidophilus the growth of the pathogen Biosynthesis (plant) [39]
Disturbance of various biochemical
CuO 60 B. cereus processes when copper ions invade Biosynthesis (plant) [40]
inside the cells
Zn0O 30 A. baumannii Increase in the production of ROS Spl—gel am}l [41]
biosynthesis
Decomposition of outer cell membrane
TiO, 9.2 E. coli by ROS, primarily hydroxyl radicals Biosynthesis (plant) [42]
(CH))
Induction of membrane damage by
NiO 40-100 B. subtilis, E. coli oxidative stress created at the NiO NP Hydrothermal [43]
interface
S. aureus. E. coli. S Cellular enzyme deactivation and
Fe30y4 25-40 ’ P seln tér T disruption in plasma membrane Coprecipitation [44]
Y Y permeability
B. subtilis. S. aureus Desorption of membrane by the
«-Fep, O3 16 ' s ! generated free radicals, including O, Biosynthesis (plant) [45]

E. coli, K. pneumonia

and OH-
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Table 1. Cont.

NPs Size (nm) Bacteria Mode of Action Synthesis Ref
CaO 58 E. coli, 8. aureus, Cell membrane destruction Biosynthesis (plant) [46]
K. pneumonia
Destruction of cell membrane integrity
MgO 27 Bacillus sp., E. coli resulting in leakage of intracellular Ultrasonication [47]
materials
F. oxysporum, S. typhi, Decomposition of bacterial outer . . .
AlLOs 30-50 A. flavus, C. violaceum membranes by ROS Biosynthesis (fungi) [48]
L. monocytogenes, . . s
CeO, 5-20 E. coli, B. cereus ROS generation by CeO, as a pro-oxidant Precipitation [49]
K. pneumonia, Membrane damage of bacterial cells by
Mn30;4 130 P. aeruginosa the easy penetration of Mn3O4 NPs Hydrothermal [50]
S. mutans, S. mitis, . .
V4(0)) 2.5 R. dentocariosa, Enhancement of the 1.nteract1(.)ns between Solvothermal [51]
o NPs and bacterial constituents
R. mucilaginosa
Inhibition of cell membrane by Ag,S NPs,
AgyS 65 Phormidium spp. resulting in harmful effects on other Chemical reduction [52]
biological activities
Streptococcus sp., Dischargement of ions, which react with
ZnS 65 S. aureus, Lactobacillus the thiol groups in the proteins present ~ Biosynthesis (bacteria) [53]
sp., C. albicans on the cell membrane
Streptococcus sp., . .
. Impregnation and surrounding the . . .
CdSs 25 S. aureus, Lactgbaczllus bacterial cells by CdS NPs Biosynthesis (bacteria) [53]
sp., C. albicans
FeS 35 S. aureus, E.. coli, NP internalization through the fine cell Hydrothermal [54]
E. faecalis membrane
Mn-MOF ) E. coli, E. faecal%s, Peptide—nalidixic faad conjugate Mechanochemical [55]
S. aureus, P. aeruginosa formation
Mg-MOF ) E. coli, E. faecal?s, Peptide—nalidixic gad conjugate Mechanochemical [55]
S. aureus, P. aeruginosa formation
Ag-MOF ) S. aureus High stability in wate.r and the existence Solvothermal [56]
of Agion
5. aureus, E. coli, Attachment to the bacterial surfaces b
Cu-MOF - K. preumonia, : L y Hydrothermal 57]
\ active surface metal sites in Cu-MOF
P. aeruginosa, S. aureus
Penetration inside the bacteria, causing
Zn-MOF - P. aeruginosa cell damage by interaction with Solvothermal [58]
lipotropic acid
Co-MOF ) E. coli Strong interaction with membranes Hydro-solvothermal 59]

containing glycerophosphoryl moieties

2.2. Bimetallic NPs

Bimetallic NPs have attracted huge attention due to their modified properties, and
they can be prepared in different sizes, shapes, and structure with a combination of
different metals.

Extensive studies in the past decade investigated the use of bimetallic NPs as a
new advancement in the field of research and as technological domains to increase effi-
ciency. Owing to the distinct catalytic and synergistic properties between two different
metals, bimetallic NPs have potential applications in more fields than their corresponding
monometallic one. Depending on their physical and chemical interactions, the spatial
overlapping and distribution of two atoms can lead to the formation of a core-shell or
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simply an alloy due to the impact of individual metals [60]. The addition of a second
metal is a major technique for tuning the geometric and electronic structures of NPs to
increase their catalytic activity and selectivity. The size, shape, and morphology of alloy or
core-shell NPs are comparatively different from those of the individual metals, thereby
creating novel opportunities for a range of biomedical applications [61]. The antimicrobial
activity of bimetallic NPs has been assessed against numerous types of pathogenic bacteria,
especially E. coli, P. aeruginosa, and S. mutans, which are mainly responsible for human
epidemics. Bimetallic NPs exhibit remarkable performance compared with commonly used
antibiotics and other antimicrobial treatments, as pathogens cannot develop resistance
to them because they suppress the generation of biofilms and accelerate other correlated
processes [62].

2.3. Trimetallic NPs

Trimetallic NPs have favorable properties, such as physical, chemical, and tunable
properties, when compared with mono- and bimetallic NPs, which result in multiple appli-
cations for these NPs. These favorable properties are due to multifunctional or synergistic
effects produced by the three metals present in the same system [20]. The addition of a third
metal or metal oxide into the composite supposedly generates a combinatorial effect and
introduces several possibilities for different morphologies, structures, and chemical compo-
sitions to improve catalytic activity, selectivity, and specific performance [63]. Trimetallic
NPs exhibit improved reactivity because of the electronic and synergistic effects of the
different elements and the geometric arrangements of the metal surrounding the absorbing
atoms. At this coherence, the properties of the materials are altered due to electron transfer
effects, lattice mismatching, and surface rearrangement [64]. Consequently, trimetallic
NPs, such as Fe/Co/Ni supported on multiwalled carbon nanotubes (MWCNTs), show
efficient and enhanced bifunctional performance for the oxygen reduction and oxygen evo-
lution reactions [65]. Similarly, Cu/Au/Pt, with high catalytic activity and excellent killing
performance for biosensing and cancer theranostics [66], and Pd/Cu/Au, as excellent
temperature sensors and fluorescence detectors of HyO, and glucose [67], have attracted
attention as promising catalysts. Hence, trimetallic NPs exhibit potent antibacterial activity
and have been found to be more effective agents than bimetallic and monometallic NPs,
even at lower metal concentrations.

2.4. Quadrometallic NPs

Higher-order quadrometallic NPs are made from four different metals for various
applications with different fabrication methods. Recently, solid-state dewetting of Ag/Pt/
Au/Pd quadrometallic NPs on sapphire has been prepared successfully with tunable
localized surface plasmon resonance [68]. Similarly, Ag/Cu/Pt/Pd quadrometallic NPs
prepared by seed-mediated growth, where small Pt and Pd NPs were attached on the
surface of AgCu Janus bimetallic NPs as seeds in an aqueous solution [69], and het-
erostructured Pt/Pd/Rh/Au tetrahexahedral multimetallic NPs were synthesized through
alloying/dealloying with Bi in a tube furnace [70]. Moreover, to date, there has been no
investigation into the antimicrobial properties of quadrometallic and multimetallic NPs.
Table 2 summarizes bi- and trimetallic NPs used for antibacterial activity with an array of
sizes, strains tested, mechanisms, and synthetic methods.
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Table 2. Antimicrobial activity of bimetallic and trimetallic NPs.

NPs Size (nm) Bacteria Mode of Action Synthesis Ref
Ag/Au 9.7 E. coli, S. aureus Increased production of ROS Green [71]
. . Permeability of copper and silver Biosynthesis
Ag/Cu 26 E. coli, B. subtilis ions into the bacterial cell membrane (plant) [72]
S. aureus, P. aeruginosa, — Release of Ag™ ions, unbalance of cell Chemical
Au/Pt 2-10 C. albicans metabolism, and ROS generation reduction (73]
Ag/Fe 110 S. aureus, P. aeruginosa Release of Ag+ ions and ROS Electrl.cal [74]
generation explosion
Ag/Pt 36 E. faecalis, E. coli Increased production of ROS B10(5P3712;};)e515 [75]
A. faecalis, S. aureus, Synergistic properties of Zn?* and Biosynthesis
Cu/Zn 100 C. freundii Cu?* ions together (plant) [76]
Cu-Ni 25 S. mutans, S.'aureus, Strong adsorptl.on of ions to the Chemllcal (7]
E. coli bacterial cells reduction
Ag/ZnO 43 S. aureus, P. aeruginosa Ag™ leaching from metallic silver Photoreduction [78]
B. subtilis, P. aeruginosa, - . Biosynthesis
Ag/Sn0O, 9 E coli Synergistic properties of Ag and SnO (plant) [79]
Cu/FeO, 324 B. subtilis, X. campestris DNA damage induced by NPs Hydrothermal [80]
Au/CuS 2-5 B. anthracis Disordered and damaged membranes Seeded [81]
T
Fe3Sy/Ag 226 S. aureus, E. coli Release of Ag 1ons and ROS Solvothermal [82]
generation
e Alteration of cell membrane activity, R
MgO/ZnO 10 P. mirabilis ion release, and ROS production Precipitation [83]
Electrostatic interaction causing to Electrical
CuO/Zn0O, 50 and 82 E. coli, S. aureus change membrane permeability on . [84]
- explosion
account of depolarization
Binding of the ions released by
CuO/Ag 20-100 L. innocua, S. enteritidis uCuO/nAg to the thiol groups of Hydrothermal [85]
many enzymes in cell membrane
Fe;04/Zn0O, 200-800 S. aureus, E. coli Membrane stress, distupting and Coprecipitation  [86]
damaging cell membrane
Combination of NPs with antibiotic
. ciprofloxacin, causing inhibitory
CeO, /FeO, 40 and 25 P. aeruginosa effect on bacterial growth and biofilm Hydrothermal [87]
formation
Interruption of cellular processes by Chemical
Cu/Zn/Fe 42 E. faecalis, E. coli released ions, which can cross cell . [88]
reduction
membranes
Au/Pt/Ag 20-40 E. coli, S. ty.p i, Generation of ROS Microwave [89]
E. faecalis
Cu/Cr/Ni 100-200 E. coli, S. aureus Ant.lbacterlal activity of trimetallic Biosynthesis [63]
NPs in comparison with pure metals (plant)
Ruptured and cracked bacterial cells
CuO/NiO/ZnO 7 S. aureus, E. coli by the release of intracellular Coprecipitation [90]
components
Reduction in the bandgap energy by
Ag/Zn0O/TiO, 60-170 E. coli increasing the e~ & h* charge Sol-gel [91]

separation time
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3. Properties of Multimetallic NPs

The properties of multimetallic NPs depend on the atomic structure, thickness, com-
position, shape, surface morphology, and stability of the core and shell and the disorder of
alloy NPs. Furthermore, the percentage of atoms on the surface of a substance or material
becomes more important for these NPs. Their enhanced surface area in contrast to their
bulk metal counterparts mainly influences the elemental properties and active antibacterial
properties of multimetallic NPs. Many studies have shown that tri- or multimetallic NPs
are more active than mono- and bimetallic NPs made with the same metal. The catalytic
properties of tri- or multimetallic NPs depend on the structure of the core and shell and
the composition of the alloy NPs. Our previous studies have shown strong correlations
between the number of different metals in NPs used as nanocatalysts and their activity,
where trimetallic NPs show higher catalytic activities along with excellent selectivity than
mono- and bimetallic NPs [92,93]. However, since different metals and metal oxides have
different physicochemical properties, there will be slight parameter changes, like phase
separation, agglomeration, and detachment of multimetallic NPs, which leads to poor
catalytic activity and stability. On the other hand, some active research aims to initiate
effective protocols, for instance, nanomaterials prepared by carbothermal shock method
can enhance the overall structural and chemical stability of the multimetallic NPs [94].

Similarly, alloy nanocomposites have the special advantage of photocatalytic proper-
ties, as they possess both catalytic and plasmonic metals that absorb visible or ultraviolet
light, which are released as energy to promote catalysis. The optical properties of mul-
timetallic NPs depend on their size and shape, and they are strongly affected by their
component metals. Surface plasmon resonance (SPR) increases when combining two or
more metals that are vibrant in the visible region; however, it decreases or compresses
when one metal in the combination is vibrant in the ultraviolet region. In addition, SPR
sensitivity greatly depends on the size and shape of the nanocomposites. For instance,
by decreasing the size of any metal NPs, the emission light position changes from the
near-infrared to the ultraviolet region, but the sensitivity is increased when the shape of the
NPs is a sphere, cube, or rod. Ultimately, nanocomposites can lose their SPR and become
photoluminescent because of the very small size of the NPs [95]. In bi-, tri-, or multimetallic
NPs, the SPR can provide information on the internal distribution of the elements. For
alloyed nanocomposites, the shift in the SPR absorption is maximum and linear with the
composition. Similarly, for core-shell nanocomposites, only one mode (frequency) of SPR
is observed in the metal shell.

The magnetic properties of multimetallic NPs are influenced by several factors, includ-
ing particle size and shape, chemical composition, morphology, crystal lattice, coordination
of the particle with the surrounding matrix, and the adjacent particles [96]. The addition of
a second or third metal into a nanoparticle structure enhances the optical/plasmonic and
magnetic properties of the nanocomposites. Metals, such as iron, copper, nickel, and cobalt,
possess good catalytic, electronic, and magnetic properties. Furthermore, the union of 3d
metals with 4d or 5d metals, which display strong spin-orbit coupling, creates multimetal-
lic NPs with large atomic magnetic moments and high magnetic anisotropy. Iron-based
multimetallic NPs have been used in multidisciplinary fields, such as magnetic resonance
imaging, drug delivery, cancer treatment, tumor detection, separation processes, and other
biological activities with high biocompatibility, easy surface modifications, and low toxicity
in living cells [97].

4. Synthetic Methods of Multimetallic NPs

Different approaches have been developed for the fabrication of multimetallic NPs,
based on “top—down” and “bottom—up” techniques, with diverse procedures for functional
nanomaterial alterations. The synthetic methods used to prepare multimetallic NPs are
depicted in Figure 1.
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Figure 1. Synthetic methods for the preparation of multimetallic NPs.

4.1. Hydrothermal/Solvothermal Method

Hydrothermal and solvothermal techniques are the most important methods for the
synthesis of various kinds of monodispersed and highly homogeneous nanomaterials.
Using these methods, nanomaterials are fabricated using a typical wet-chemical approach,
with high pressure and temperature, in aqueous solvents that dissolve and recover the
materials. All the reactants are dissolved in an autoclave with a suitable solvent under
low or high pressure and temperature conditions depending on the desired composition,
crystal structure, size, and shape of the nanomaterials. The main advantage of this approach
is that, with high vapor pressures and minimal loss of nanomaterials, the procedure is
well controlled through liquid-phase or multiphase chemical reactions. Its disadvantages
include the use of expensive equipment and high temperatures. Many bimetallic NPs, such
as Ni-Fe, co-doped Zn1—xCoxMn,0O, and NiFe,O4 NPs, have been designed using the
hydrothermal method [98-100]. Commonly, the hydrothermal process involves the use of
solvent and surfactant; however, the surfactant-free synthesis of multimetallic NPs on an
electrode surface was recently reported successfully [101].

4.2. Coreduction Method

Coreduction is a simple method to synthesize mono-, bi-, and trimetallic NPs and
can be used to produce multimetallic NPs. The two metal precursors are first dissolved
in a suitable solvent along with the stabilizing agent, and the transitional metals exist
in their ionic states. The reducing agent is then added to convert them into zerovalent
states; however, due to their lower reduction ability, light transitional metals undergo less
reduction. These mild transition metals undergo oxidation very quickly when present in
their zerovalent states and are, therefore, unstable. These metals play a prominent role
in catalysis, and several methods have been developed to produce transition metal NPs.
The coreduction method has moderate reaction conditions when compared with thermal
decomposition. The reaction occurs under air atmosphere and low temperatures, and no
toxic organic solvents are used [102]. Recently, mesoporous PtPdNi alloy NPs have been
synthesized by this method using three metal precursors under constant sonication [103].
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4.3. Electrical Explosion of Wires

The electrical explosion of wires (EEW) plays an important role in several applications,
such as nanoparticle production, wire-array Z-pinch, exploding wire detonators, material
property investigation under the most extreme conditions, high-temperature photography,
and shockwave technology for promoting fossil energy [103]. EEW is one of the most
promising technologies for the synthesis of metal NPs and is based on the increased activity
generated when passing a pulse current with high density across a metal wire. During the
EEW procedure, a capacitor bank releases a high current flowing through a desired metal
wire over a short period. The amount of energy released is much larger than the sublimation
energy of the metal wire, which ultimately leads to superheating, evaporation, dispersal
of the wire material into the surrounding medium, and finally, formation of NPs by
condensation of the vapor [104]. Recently, antimicrobial ZnxMe(100-x)/O nanocomposites
have been designed by electrical explosion of a two-wire method in an oxygen-containing
atmosphere [105].

4.4. Coprecipitation Method

Coprecipitation is one of the simplest and most widely used methods for the synthe-
sis of NPs in various forms, such as hydroxides, oxides, sulfides, and carbonates, with
controlled sizes and magnetic properties. In this method, aqueous salt solutions, such as
nitrates or chlorides, precipitate the oxo-hydroxide under an inert atmosphere. Once the
solution reaches a critical concentration, a short nucleation burst occurs, followed by a
subsequent growth phase. Magnetite NPs are synthesized using different bases, such as
KOH, NaOH, at (C;Hs)sNOH, at room temperature, depending on the desired crystal
size, and the ratio of agglomeration promotes the formation of mesoporous structures.
This chemical method is suitable for the fabrication of NPs because it does not require
high temperature or pressure, and impurities are eliminated by washing and filtration. Re-
cently, CuO-NiO-ZnO trimetallic oxide NPs have been synthesized using a coprecipitation
method [90].

4.5. Microwave Method

The microwave heating technique is a simple, fast, reliable, versatile, and widely
accepted method for the production of various nanocomposites with controlled sizes. It
has a fast reaction rate and a short reaction time and high selectivity and yield when
compared with conventional heating. The mechanism involved in this method affords
uniform internal heating, facile nucleation, crystallization, dipolar polarization, and ionic
conduction due to the force of dielectric heating. It has been found that the size and
morphology of the nanocatalyst can be more easily controlled using the microwave method,
when compared with conventionally prepared catalysts. Other advantages include fast
ramping from temperatures of 150-250 °C in less than 1 min, compared with nearly 30 min
with conventional heating methods. The microwave heating method has been employed
for the preparation of trimetallic colloidal Au-Pt-Ag and Au-Pd-Pt nanocomposites using
160-800 W [106].

4.6. Sol-Gel Method

The sol-gel process is an effective method to produce metal oxide NPs at low tem-
peratures compared with other physical and chemical methods. As the name suggests,
a solution is transformed into a gel by a process based on the condensation reaction and
hydrolysis of organometallic compounds in alcoholic solutions. The sol-gel method has
excellent potential to control the reaction kinetics and the bulk and surface properties of the
oxides. Moreover, it allows customizable microstructure, the addition of several functional
groups, and ease of compositional modifications. The sol-gel method has been used to
fabricate a variety of metal oxide NPs and bi- and trimetallic oxide nanocomposites. For
instance, titanium and vanadium trimetallic nanocomposites have been synthesized with
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three other metals by the sol-gel technique using ammonia and hydrazine as reducing
agents [107].

4.7. Biological Methods

Recently, green synthetic nanoparticle production methods have been developed
based on biological sources, such as plant leaves, root tissues, algae, bacteria, yeast, fungi,
and industrial and agricultural wastes. These methods have also been used to fabricate bi-
and trimetallic alloy nanocomposites. In plants, secondary metabolites, such as flavonoids,
alkaloids, terpenoids, heterocyclic compounds, polysaccharides, organic acids, proteins,
and vitamins have been used as sources. In the case of microorganisms, sources, such as
reductase enzymes, proteins, metal-resistant genes, and organic materials, have been used.
Agricultural wastes, such as fruit peels, wild weeds, unwanted plants, burned herbs, and
shrubs, are used as biological sources. In addition, industrial wastes, such as rice husks,
eggshells, timber dust, and sugarcane bagasse, are used for the reduction of metal salts into
NPs. Recently, Au/ZnO/Ag trimetallic nanocomposites have been synthesized using a
green method that involves the use of an extract from Melilotus officinalis [108].

5. Antimicrobial Activity of Multimetallic NPs

The antimicrobial efficacies of metal and metal oxide NPs have been tested against
various types of antimicrobial-susceptible and antimicrobial-resistant pathogenic strains.
Pathogenic bacteria, including E. coli, P. aeruginosa, S. mutans, and S. aureus, are the main
agents responsible for many infectious diseases. These pathogenic bacteria become a
major challenge in the health-care system and pose a serious threat to human health.
Metal and metal oxide NPs, especially multimetallics, such as bi-, tri-, and quadrometallic
nanocomposites, show improved performance when compared with conventional antibi-
otics, as pathogens cannot develop resistance to these NPs because the nanocomposites
affect biofilm formation and other associated processes. In comparison with monometallic
nanomaterials, multicomponent metal nanocomposites have multiple functionalities and
exhibit enhanced and cumulative properties due to the various synergistic effects of the
individual components. Moreover, the catalytic and optical properties of multimetallic
NPs can be successfully controlled by modifying their structure, morphology, and chemical
composition. Hence, they have attracted considerable attention due to their wide range of
applications in medical, sensing, and catalytic fields.

Numerous studies have demonstrated the antimicrobial activities of mono- and
bimetallic NPs, as shown in Tables 1 and 2; however, very few have reported on trimetallic
NPs, as shown in Table 2. Quadro- and multimetallic nanocomposites are at the initial
stages of development and are still limited in types suitable for other applications. The
effectiveness of the resultant antimicrobial activities is mainly influenced by two important
parameters: the type of material (precursor) used to prepare the NPs and the particle size.
Generally, nanomaterials have unique properties when compared with bulk materials, and
they often change dramatically with nanoscale ingredients because the surface-to-volume
ratio of the NPs increases significantly with a decrease in particle size. Additionally, at
nanometer dimensions, the atomic fraction of the molecule increases significantly at the
surface, consequently enhancing some properties of the particles, such as dissolution rate,
catalytic activity, heat treatment, and mass transfer [109]. The nanomaterials used to fight
against infectious pathogens comprise mainly transition metals and metal oxides because of
their special characteristics, including decreased particle size, increased surface-to-volume
ratio, hydrophobic interactions, nanoparticle stability, and electrostatic attraction. These
properties allow bactericidal activity and microbiostatic activity against both Gram-positive
and Gram-negative bacteria.

The bactericidal mechanism of action of nanocomposites is normally described as
metal ion release and oxidative stress induction, but nonoxidative mechanisms may also
occur simultaneously. Moreover, the production of ROS interrupts the antioxidant defense
system and causes mechanical damage to the cell membrane. In addition, the majority

11



Molecules 2021, 26,912

Disruption of electron
transport chain

of recent studies have described the mechanism of action of nanocomposites as follows:
adhesion to microbial cells and cell wall destruction by physical contact, leading to the
generation of ROS, particle penetration into the cell, damage to proteins and DNA, ox-
idative stress, and facilitation of internalization. The positively charged surfaces of metal
and metal oxide nanocomposites promote their binding to negatively charged bacterial
surfaces, which may result in the strengthening of their bactericidal effect. In addition to
size, different formulations with different particle shapes and surface charges may also
influence the intrinsic properties of the NPs and potentially influence their antibacterial
activity. The different morphologies, crystal growth habits, and increased lattice constants
of multimetallic NPs may enhance their antibacterial activity. Multimetal and metal oxide
nanocomposites have been widely studied as alternative antimicrobial agents because of
the favorable synergistic effects of their individual components.

6. Antibacterial Mechanisms of Multimetallic NPs

The mode of action of bacterial destruction depends on the type of NP. Metals, metal
oxides, and their nanocomposites bind to the cell wall of bacteria and form membrane-
penetrating pores due to the deposition of nanomaterials on the bacterial cell surface, which
causes the formation of free radicals that are able to destroy the cell membrane. In addition,
ions released from the nanomaterials inhibit the production of enzymes and increase the
production of ROS, which in turn affects DNA transcription [110]. The mode of action of
multimetallic NPs is summarized in Figure 2.

Release of heavy Damage to proton

Ag

Mitochondrial damage

Figure 2. Antibacterial mechanism of multimetallic NPs.

6.1. Disruption of Cell Membrane

Metal- and metal oxide-based nanocomposites can damage the bacterial cell mem-
brane by electrostatically binding to the cell wall and releasing metallic ions. The difference
in charge between bacterial membranes (negative charge) and nanocomposites (positive
charge) induces an electrostatic attraction and changes the permeability of the cell mem-
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brane. Hence, the disturbance of the bacterial membrane integrity is an effective mechanism
of action. Based on the structure of the cell wall, bacteria are divided into two groups:
Gram-positive bacteria, which have many layers of thick peptidoglycan in their cell wall,
and Gram-negative bacteria, which have a cell wall consisting of a thin peptidoglycan layer
with an additional outer membrane of lipopolysaccharide. The negatively charged proper-
ties of both Gram-positive and Gram-negative bacterial cell walls affect the interactions
between the cell wall and nanoparticle ions.

Metal and metal oxide NPs exhibit higher antibacterial activity against Gram-negative
bacteria than Gram-positive bacteria [111] because the negative charge of lipopolysaccha-
rides allows the adherence of NPs to Gram-negative bacterial cell walls. Thus, a high
NP-binding capability on these negative anionic areas may increase toxicity due to high NP
concentrations. A layer of lipopolysaccharides covers the cell wall of the Gram-negative
bacterium, E. coli, and peptidoglycans, whereas the cell wall of the Gram-positive bacterium,
S. aureus, consists of a peptidoglycan layer and is much thicker than the Gram-negative
bacterial cell wall. The difference in composition, structure, and thickness of the cell wall
allows NPs to penetrate, resulting in less inhibition of S. aureus than E. coli, which shows
significant inhibition even at low antibiotic concentrations. Using this approach, there is a
clear correlation between the concentration of the NPs and the different classes of bacteria
being treated due to differences in the chemical and structural organization of the cell wall.

6.2. Formation of ROS

ROS are highly reactive metabolic products with strong positive redox potential. They
are produced in numerous cells by two cellular organelles, the endoplasmic reticulum and
mitochondria. The production of ROS is an alternative mechanism by which nanomaterials
kill bacteria. Different types of ROS, namely, the superoxide radical (O, ™), singlet oxygen
(10,), hydrogen peroxide (H0;), and the hydroxyl radical (OH), exhibit different levels
of activity. Superoxide, an anion radical (O, ), is a potent oxidizing agent that is highly
reactive with water and is produced mainly in the thylakoid-localized photosystem I (PSI)
by one electron, as well as in other cellular compartments. Singlet oxygen is a strong
reagent that facilitates undesirable oxidation inside the cell and causes severe damage
to various molecules of biological importance. The production of singlet oxygen leads
to peroxidation of cellular constituents, such as proteins and lipids. ROS react with H
ions to produce hydrogen peroxide, which more easily penetrates cell membranes and
destroys various cellular organelles, resulting in bacterial death. Hydroxyl radicals are fatal
to pathogenic bacteria; however, some hydroxyl radicals that are negatively charged cannot
easily penetrate the negatively charged cell membrane. The diffusion of metal ions from
metal oxide NPs generates a large number of hydroxyl radicals due to the decomposition
of bacterial cells. ROS are formed when oxygen enters reduction states and is converted
into free radicals, such as superoxides and peroxides, instead of water. However, some
pathogens can fight back in response to ROS by producing superoxide dismutase enzymes.
ROS induce acute oxidative stress, inhibit enzymes, and cause damage to lipids, proteins,
and DNA/RNA. Gold, magnesium oxide, and zinc oxide promote ROS formation through
increased catalytic activity by producing H,O, from glucose oxidase [112].

6.3. Dysfunction of Cytosolic Proteins

Protein dysfunction is another mode of action by which multimetallic NPs induce
their antimicrobial response by binding to cytosolic proteins, such as DNA and enzymes.
The metal-ion-catalyzed oxidation of the amino acid side-chain leads to the formation of
protein-bound carbonyls. The carboxylation of protein molecules may serve as a better
marker for oxidative damage to proteins. However, in the case of enzymes, carboxylation
results in the loss of catalytic activity and stimulates protein degradation [113]. Silver
and copper NPs inhibit DNA replication, cell division, and DNA degradation [114,115],
whereas gold NPs interact with DNA within the cell by upregulating genes [111], leading
to decreased membrane integrity and the accumulation of ROS within the cytosol. Many
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studies have reported that when bacterial cells are exposed to nanomaterials, the physical
attachment of NPs leads to nuclear DNA fragmentation and damage due to the high affinity
of metal ions for phosphate, which is highly abundant in DNA molecules [116].

7. Synergistic Effects of Multimetallic NPs

A synergistic effect is a process in which biological structures or chemical substances
combine to create an effect that is greater than either one of them could have caused
alone. Multimetallic NPs have attracted more attention than monometallic NPs from
researchers in different fields, such as physics, biology, and medicine, because of their
widespread applications in catalysis, sensing, and medical fields. Multimetallic NPs are
obtained by incorporating three or more metal elements with various nanostructures
and different properties into single nanomaterials called alloys. These multifunctional
nanomaterials exhibit advanced properties with novel functions due to the synergistic
effects of different elements. The continuous modulation of the electronic structure of
multimetallic NPs enhances their catalytic performance because of the various binding
forces acting on electrons between different metal atoms [117]. Hence, the synergistic
effects of multimetallic nanocatalysts play a prominent role in the field of heterogeneous
catalysis, especially in oxidation and reduction reactions [118]. Multimetallic NPs also
show synergistic effects by the combination of two or more metals with an atomic ratio
of various metals, ultimately achieving high catalytic efficiency, including high selectivity
and catalytic activity [119].

The synergistic effect of nanocatalysts is influenced by geometric parameters, local
strain, electronic states, and successful coordination at the surface [66]. In addition, mul-
timetallic NPs modify the electronic structure of metals, which permits the tuning of the
binding energy between nanocatalysts and reaction intermediates, thus initiating a syner-
gistic effect that can enhance the durability and catalytic activity of the NPs [66]. In the case
of tandem reactions, which require two or more catalysts, multimetallic NPs improve the
catalytic properties by forming an interconnection area between two or more metals [120].
For instance, our previous studies showed that FeAgPt alloy trimetallic NPs performed
better than FeAg and FePt bimetallic and Fe, Ag, and Pt monometallic NPs in reduction
and decolorization reactions, with excellent selectivity and activity [92]. Similarly, AuFeAg
hybrid NPs, a convenient green catalyst, showed greater catalytic activity than FeAu and
FeAg bimetallic NPs and Au, Fe, and Ag monometallic NPs in the preparation of «,3- and
B3,3-dichloroenone from diazodicarbonyl and oxalyl chloride [93]. Recently, FeCoNi mixed
oxide NPs supported on oxidized MWCNTs were used as catalysts for oxygen reduction
and oxygen evolution reactions, and they demonstrated enhanced selectivity with respect
to the reduction of O, to OH— when compared with FeNi, FeCo, and CoNi bimetallic
catalysts, thus suggesting synergistic effects among the metal oxide elements [65]. Similarly,
the antimicrobial activity of trimetallic NPs shows synergistic effects when compared with
bi- and trimetallic NPs, as shown in Table 2 [63,88-91]. Therefore, greater attention has
been paid to synergistic interactions or combinatorial therapy as an alternative strategy to
combat antibiotic-resistant infectious pathogens.

8. Toxicity of Multimetallic NPs

In recent decades, various efforts have been made to evaluate the toxicological impact
and possible hazards and risks of different NPs on human health and the environment.
Multimetal and metal oxide NPs have great potential to manage several diseases and
infection by resistant bacterial strains because of their special physicochemical properties
and small size, thus enabling the particles to be ingested or inhaled or to penetrate through
the skin more readily. However, there is increasing concern about the safety of prolonged
exposure to these NPs before their application in various fields and their large-scale
production. The range of toxic effects depends on the nature of the metal and metal oxide
NPs and their surface functional groups. The in vitro evaluation of different types of NP
interactions with living cells of humans, animals, plants, and aquatic organisms has already
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been conducted. However, major issues, such as the behavior of NPs inside the cells,
their tissue penetration, and the metabolic and immunological responses they induce are
often ignored.

Predictions of toxicity are certainly useful for understanding the mechanisms of nan-
otoxicology, interactions of nanomaterials with biological systems, and careful assessment
of nanomaterial properties. When evaluating toxicity, it is important to note that different
organisms have different sensitivities to NPs, and differences in NP concentration and
solubility, the presence of additives, and the synthetic methods used are clearly accounted
for in some reported results. Metal NPs, including Au and Ag NPs, and metal oxide NPs,
including MgO, CuO, Fe304, ZnO, and TiO, NPs, are the most promising antimicrobial
agents, with low toxicity against human cells [121]; however, more research is needed
to clarify the mechanisms of NP migration into the human body. The migration of NPs
into the human body depends on the size, structure, solubility, and chemical composition
of the NPs, and because of their small size, NPs can pass through different organs and
settle in the central nervous system to stimulate an immune system response. The surface
chemistry of NPs is another factor that determines their cytotoxicity and their effects on
biological systems due to the resulting charge, roughness, and hydrophobic or hydrophilic
nature [122]. In several studies, metal and metal oxide NPs have been shown to be toxic at
higher concentrations in human fibroblasts, kidneys, liver cells, and macrophages [123].

9. Concluding Remarks and Future Perspectives

The use of alternative strategies to combat MDR pathogens is warranted because of
their constantly increasing resistance to current antibiotics. Pathogens usually develop
resistance to antibiotics as they are overused and misused in husbandry practices, with
no effective management. Nanotechnology has been applied in almost every field of
science, including materials science, physics, chemistry, computer science, biology, and
engineering, over the last decade. In recent years, nanotechnology has also been applied to
human health as a promising candidate for the treatment of infectious bacterial diseases.
Nanomaterials possess superior properties due to their optical, electrical, mechanical,
and magnetic properties, thermal stability, small dimensions, and high surface-to-volume
ratio. Thus, nanomaterials are considered an alternative therapeutic option to control
bacterial infections because of their size, shape, solubility, surface charge, stability, and
surface coatings.

As discussed previously, various studies have been performed on a wide range of
monometallic and metal oxide NPs, and these have demonstrated potential antimicrobial
activities against MDR pathogens. Despite these potential advantages, very few stud-
ies have reported the synergistic effects of bi-, tri-, and quadrometallic and metal oxide
nanocomposites. Multimetallic NPs, such as bi-, tri-, and quadrometallic NPs, have at-
tracted great interest because of their favorable characteristics as advanced materials and
their enhanced catalytic properties when compared with monometallic NPs. The combina-
tion of two or more nanomaterials to form a single system can enhance their special optical,
catalytic, electronic, and magnetic properties. This is expected to bring combinatorial ef-
fects, such as alterations of the electronic structure and a reduction in the lattice distance. In
addition, tuning or altering the size, shape, elemental composition, internal structure, and
surface modification of nanomaterials can result in the formation of nano-alloys, core-shell
structures, and heterodimers with enhanced catalytic performance. Furthermore, the use
of multimetallic NPs as hybrid materials also provides specific plasmon excitation, an
increased number of kinks, changes in the electronic and magnetic properties, short-range
ordering, altered chemical properties, improvements in the overall electronic charge shift,
and the ability to store more electrons.

The exact contribution of multimetallic NPs to the treatment of MDR pathogens has
not yet been elucidated, and further research is needed to identify alternative antimicrobial
agents by modulating the shape, size, and surface chemistry of multimetallic NPs. Thus,
multimetallic NPs are a potential source of alternative antimicrobial agents and may play a
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significant and synergistic role in the near future. The present paper discussed findings on
the in vitro antimicrobial activities of nanomaterials; however, further studies are essential
to assess the synergistic effects of bi-, tri-, and multimetallic NPs in vivo. Furthermore,
careful selection of the nanomaterial type, the appropriate dosage, and the choice of
application is crucial for beneficial outcomes, because the majority of nanomaterials are
metallic and may lead to potential uptake and accumulation. In addition, the management
of environmental issues, health and safety aspects, risk assessment, potential toxicity, and
hazards must be considered before introducing them as safe and effective antimicrobial
agents. In conclusion, a broad understanding of these new and creative therapeutic
strategies is essential as they may serve as alternatives to conventional antibiotics. The
present study suggests that multimetallic NPs and their composites can be utilized to
develop more effective antimicrobial agents in the near future to prevent the emergence and
spread of bacterial resistance to conventional antibiotics, and they may play an important
role in many medical applications.
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Abstract: The potentiality of nanomedicine in the cancer treatment being widely recognized in the
recent years. In the present investigation, the synergistic effects of chitosan-modified selenium
nanoparticles loaded with paclitaxel (PTX-chit-SeNPs) were studied. These selenium nanoparticles
were tested for drug release analysis at a pH of 7.4 and 5.5, and further characterized using FTIR,
DLS, zeta potential, and TEM to confirm their morphology, and the encapsulation of the drug was
carried out using UPLC analysis. Quantitative evaluation of anti-cancer properties was performed
via MTT analysis, apoptosis, gene expression analysis, cell cycle arrest, and over-production of ROS.
The unique combination of phytochemicals from the seed extract, chitosan, paclitaxel, and selenium
nanoparticles can be effectively utilized to combat cancerous cells. The production of the nanosystem
has been demonstrated to be cost-effective and have unique characteristics, and can be utilized for
improving future diagnostic approaches.

Keywords: Mucuna pruriens seed extract; chitosan; paclitaxel; selenium nanoparticles; flow cytometer;
anticancer; cervical cancer

1. Introduction

Nanomedicines are emerging as a significant class of therapeutics. The most encourag-
ing aspect of using nanoparticles in therapeutics is their capability to target or accumulate
at the site of targeted tumour tissues with negligible toxicity. The nanomaterial, owing to
its size, permeates through the kidney or liver due to surface decorations, and the cells
diffuse through the blood vessels and vasculature of tumour tissues, thereby extending its
presence in the blood circulation and this is explained through the phenomenon of EPR
(enhanced permeation and retention). Moreover, nanoparticles have high surface area to
volume proportions [1], yielding high adsorbing properties [2]. On this basis, nanoparticles
are adsorbed with therapeutic drugs [3], phytochemicals with anticancer properties [4],
imaging agents [5], or target-specific genes or peptides as targeting ligands to the cancer
receptor cells [6].

Selenium (Se) is a trace element with broad pharmacological capabilities and phys-
iological functions. It is an essential component of numerous anti-oxidant enzymes like
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phospholipid hydroperoxide, glutathione peroxidase, and thioredoxin reductase. It is a
micronutrient that plays various roles in human health, improving cardiovascular health
or immunomodulatory functions, constraining cancer progression, preventing neurode-
generation, and regulating the thyroid hormone metabolism [7,8]. Selenium supplements
traditionally used for cancer treatment have disadvantages of high toxicity or low absorp-
tion. Therefore, developing novel systems as transporters of selenium compounds that
would promote bioavailability and permit its controlled release in the organism has become
a significant requirement in this field. The characteristic features of Se can be explained
through its antioxidant properties by protecting against oxidative stress generated by ox-
idative radicals or pro-oxidant properties by promoting a strong generation of ROS via the
redox cycle and causing oxidative stress to cancer-infected cells [9-12]. The mechanism
of chemotherapeutic action of SeNPs can be explained through the over-expression of
antioxidant enzymes that induce the generation of ROS, eventually activating a sequence
of events, such as induction of the apoptotic pathway and mitochondrial dysfunction
that stimulates the release of cytochrome C, thereby inducing the activation of caspase
cascade, cell cycle arrest, and DNA fragmentation [13]. The latest investigations report
that the chemotherapeutic activity of SeNPs has been successful against various malignant
cells, such as human cervical carcinoma (HelLa) [14], breast cancer (MCF-7) [15], human
hepatocyte (HepG2) [16], human melanoma (A375), and lung cancer (A549) cells [17].
However, the major problem associated with the application of SeNPs as anticancer activity
is reported to be undesired toxicity against healthy cells [10]. Thus, we need to overcome
this undesired toxicity without compromising its anticancer activity. The functionalization
of the NP surface with biopolymers is one of the best techniques reported, to date, for
improving biocompatibility with reduced aggregation.

Thus, chitosan is used for the functionalization. Chitosan is a cationic hydrophilic
linear polysaccharide composed of an acetylated unit (N-acetyl-d-glucosamine) and a
deacetylated unit (3-(1-4)-linked D-glucosamine). These structural characteristics of chi-
tosan confer membrane permeability, biocompatibility with tissues, and mucoadhesive
properties. Additionally, they possess a pH-dependent profile, where the primary amines
become positively charged by protonation in a low pH environment. The material becomes
easily soluble in the medium, thereby assisting in the encapsulation of drugs. At high
pH, chitosan becomes insoluble, as the primary amines are in deprotonated conditions.
Therefore, pH plays a major role in this delivery system as the body may have various re-
gions with significantly different levels of pH. In the stomach, chitosan can easily permeate
the acidic surroundings without degradation by digestive enzymes and remain stable at
physiological conditions, due to its mucoadhesive properties [18-20].

Moreover, SeNPs might also be used for drug delivery applications, thereby providing
a synergistic therapeutic effect against cancer. Paclitaxel (PTX) is a compound derived
from the bark of Taxus brevifolia [21] and is a well-established anticancer drug that can
prohibit the mechanism of mitosis or polymerize the 3-microtubules, thereby arresting
the cell cycle and causing cell death [22]. Regardless of its exclusive mechanism and
effectiveness, it lacks properties such as high therapeutic index and adequate solubility [23].
To improve its efficiency of solubility, PTX was conjugated with biosynthesized selenium
nanoparticles modified with chitosan. In the present study, the Box-Behnken design was
selected to optimise PTX-chit-SeNPs and was compared with the biosynthesized SeNPs
for its anticancer progression activities and its cytotoxicity analysis against HeLa cells.
Alternative formulations, such as nanoparticles, liposomes, self-emulsions, and micelles
can aid in improvising the effective delivery of PTX to tumour cells with low toxicity to
healthy cells. Among these, nanoparticles that are functionalized with phytochemicals from
seed extract as novel agents can provide a promising delivery system with the advantage of
the EPR effect for passive targeting of PTX. The results of this study suggest that this nano-
combinational system may be a promising low toxicity alternative for cancer treatment;
however, further analysis of the in vivo or ex vivo studies can still be reviewed in future
studies.
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2. Material and Methods
2.1. Materials

The seeds of Mucuna pruriens were bought from a local drug store. Sodium selenite,
paclitaxel (PTX), chitosan with 90% deacetylation (MWCO 55 kDa), methanol, and acetoni-
trile (HPLC grade) were purchased from Hi-media. All of the chemicals were analytical
grade and no further purification was required.

2.2. Cell Culture

HelLa cells were purchased from NCCS, Pune, India. The cells were maintained using
DMEM, 10% (fetal bovine serum) and (1%) penicillin—streptomycin antibiotic and were
incubated in a cell culture incubator with 5% CO, at 37 °C in a humidified atmosphere.
Chemicals such as PI (propidium iodide) reagent, RNase, Invitrogen Annexin V/FITC dead
cell kit by Thermo Fisher Scientific (Waltham, MA, USA), 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide MTT reagent, DCFDA-cellular ROS Assay kit, PBS (10X at
pH 7.4) were purchased from Hi-Media, and a Primescript RT reagent kit was purchased
from Takara Bio (Kusatsu, Japan).

2.3. Preparation of Biosynthesized Selenium Nanoparticles

The biosynthesis of SeNPs using seed extract of Mucuna pruriens and its standardiza-
tion was published in our previous study [24]. In brief, the seeds were double-washed with
double-distilled water (Mili-Q), shade-dried for 5-6 days, and the dried seeds were crushed,
weighed, and then added to 100 mL of Mili-Q. The liquid was kept in ta water bath at
80 °C for 45 min, and filtered using Whatman 42 filter paper. The filtrate was stored at
4 °C for further use. A ratio of 9:1 was maintained for precursor and extract concentration.
The reaction continued till the colorless solution changed to the dark brown reaction mix-
ture. The synthesized nanoparticles were further purified with double-distilled water and
ethanol solution; this helps in the removal of excess phytochemicals or untreated sodium
selenite from the SeNPs solution. The pellet was then dialyzed against distilled water for a
period of 12 h. The purified nanoparticles were lyophilized for further characterization and
storage.

2.4. Preparation of Chitosan-Modified and Paclitaxel-Loaded Selenium Nanoparticles

The chitosan solution of 1% concentration (w/v) was prepared in glacial acetic acid
where the solution was kept in a magnetic stirrer for 2 h until it was completely dissolved,
followed by the addition of 1% of the biosynthesized SeNPs with continuous stirring at RT
for 10-12 h. After thel2 h of stirring, paclitaxel in DMSO (at the required concentration)
was added drop-wise, at 1 mL/min, to the chitosan-coated selenium nanoparticles and kept
overnight for continuous stirring. The PTX-chit-SeNPs were then centrifuged at 10,000 rpm
for 15 min, the pellet obtained was washed with Mili-Q water and the purified solution
was then lyophilized. The moisture-free samples were then stored at room temperature for
further analysis and characterization.

2.5. Entrapment Efficiency (EE%) through UPLC Analysis

The paclitaxel-coated and chitosan-modified selenium nanoparticles were evaluated
using UPLC (ultra-performance liquid chromatography) method and the samples were
passed through the C-18 column, with 10 puL injection volume with PDA detector, at RT,
equipped with Empower 3 software. The flow rate of the sample was 1.0/min and the PTX
drug detection peak was at 240 nm. The mobile phase selected was acetonitrile-methanol
in the ratio of 60:40. The encapsulation efficiency of the drug PTX in PTX-chit-SeNPs was
calculated according to Equation (1), as described in [25].

Encapsulation efficiency % =

Total PTX used-amount of free PTX present in the supernatant
Total PTX used

x 100 1)
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2.6. Characterization of the Chitosan-Modified Selenium Nanoparticles Loaded with Paclitaxel

The confirmation of the paclitaxel-loaded chitosan-modified selenium nanoparticles
was obtained using Fourier transform infrared spectroscopy (FTIR) by Shimadzu Spec-
troscopy (Model IR Affinity-1, which helped in the identification of the functional groups
involved in the interactions of the paclitaxel with the modified selenium nanoparticles
and was compared with paclitaxel, chitosan, and biosynthesized SeNPs that have a wave-
length range from 400 to 4000 cm~!. The morphological analysis was conducted using
transmission electron microscopy (TEM), where the samples were sputtered on the copper
grids.

2.7. In Vitro Drug Release Analysis

The in vitro release of PTX from the nanosystem was studied using the dialysis method.
In a dialysis bag (MWCO 60 kDa), 10 mL of nanosuspension containing PTX-chit-SeNPs
was immersed in 100 mL of pH 7.4 and 5.5 phosphate buffer solution (PBS) and was
dialyzed at 37 °C under mild agitation, thereby mimicking the physiological conditions. At
a regular interval of time, 2 mL of the external solution was extracted and again replenished
with 2 mL of fresh medium. The solution was centrifuged at 10,000 rpm for 15 min and
the supernatant containing the free drug was evaluated for the concentration of PTX using
a spectrophotometer. A standard graph was generated for PTX, where the R? value was
98.85, and the drug concentration was calculated using slope and intercept values [26].

2.8. Cytotoxicity Studies of Paclitaxel-Loaded Chitosan-Modified Selenium Nanoparticles

The nanosystems-induced cytotoxicity was evaluated with the most commonly used
MTT assay, where the viability percentage of the cells is measured when they transformed
MTT to purple formazan precipitate. In a 96-well cell culture plate, 5000 cells/well were
seeded, then incubated until 80% confluence was reached for 24 h at 37 °C. The next day,
the spent media was removed and replaced with fresh media containing the treatment
drugs at various concentrations (5 pg/mL to 100 ng/mL) for the biosynthesized SeNPs,
SeNPs coated with chitosan, and PTX-chit-SeNPs. After incubation of 24 h, the media was
again removed and MTT reagent (5 mg/mL) was added to each well and was kept for an
incubation period of 4 h. The medium was then removed and replaced with 100 uL. DMSO
in each well, which was added to solubilize the crystalline formazan precipitate. The
absorbance was recorded at 590 nm using an ELISA microplate reader. All the experiments
were performed in triplicates and were expressed as the mean =+ standard error [27].

2.9. Stimulation of Apoptosis by PTX-chit-SeNPs Compared with Biosynthesized SeNPs

The cell apoptosis was detected with FITC-Annexin V/PI (propidium iodide) double
staining assay, according to the protocol (Invitrogen). The cells (1 x 10°) were seeded in 6-
well culture plates and were incubated for 24 h at 37 °C. The cells were then treated with
selected ICsy dose values for PTX-chit-SeNPs and biosynthesized SeNPs. The apoptotic
and live cells were analysed with flow cytometry and were analysed with CytExpert 2.3
software.

2.10. Stimulation of Cell Cycle Arrest by PTX-chit-SeNPs Compared with Biosynthesized SeNPs

The cells (1 x 10°) were seeded in 6-well culture plates and were incubated for 24 h at
37 °C. The cells were supplemented with IC5) dose values for PTX-chit-SeNPs and biosyn-
thesized SeNPs for 24 h. They were trypsinized and washed with 1x PBS, the obtained
pellet was ethanol-fixed with chilled 70% ethanol solution for 2 h at low temperature. The
pellet was washed to remove any traces of ethanol and was then incubated with the PI
solution (1 mL) containing RN Aase and PBS solution for 15 min at RT prior to analysis
with a flow cytometer.
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2.11. RNA Isolation and RT-PCR Assay of the Apoptotic Genes

The cells with a concentration of 1 x 10° were seeded for 24 h at 37 °C in 6-well plates,
then the cells that were treated with ICs) dose values for PTX-chit-SeNPs and biosynthe-
sized SeNPs for 24 h were selected for the analysis. The cells were trypsinized, washed with
1x PBS, and then homogenized with triazole reagent (0.5 mL). Then, 0.2 mL of chloroform
was added, and after 15 min incubation, the solution was centrifuged at 10,000 rpm for 10
min at 4 °C. The upper phase of transparent solution was transferred to fresh tubes, which
were incubated with 0.5 mL isopropanol for 10 min at RT, followed by centrifugation. The
RNA pellets obtained were dispersed in RNase-free water (0.1 mL) and washed with 75%
ethanol. The dried RNA pellet was quantitively evaluated with a NanoDrop spectropho-
tometer. Then, 1 pg RNA samples were reverse-transcribed to synthesize cDNA samples
and the cycling program was followed according to the manufacturer’s protocol given in
the Primescript RT reagent kit (Takara). The apoptotic genes were selected, as shown in
Table 1, and standard GAPDH-normalized with other genes.

Table 1. Forward and Reverse primers of apoptotic genes used for RT-PCR.

Genes Forward Primer (5'-3') Reverse Primer (5'-3')
Bcl, 5 -CTTTTGCTGTGGGGTTTTGT-3/ 5-GTCATTCTGGCCTCTCTTGC-3/
Bax 5-GGAGCTGCAGAGGATGATTG-3’ 5-CCTCCCAGAAAAATGCCATA-3'
GAPDH 5-GAAGGTGAAGGTCGGAGT-3/ 5 -GAAGATGGTGATGGGATTTC-3’

The relative gene expression was calculated according to the given equation:
Relative expression values = 2 (Ct GAPDH — Ct target gene) 2)
where Ct = Threshold level cycle [28].

2.12. Intracellular ROS Generation by PTX-chit-SeNPs Compared with Biosynthesized SeNPs

For the flow cytometer analysis, HeLa cells (1 x 10°) were cultured in 6-well plates for
24 h at 37 °C, after the incubation period, they were exposed to ICsy dose values for PTX-
chit-SeNPs and biosynthesized SeNPs under similar conditions. The cells were trypsinized,
washed with 1x PBS, and the resulting pellet was resuspended in PBS containing 10 uM
DCFDA solution, followed by an incubation period of 30 min. The treated cells were
analyzed using a flow cytometer and evaluated using CytExpert software.

2.13. Statistical Analysis

The experimental runs were made in triplicate, and the values were analyzed using
the ANOVA statistical method. The results were statistically significant when the p-value
was <0.05 and was expressed as the mean + standard error.

3. Result and Discussion
3.1. Encapsulation Efficiency

The encapsulation efficiency was performed using UPLC analysis; it was observed
that at 0.5 min, the absorbance peak for the standard PTX was at 0.393, which was almost
similar to PTX-SeNPs-chit at 0.403, as shown in Figure 1. Therefore, the result signifies
that there was a visible coating of the drug on the nanosystem. It can be assumed that
the mechanism behind the encapsulation is that a hydrophobic drug, such as paclitaxel,
interacts with a polymer, such as a chitosan, via hydrophobic-hydrophilic interactions,
thereby increasing its solubility. The PTX molecule is composed of a hydrophobic region
and a moderately hydrophilic region containing secondary amine and hydroxyl groups that
can produce hydrogen bonds with chitosan molecules [20,29]. The encapsulation efficiency
was calculated to be approximately 80%, according to the given equation.
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Figure 1. UPLC analysis of (A) standard drug paclitaxel, and (B) PTX-SeNPs-chit.

3.2. Characterization of PTX-chit-SeNPs

The morphology and surface topography of the nanoparticles show a significant role
in transportation across the cell membranes. These particles deliver the active therapeutic
agent in a controlled and target-specific manner. According to the HR-TEM analysis in
Figure 2A, the biosynthesized SeNPs are dispersed and spherical with an average size
range of 98 nm. In the case of chitosan-modified SeNPs in Figure 2B; the chitosan moiety
surrounded the spherical-shaped nanoparticles and the average size range was calculated
to be 142.8 nm. While the size range for PTX-chit-SeNPs was 167 nm with spherical shape
SeNPs coated with drug molecule and modified with chitosan (indicated through arrows)
as shown in Figure 2C. The dark spherical form is the SeNPs, while the smaller round
particles are PTX, which is covered with chitosan on the exterior. Similar results were
observed for Siqi Zeng et al. [30] and Kaikai Bai et al. [31]. The spherical morphology of
NPs can enable cellular internalisation. The smaller size range is possible due to either
ionic or hydrophobic interactions between the polymer and the drug.
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Figure 2. TEM analysis for (A) biosynthesized SeNPs using seed extract, (B) SeNPs modified with
chitosan, (C) PTX (small rounds)-chit (covered as background)-SeNPs (larger spherical).

The major functional groups involved in the stabilization or reduction of SeNPs were
—OH or carboxylic acids stretching, at 3294.78 cm~!; C=C with medium intensity, at

1628.73 cm~1; secondary alcohol, at 118.93 cm~L; and halogen compounds, at 717.8 cm~1,

as shown in Figure 3D. The groups assigned for chitosan include amine, at 3356.92 cm~1;
alkane, at 2886.43 cm~!; C=0 stretching, at 1660.85 cm~1; aromatic, at 1591.10 cm™;
and strong C-O, at 1035.58 cm ™!, as shown in Figure 3C. For PTX, the functional groups
involved at 3474.15 cm~! were —OH and —NH; at 3001.96 cm~!, alkenes or aromatic
groups; at 2908.61 cm ™!, alkanes —CH or —CO groups; at 1440.56 cm ™!, aromatic groups;
at 1309.91 cm !, —CN; at 1034.62 cm ™!, —CO; at 948.75 cm !, —C-C; at 696.17 cm ™,
alkene or aromatic; and at 511.86 cm ™!, halogen compounds, as shown in Figure 3B. For
PTX-chit-SeNPs, the functional groups assigned include 3319.27 cm~! for —OH (alcohol
or carboxylic acid) with strong and broad intensity, 2928.62 cm ! and 2869.78 cm~! with
medium intensity for the alkane group, 1557.71 cm ! for diketones, 1404.06 cm ! for CHy
bending and CH; deformation, 1016.32 cm ! for —C-O stretching for alcohol or phenol
groups, and 739.6 cm ! for halogen compounds, as shown in Figure 3A. The FTIR analysis
reports suggest that peaks distinctly available in PTX-chit-SeNPs are mainly due to the
coating of individual components.
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Figure 3. FTIR analysis of (A) SeNPs+chit+PTX, (B) PTX, (C) chitosan, and (D) biosynthesized.
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SeNPs

The EDAX analysis showed elements such as Se, Na, Cl, C, and O. The presence of
Cl helped maintain the 3D integrity of the spherical structure, which was present at the
end of Se chains and allowed the interaction between the chains. The presence of C and
O was due to the polymer structure of the chitosan with maximum atomic weight. Se at
peak 1.3 keV, Na at 1.04 keV, Cl at 2.621 keV, C at 0.277 keV, and O at 0.525 keV were in
accordance with the energy table for EDS analysis (JEOL certificated), as shown in Figure 4.

cps/eV

12— Element CAtom.
1 [wt.%]

Chlorine 8.62
Selenium 6.80
8.15

7438
2.83

keV
Figure 4. Energy diffraction spectroscopy (EDAX) of the PTX-chit-SeNPs.

Zeta potential offers information on the colloidal stability (> +30 mV or < —30 mV)
and the electrostatic potential of particles in the reaction solution. The surface charge
potential of the biosynthesized SeNPs was —23.4 mV. Still, the intensity changed with
chitosan modification with +53.8 mV and the intensity further changed to +65.2 mV for
PTX-loaded chitosan-modified SeNPs, as shown in Figure 5A—C. The interactions were
mainly due to the ionic interactions between the positively charged PTX and negatively
charged SeNPs. The hydrophobic-hydrophilic interaction between the chitosan and drug
are mainly responsible for effective coating [32]. The positive charge is observed due to the
protonated R-NH3+ form of the chitosan, which helps in the electrostatic interface of the
R-NH3+ and the negative charge present on the cellular membrane or mucosal surfaces.
Thereby, this interaction helps in the reversible structural rearrangement of the proteins of
tight junctions, which benefits in the opening of these junctions and consequently assists in
endocytosis [33].
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Figure 5. Zeta potential for (A) biosynthesized SeNPs using seed extract, (B) SeNPs modified with
chitosan, and (C) PTX-loaded chitosan-modified SeNPs.

The DLS analysis of the biosynthesized SeNPs confirmed that they are polydispersed
with a hydrodynamic diameter of 101 nm. The hydrodynamic diameter of chitosan-
modified SeNPs and PTX-loaded chitosan-modified SeNPs were found to be 156 nm and
172 nm, respectively which is almost according to TEM data (Figure 6). The average PI (poly-
dispersion index) value of 0.33 was less than the standard 0.5, as shown in Figure 6A-C. The
increase in particle size can be assumed to be due to the presence of electrostatic repulsion
of the protonated amino groups and interchain hydrogen bonding attractions [34]. They
remained in equilibrium at certain conditions, but with increasing chitosan concentration,
there was a partial growth in the intermolecular cross-linking, thereby producing larger
particles. The intermolecular cross-linking was reduced at decreased chitosan concentration,
producing smaller particles [18].

3.3. In Vitro Drug Release Analysis

The release pattern of PTX was examined under pH conditions of 5.5 and 7.4 at 37 °C
for 72 h in PBS solution. According to Figure 7, the release graph was dependent upon the
pH of the medium. In the 5 h there was an increase in the release at pH 5.5 which continued
to reach a maximum level of 92% for 72 h, while the maximum level remained 20% at pH 7.
These results prove that the release of PTX can be at a maximum level when it is exposed to
an acidic environment when compared to neutral pH. Through the process of endocytosis,
the nanoparticles can easily be exposed to the acidic microenvironment and initiate a rapid
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release of the drug from the nanosystem, which can ultimately enhance the cytotoxic effect
on cancer cells [35,36]. Therefore, the toxicity against normal cells can be minimized with
negligible releases at physiological pH of 7.4. Similar results were observed when PTX was
encapsulated in chitin nanoparticles, in which slow release of the drug was observed at
neutral pH [37]. The effective release of PTX from the chitosan matrix at acidic conditions
can also be explained as being due to the protonation of the amine groups, which causes a
hydrophilization of the hydrophobic core or swelling of chitosan [38], and this eventually
leads to the release of the drug [39].
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Figure 6. DLS analysis for (A) biosynthesized SeNPs using seed extract, (B) SeNPs modified with
chitosan (C) PTX-loaded chitosan-modified SeNPs.
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Figure 7. Drug release kinetics for PTX released from PTX-chit-SeNPs.

3.4. In Vitro Cytotoxicity Analysis against HeLa Cell Line

The viability analysis was conducted for biosynthesized SeNPs, chitosan modified
SeNPs, and PTX-chit-SeNPs against HeLa cell lines at concentrations within 5-100 pg/mL,
as shown in Figures 8 and 9A-D. The arrows indicate the fragmented apoptotic cells when
exposed to the treatment nanosystems compared with control cells. There was a dose-
dependent decrease in the inhibition rate at 24 h of incubation of treatment. The ICs( value
considered for biosynthesized SeNPs, chitosan-modified SeNPs, and PTX-chit-SeNPs are
60 ug/mL, 45 ug/mL, and 30 pg/mL, and the viability rate decreased to approximately
20% for PTX-chit-SeNPs. The inhibition rate can be attributed to PTX assisting in the
polymerization of microtubules [22], while the polymeric coating by chitosan enhances
the cellular uptake of the hydrophobic drug via endocytosis [33], and the presence of
SeNPs helps in the pro-oxidant activity, which helps in the generation of ROS, causing cell
death [40]. The chitosan-modified SeNPs showed a similar effect on cytotoxicity, but it
improved with the conjugation of PTX. Similar results were reported by T. Mary et al. [10,41]
and J. Zang et al. [25].
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Figure 8. MTT analysis for biosynthesized SeNPs, chitosan-modified SeNPs, and PTX-chit-SeNPs
against HeLa cell lines. Data are represented as mean + SD for experiment in triplicate * indicates
p < 0.05 versus control, ** indicates p < 0.01, and *** indicates p < 0.001.
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| - | -
Figure 9. (A) Control cells, (B) cells treated with biosynthesized SeNPs, (C) cells treated with chitosan-
modified SeNPs, and (D) cells treated with PTX-chit-SeNPs.

3.5. Apoptosis Analysis for PTX-chit-SeNPs against HeLa Cell Lines

PTX stimulates the polymerization of the microtubule by binding to the 3-subunit of
the o/ 3-tubulin dimerin, which eventually restrained the growth of progressively dividing
cells that result in programmed cell death or apoptosis [22]. Annexin V is a Ca®*- dependent
protein with an affinity for the phospholipid phosphatidyl-serine, which forms cellular
membranes. Dead cells undergo a translocation of this lining outward, which helps bind
Annexin V protein labelled with FITC. PI stain distinguishes between viable and non-
viable cells, and the stain can easily permeate through the plasma membrane of dead
cells. The cell populations were differentiated as live, early, late, and necrotic or dead to
quantify the rate of apoptosis [30,42]. HeLa cells were quantified for apoptosis analysis
using PI and Annexin V-FITC dual staining to confirm this phenomenon. The apoptotic
rate depended on the treatment dosage, as shown in Figure 10A—C. The early-stage and
late-stage control cells with dual staining were observed to have cell populations of 8.77%
and 0.05%, respectively. For the biosynthesized SeNPs at concentration 60 pug/mL, the
population of cells was observed to be 29.35% at the early stage, and 10.90% at the later
stage. The early and late stages for HeLa cells, when exposed to PTX-chit-SeNPs, were
47.61% and 6.50%, respectively. Therefore, the anticancer drug paclitaxel modified with
chitosan on the biosynthesized SeNPs exhibited better ability to stimulate apoptosis in
HeLa cells compared to the biosynthesized SeNPs without any surface modifications.
The apoptotic characteristics such as nuclear condensation, chromatin condensation, or
development of apoptotic bodies [41].

3.6. Cell Cycle Analysis of PTX-Chit-SeNPs Compared with Biosynthesized SeNPs

The cell cycle distribution was evaluated using CytExpert 2.3 software. DNA his-
tograms were selected for analysing the population of cells in each phase, such SubGl,
GO0/G1, S, and G2/M. The apoptotic cell population containing only DNA content was
measured by quantifying the sub-G1 peak, and 100,000 events were selected for each experi-
ment, per sample. As observed in Figure 11, the data suggests that when the permeabilized
cells were exposed to PTX-chit-SeNPs for 24 h, they showed a significant increase in the
cell population in sub-G1 phase from 6.89% for control, 29.40% for biosynthesized SeNPs
at 60 pg/mL concentration, and 49.35% for PTX-chit-SeNPs at 30 pg/mL concentration.
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The results suggest that PTX-chit-SeNPs induced cell death due to activation of apoptosis.
Similar results were observed in [19].
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Figure 10. Apoptosis analysis of (A) control with dual staining of FITC+PI, (B) biosynthesized SeNPs
at 60 pg/mL concentration, and (C) PTX-chit-SeNPs at 30 ug/mL concentration against HeLa cell

lines.
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Figure 11. Cell cycle analysis of (A) control with PI stain, (B) biosynthesized SeNPs at 60 ug/mL
concentration, and (C) PTX-chit-SeNPs at 30 ug/mL concentration.
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3.7. Intracellular Investigation of ROS Analysis

The pro-oxidant effect and toxicity of the nanosystem against HeLa cells were exam-
ined when the cells were exposed to the nanosystem. The principle behind the nanosystem’s
mechanism is that, when the cells are exposed to it antioxidant enzymes, such as phos-
pholipid hydroperoxide, glutathione peroxidase, thioredoxin, etc. are induced to produce
superoxide radicals which cause oxidative stress to the cells and may lead to cell death
as a consequence of events such as DNA damage, cell cycle arrest, apoptosis, activation
of caspase proteins, and so on [43,44]. According to Figure 12A, the control cells were
treated with DCDFA and demonstrated a higher number of live cells (up to 99.81%), the
biosynthesized SeNPs in Figure 12B were evaluated and demonstrated 41.63% live cells
and 55.80% dead cells at concentration 60 pg/mL. The PTX-chit-SeNPs in Figure 12C, when
exposed, demonstrated 27.25% live cells and 71.73% dead cells. The surface-decorated
SeNPs with anticancer drug and polymer showed better results than green-synthesized
SeNPs mediated through aqueous seed extract. Therefore, this combination can be utilized
in the treatment of various diseases caused by oxidative stress, such as Leigh syndrome,
cancer, diabetes, skin disease, and others [45].
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Figure 12. ROS analysis for (A) control cell population, (B) biosynthesized SeNPs, (C) PTX-chit-
SeNPs-treated population.

3.8. Comparative Gene Expression Analysis of Biosynthesized SeNPs and PTX-chit SeNPs against
Apoptotic Genes

The RT-PCR technique was used for analysing the gene expression of BAX and BCL-2
genes at a dosage of 60 png/mL for biosynthesized SeNPs, and then at 30 pg/mL for PTX-
chit-SeNPs, with a treatment period of 24 h. According to Figure 13, the PTX-chit-SeNPs
significantly down-regulated the expression of BCL-2 and up-regulated the expression of
BAX when compared to biosynthesized SeNPs. The treatment of PTX-chit-SeNPs is a pre-
disposed mechanism in the apoptotic induction of chemoresistant cervical cells. The Bcl-2
protein family consists of both pro-apoptotic (Bax and Bak) and anti-apoptotic proteins
(Bcl-2, Bel-XL). The anti-apoptotic proteins inhibit the release of cytochrome ¢ from mito-
chondria into the cytoplasm. In contrast, the pro-apoptotic proteins help release cytochrome
¢, activating the apoptotic cascade, and thereby inducing cell death. The pro-apoptotic
protein BAX is one of the members of the BCL-2 family of apoptotic signalling proteins and
an increase in the level of BAX has led to the enhancement of the rate of apoptosis [10,28].
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In our investigation, the treatment with PTX-chit-SeNPs at a concentration of 30 ng/mL
instigated apoptosis by increasing the expression in the Bax gene in HeLa cells after the
incubation period of 24 h. Similar results were reported in [46].
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Figure 13. BAX and Bcl-2 gene expression normalized with GAPDH when treated with biosynthe-
sized SeNPs at 60 pg/mL, and PTX-chit-SeNPs at 30 pg/mL. Data are represented as mean =+ SD for
experiment in triplicate; * indicates p < 0.05 versus control, ** indicates p < 0.01, *** indicates p < 0.001.

4. Conclusions

The encapsulation of anticancer drugs such as paclitaxel into green-synthesized sele-
nium nanoparticles modified with a hydrophilic biocompatible polymer, such as chitosan,
and its synergistic effects against cervical cancer was demonstrated. The nanoformula-
tion was characterized using various microscopic and spectroscopic approaches, with an
average size of 170 nm. The successful loading of a hydrophobic anticancer drug, such
as paclitaxel, along with targeted drug release analysis at pH 5.5, mimicking an acidic
microenvironment, was also demonstrated. The mechanistic in vitro study analysis of
PTX-chit-SeNPs was performed at a concentration of 30 pug/mL against HeLa cell lines.
Based on these results, the synthesized nanosystem can be considered as a biocompatible,
environment-friendly, and cost-effective anticancer therapeutic agent developed for cancer
diagnostics. It can be used to improve human health.
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Abstract: Quantum dots (QDs) are fluorescent nanocrystals with superb photo-physical properties.
Applications of QDs have been exponentially increased during the past decade. They can be employed
in several disciplines, including biological, optical, biomedical, engineering, and energy applications.
This review highlights the structural composition and distinctive features of QDs, such as resistance
to photo-bleaching, wide range of excitations, and size-dependent light emission features. Physical
and chemical preparation of QDs have prominent downsides, including high costs, regeneration of
hazardous byproducts, and use of external noxious chemicals for capping and stabilization purposes.
To eliminate the demerits of these methods, an emphasis on the latest progress of microbial synthesis
of QDs by bacteria, yeast, and fungi is introduced. Some of the biomedical applications of QDs are
overviewed as well, such as tumor and microRNA detection, drug delivery, photodynamic therapy,
and microbial labeling. Challenges facing the microbial fabrication of QDs are discussed with the
future prospects to fully maximize the yield of QDs by elucidating the key enzymes intermediating
the nucleation and growth of QDs. Exploration of the distribution and mode of action of QDs is
required to promote their biomedical applications.

Keywords: nanobiotechnology; fluorescent quantum dots; microbiological synthesis; biomedical
applications

1. Introduction

Semiconductor nanocrystals are innovative nano-sized materials with several beneficial properties.
They are also designated as quantum rods (QRs), quantum dots (QDs), and quantum particles.
QDs are defined as “almost rounded shaped nano-sized materials confined in a three-dimensional
structure with a size ranging between 1-10 nm and they possess quantum properties due to Bohr
radii” [1]. They are often called synthetic atoms, since they possess traits identical to that of normal
atoms, such as being spatially localized in a 3D structure and possessing discrete energy levels [2].
QDs are named as such because they demonstrate a quantum confinement regime, which means
that their electron wave function is related to particle size [3]. QDs were first discovered by the
Russian physicist Alexey I. Ekimov in the early 1980s. Ekimov and Onushchenko investigated
the quantum configuration of CuCl-immersed silicate in glass ceramics [4]. Since then, several
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investigations have been performed to discover a wide variety of QD-immersed glass ceramics [5-7].
Glass ceramics containing QDs have gained considerable notice because they can be successfully
applied in optoelectronic devices, sensors, and photocatalysts [8]. The systematic development of
QD science was motivated by Luis Brus, who derived a relationship between the size and band
energy gap (BEG) of semiconductor nanoparticles [9]. The term “quantum dot” was used for the first
time to characterize a three-dimensionally confined semiconductor quantum well by Brus et al. [10].
In 1993, Horset Weller was the first to identify the quantum confinement features of semiconductor
QD particles [11]. QD absorption and emission spectra are usually size tunable. The difference in
energy levels between both the activated and resting states of QDs is designated as the BEG of QDs.
When QDs absorb fluorescent light, they become excited. The frequency or magnitude of absorbed
light is related to both the BEG and the size of the QDs. To-return to their original resting state, the QDs
emit the same frequency of absorbed light. However, QD size is indirectly correlated to their BEG
level (i.e., small-sized QDs release high-energy light, which is blue in color, whereas the large-sized
QDs emit low-energy light, which is red in color) [12].

A new and reproducible method for synthesizing high-quality as well as monodispersed QDs
was further developed in 1993 by Murray et al. [12]. In 1998, QDs were introduced for the first time
as fluorophores owning distinctive features that make them more advantageous over conventional
organic dye molecules [13]. Since that time, considerable progress has been observed to discover
their potency in nanomedicine and nanobiotechnology as promising tools for use in diagnosis and
therapies. It took nearly a decade since 1998 for new advances in QD research to allow the production
of a successful preparation of colloidal cadmium-based chalcogenides (CdX), where X refers to sulfur
(S), selenium (Se), or tellurium (Te) [14].

QDs are characterized by powerful light absorbance, symmetric and narrow emission bands, bright
fluorescence with a broad range of excitation, high photo-stability, and slow excited-state decay rates [15].
QDs are usually synthesized via several top-down and bottom-up approaches. In a top-down approach,
QDs are synthesized by thinning the bulk semiconductor material. Some top-down approaches
employed to synthesize small-sized QDs involve reactive-ion etching, electron beam lithography,
and wet chemical etching [1]. These techniques, however, retain impurities in the produced QDs,
which lead to structural imperfections. Bottom-up production of QDs includes wet-chemical methods
such as competitive reaction chemistry, micro-emulsion, sonic waves, microwaves, sol-gel, hot-solution
decomposition, and electrochemistry [16].

Although the chemical synthesis of QDs opened up new avenues for preparing semiconductor
nanocrystals with tunable shapes and sizes with desirable optical features, there are some disadvantages
of the chemical preparation of QDs [17], including high energy requirements, release of hazardous
organic and inorganic byproducts to the surrounding environment, and the high costs. Several
organophosphorus solvents involved in the chemical synthesis of QDs can reach up to 90% of the
total production costs [18]. Accordingly, the selection of solvents is an important issue affecting
the exponential impacts of the chemical synthesis routes. Furthermore, instability has limited their
potential applications, particularly in biomedical fields; therefore, more research is required to overcome
such problems.

The implementation of eco-friendly, feasible, and biocompatible synthesis procedures is immensely
desired. Synthesis of QDs by biological routes proposes cost-effective, low-toxic, and environmentally
friendly alternatives to the chemical synthesis methodologies. Microorganisms are superior biological
nano-factories which can be beneficial in synthesizing QDs. Biosynthesis of QDs has diverse of
potent benefits which can be exploited particularly in biomedical applications. Microorganisms
contain huge pools of diversity which confer them the inherent potential to mediate the synthesis
of QDs. Microorganisms such as bacteria, yeast, and fungi are preferred for the synthesis of QDs
due to several factors, including easy cultivation and their ability to grow at ambient conditions
of pressure, temperature, and pH [19]. Additionally, due to their high adaptation and tolerating
capacity to toxic metal containing environments, microorganisms possess unique intrinsic potency
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to mediate the synthesis of QDs by applying reduction mechanisms either extracellularly or
intracellularly [20]. Microbial enzymes play the key role for transforming the precursor metal
ions to their nanoparticle states.

The key advantage of bacterial-based synthesis of nanomaterials is their defense or resistance
mechanism. Bacteria transform toxic metal ions to their nanoscale forms as a result of the stresses
caused by the metal ions toward the bacterial cells [21]. Interaction takes place between the negatively
charged bacterial cell wall and the positively charged metal ions. Nonetheless, certain restrictions
occur such as the poor control over the sizes, geometries, and distributions of the prepared particles.

Fungi are more advantageous compared to bacteria in many ways involving: (i) fungal mycelia
have the capacity to resist agitation, flow pressure, and many other harsh conditions in bioreactors;
(ii) they are easy to handle; (iii) they can be easily monitored in downstream processing; (iv) out
of microbes, they are the most potential candidates for large scale production because they secrete
large amounts of enzymes leading to high formation of nanoparticles; and (v) they possess a very
high cell wall binding capacity [22-24]. However, the use of fungi to mediate the mycosynthesis of
nanoparticles is time-consuming and must be challenged in order to establish an economical method
for up-scale production [25]. Moreover, problems such as slow reaction time, control over particle size
and identification of the exact biochemical and molecular mechanisms for the microbial synthesis of
QDs are among the research challenges that need extensive investigations.

An ideal fluorescent agent for biomedical applications has to possess the following criteria:
(i) emissible of high fluorescence quantum yield; (ii) cyto-compatible; (iii) highly stable; (iv) reproducible;
and (v) easily functionalized [13]. Traditional fluorescent probes or fluorophores used in biomedical
applications involve organometallic and organic dyes such as rhodamines, fluoresceins, and cyanins.
However, they have prominent defects such as broad emission spectra and narrow excitation spectra
with discrete absorption bands [26]. In addition, they are susceptible to photo-bleaching, and the
photochemical stability is usually poor with short fluorescence lifetime. Thermal stability and
dispersibility are usually dye class-dependent. They also have limited usages particularly for
multi-color detection because of spectral overlapping [27]. Fluorescence intensity and lifetime of
organic dyes are influenced by viscosity, ionic strength, polarity, and pH [28]. The toxicity ranged from
low to high is dye-dependent.

Contrary to traditional fluorescent probes, superb optical and physico-chemical properties are
endowed to QDs because of their unique atomic configuration and particle size [15]. QDs have narrow
emission spectra and broad excitation spectra with steady increasing bands [26]. They are resistant to
photo-bleaching with high photo-chemical stability and also have a long-time fluorescence intensity.
Thermal stability and dispersibility are dependent on the core—shell structure and ligand chemistry;
QDs are ideal for multiplexing experiments because they generate high fluorescence quantum yield [29].
Toxicity can be due to the leaching of the heavy metal and inorganic element contents, therefore can be
reduced by using specific biocompatible materials during the synthesis processes. Adopting suitable
biocompatible materials helps to modify the QD surface, thereby minimizing the leaching of metal
ions [30]. Additionally, reproducibility can be achieved by controlling the process parameters during
the synthesis of QDs.

This review introduces a comprehensive outline of the basic structure of fluorescent QDs and
their unique properties. The fabrication of QDs mediated by microbial machineries, e.g., bacteria,
fungi, and yeast, is reviewed in depth. This review depicts the versatile biomedical applications of
QDs as extremely promising tools, such as in disease detection, drug delivery, single-protein tracking,
biosensors, and cellular labeling.

2. Structural Composition of QDs

The quantum confinement regime of QDs usually occurs within 1-10 nm sized nanoparticles [31].
QDs structurally consist of a semiconductor core overlapped by an external shell, which is coated
with ligands. The inorganic core structure controls the optical (e.g., light absorption and radiation)
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and semiconducting (e.g., electrical conductivity) properties. Ligands are key factors behind the
development of QD properties, such as their colloidal solubility, stability, particle morphology,
and particle size distribution (Figure 1) [32]. An ideal ligand should meet the following criteria:
(i) provide the QDs with high stability and solubility in biological buffers; (ii) retain a high resistance
toward photo-bleaching and other photophysical characteristics in aqueous media; (iii) contain
functional groups to facilitate conjugation with biomolecules; and (iv) reduce the overall hydrodynamic
size [33]. The most common ligands used include carboxylic acids (-COOH), alcohols (-OH), primary
amines (-NHy), long-chain organophosphates, and thiols (-SH) [34]. The shell is mainly comprised of
Type II-VI and IV-VI elements, which include configurations such as ZnO, ZnS, MgO, HgS, CdSe,
and CdS [35]. The outer coatings play a vital role as physical barriers to protect the core from the
surrounding medium. Representative examples of Type I core-shell materials involve (CdSe) InAs [36]
as well as (CdSe) CdS and (ZnS) CdSe [37]. Inverse Type I core-shell materials are usually comprised
of (CdS) CdSe [38], (CdS) HgS [39], and (ZnSe) CdSe [40]. QDs of Type II core-shell materials are
primarily composed of (CdTe) CdSe [41] as well as (CdSe) ZnTe and (CdSe) ZnTe [42]. Single shell,
multi-shell, and graded alloyed structure are the three major kinds of shell coatings [43]. The three
forms of coatings vary mutually, according to the BEG and possible location of electrons’ energy state
of both QD core and shell.
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Figure 1. Quantum dot basic structure (core, shell, and ligands).

Electrons occur in a series of different energy levels, which are constant in bulk semiconductor
material. Atthe nanoscale size, these rates become distinct because of the quantum confinement features.
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After a trigger, the electron hops from the valence to conduction level via the BEG, which leads to the
formation of a hole behind. This hole has a positive charge. An exciton refers to the bound electron-hole
pair in semiconductor materials and the effect of quantum confinement arises from the electrons that
are physically confined in the 3D structure [44]. The exciton Bohr radius describes the mean physical
space between electron-hole pairs, and this space is variable across different semiconductors. When the
size of a semiconductor material resembles the exciton Bohr radius, its characteristics start to resemble
QDs rather than the bulk semiconductor material. When electrons become excited to the conduction
level, they return to their valence position, releasing electromagnetic radiation that differs from the
initial stimulus. This frequency of emission is viewed as fluorescence and is size dependent on the
BEG that can be modified by adjusting the QD size and surface chemistry [45].

3. Physicochemical Properties of QDs

QDs possess outstanding physio-chemical features as a result of the quantum confinement
effect [46]. When material’s size is reduced, the quantum size features become prominent [47].
When the radius of nanoparticles is under the Bohr limit of excitation, the charge carrier’s Bohr
radius becomes greater than that of the sphere. Thus, the charging carrier’s energy increases owing
to containment within the sphere [48]. QD emission colors vary according to their size, chemical
structure, and surface coating. The fluorescence of QDs can be adjusted over a broad wavelength
(i.e., from 400 to 4000 nm). This facilitates measurements under the UV, visible, as well as near-infrared
regions (NIRs) (Figure 2) [45]. Relatively large-sized QDs close to 10 nm in diameter emit red or orange
emission at longer wavelengths with low-intensity radiation. In contrast, small-sized QDs close to
1 nm emit light at shorter wavelengths and possess green or blue emission with appropriate high
levels of radiation intensity [35]. The emission wavelength of the core/shell CdSe/ZnS particles can be
adjusted according to the particles’ size [49]. The emission wavelength changes from 480 (i.e., particle
size: 2 nm) to 660 nm (i.e., particle size: 8 nm). Variations of wavelength emission of CdTe/CdSe QDs
have also been shown to vary from 650 to 850 nm for 4 and 8 nm sized-QD particles, respectively [50].

3.1. Blinking

QD optical features are size tunable and are regulated by the quantum confinement effects
since QDs are tolerant to photo-bleaching. Photo-bleaching refers to the procedure at which the
luminescent materials decompose irretrievably because of optical excitation (or light-prompted
response), which leads to a reduction in fluorescence strength [51]. Since QDs are resistant to photo
and chemical degradation, they serve as potential candidates for use as imaging probes over long time
periods [32]. Furthermore, QDs possess blinking behavior, which takes place throughout continuous
molecular excitation. Blinking is thought to occur primarily due to the photo-induced carriers trapping
and de-trapping, and therefore QDs oscillate between emitting and non-emitting levels. It is worth
noting that such intensity differences on short periods are referred to as “quantum jumps”. Blinking
takes place via two mechanisms: A-type and B-type blinking [52]. In A-type blinking, the presence of
extra charges in the QDs leads to non-radiative decay rates. These charges appear due to the release of
hole pairs photo-activated electrons. A temporal quenching of photoluminescence of a charged QDs
occurs due to the recombination process between the excited hole pair electrons and the spare charges.
However, no such correlation takes place in B-type blinking. To inhibit the blinking phenomenon
in QDs, the charge carrier trapping process and trapping sites must be eliminated. Charge carrier
trapping hinders charge transfer and recombination in QDs, hence limiting their efficiency [53]. A huge
diversity of charge trapping sites has been speculated, experimentally measured, and analyzed via
different theories. These states might be related to the surrounding ligands and medium. From the
optical point of view, these states could be recognized in QDs via the incidence of broad and red-shifted
emission peaks because of the rearrangement of the trapped charges. Accordingly, trapping minimizes
the charge transfer in QD arrays. Further, withdrawing charges to a trap state reduces the overlapping
of electron and hole wave functions inside the QDs and minimizes the recombination efficacy [53].
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Figure 2. Quantum size confinement effect; irradiation of colloidal quantum dot (QD) particles under a
UV light. Emission of different colors is dependent on the shape and size of the prepared particles.

Several studies have demonstrated that, by increasing shell thickness, electronic insulation will
take place, leading to the prevention of ionization [52]. Highly crystallographic structure of CdSe/CdS
QDs with dense crystalline shells (i.e., made from CdS) have displayed a complete absence of blinking
phenomenon, which was ascribed to the shell thickness [54]. Therefore, it was proposed that QDs
that have a thick crystalline shell (e.g., ZnSe, CdS, and ZnS) do not blink [55]. Accordingly, the shell
materials should be carefully chosen depending on the core of the prepared QD particles. It has been
noted that tuning thicker shells made up of 4-6 monolayers offers more protection for the core material
against degradation and photo-oxidation. This, in turn, reduces the lattice tightness between both the
core and shell and increases the photophysical features of the QDs.

3.2. Stokes Shift

In the middle of the nineteenth century, and particularly in 1852, G.G. Stokes thoroughly
investigated the fluorescence phenomenon and inspected how this phenomenon differs from that of
incident light. In 1852, Stokes proposed his conclusions to London Royal Society [56]. His findings
illustrated that there is one theory related to fluorescence namely, refrangibility of light (i.e., the degree
of refraction is indirectly proportional to wavelength), which is shifted by dispersion to longer
wavelengths [57]. This became known as Stokes’ law, which showed that fluorescence irradiation
occurred at a higher wavelength than that of incident light. This law was accordingly named the
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Stokes shift in his honor. The Stokes shift is a significant feature of fluorophores that demonstrates the
energy difference between both the absorption and emission states [58]. The Stokes shift is defined
as “the variance between absorption and emission maximum bands” [59]. A large Stokes shift is
commonly observed in semiconductor QDs and is an important feature used to identify their optical
properties. Determining the Stokes shift is advantageous since, by using such criteria, fluorescence
detection becomes easier, even at very low signal intensities [60]. The fluorophore is propelled to the
excited levels (Sp) after absorption, then quick relaxation takes place to the previous excited level (S,
internal conversion), and then returns to the original ground state (Sp, fluorescence). The loss of excited
energy during the internal conversion leads to red-shifted emissions (as opposed to absorption) and the
incidence of Stoke shift. Small Stokes shifts (e.g., less than 50 nm) are observed in fluorescent proteins
and organic dyes by photoluminescence spectroscopy, which cause an overlay between the absorption
and emission spectra. Accordingly, the fluorophore absorbs the fluorescence emission in a process
referred to as “self-absorption”. Self -absorption is defined as “a fluorescence quenching mechanism of
which dramatically affects the optical features of fluorophores” [61]. Self-absorption causes problems,
including aggregation-caused quenching and concentration quenching of fluorophores. This, in turn,
can impede their applications in optoelectronic devices as well as their biological applications [62].
Therefore, several studies aimed to increase the Stokes shift of QDs. Among the applied strategies,
doping of QDs [63], the use of alloy QDs [64], and the use of noble metal nanoclusters [65] have
been utilized.

4. Microbial Synthesis of QDs

With the advent of nanobiotechnology, biological synthesis studies of nanomaterials managed to
use “green chemistry” approaches, which are globally sustainable and economically viable. Microbial
nanotechnology is a bio-driven scientific discipline that interconnects microbial biotechnology
and nanotechnology. Numerous biological resources have been exploited for the biosynthesis
of nanoparticles, including bacteria [66], fungi [67], algae [68], viruses [69], plant extracts [70],
and agro-industrial wastes [71]. Fungi, yeast, and bacteria are currently receiving particular attention
for the biological production of nanoparticles owing to their capacity to biotransform and bioaccumulate
metals (Table 1). Among the investigated microorganisms, fungi are favored for the synthesis of QDs
as they are efficient secretors of several biological molecules. Further advantages include the ease in
biomass handling and economic viability. Nevertheless, bacterial-mediated synthesis of nanoparticles
confers advantages since bacteria can be genetically manipulated for the expression of particular
enzymes involved during the synthesis of metallic nanoparticles [72].

Table 1. List of microorganisms (bacteria, yeast, and fungi) mediating quantum dots (QD) production
and different types of microbially-produced QDs.

Microorganisms QDs Factors Optimization References
Bacteria
Desulfovibrio desulfuricans
NCIMB 8307 ZnS i (12]
Genetically engineered Reactant concentrations,
L : Cds . . [73]
Escherichia coli reaction time
Stenotrophomonas maltophilia Cds Reaction time [74]
Clostridiaceae sp. ZnS - [75]
Acidithiobacillus ferrooxidans,
A. thiooxidans and A. caldus Cds pH [76]
Pseudomonas putida KT2440 Cds CdSO, concentr.atlon and [77]
exposure time
E. coli BW25113 Cds - [78]
E. coli CdSs Reaction time [79]
E. coli CdTe - [80]
P. chlororaphis CHRO05 Cds CdSO; concentration, [81]

temperature, time and pH
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Table 1. Cont.

Microorganisms QDs Factors Optimization References
Yeast
Saccharomyces cerevisiae Cds - [82]
Reaction time and different
S. cerevisiae MTCC 2918 ZnS concentrations of yeast [83]

biomass and ZnSOy
Effect of S. cerevisine growth
phase, selenite concentration,
S. cerevisiae CdSe cadmium concentration, [84]
effects of selenite and
cadmium incubating time

Schizosaccharomyces pombe Cds - [85]
Different concentrations of
Rhodotorula mucilaginosa CdSe Na,SeOs3 [86]
and CdCl, and pH
Fungi
Fusarium oxysporum CdTe - [87]
Phanerochaete chrysosporium Cds - [88]
F. oxysporum f. sp. lycopersici Cds Reaction time [89]
Rhizopus stolonifera CdTe and CdS - [90]
Pleurotus ostreatus Cds - [91]
Aspergillus terreus PbSe - [92]
Aspergillus sp. 7nS Reaction tlm;I,_Itemperature, [93]
Penicillium sp. ZnS - [94]
Trametes versicolor Cds - [95]

4.1. Mechanisms of Microbial Synthesis of QDs

Developing facile, low cost, and measurable methodologies for preparing QDs with controlled
structures and distinctive properties represents a major challenge. Generally, two different mechanisms
are applied: intracellular and extracellular syntheses mechanisms (Figure 3).

4.1.1. Intracellular Microbial Synthesis of QDs

The intracellular microbial synthesis of QDs involves the penetration of dissolved ions to microbial
cell cytoplasm via the manganese or magnesium transferring systems. When transported into the
cell cytoplasm, the metal ions are processed into nanoparticles using intracellular enzymes [96].
When metallic nanoparticles are synthesized intracellularly, it gets difficult to handle downstream
processes and the cost of recovering the nanoparticles may increase. To recover the QDs, the genetically
engineered cells may be lysed, centrifuged, freeze-thawed, and purified through columns of anion
exchange [97]. Therefore, alternate pathways for QD biosynthesis need to be investigated, which can
overcome subsequent procedures required for QD extraction and purification. This is extremely crucial
for designing reliable routes for the development of QDs on a large-scale utilizing microbial community.

4.1.2. Extracellular Microbial Synthesis of QDs

To monitor the downstream procedures needed for QD intracellular microbial synthesis, one-pot
extracellular manufacturing of QDs in microorganisms was developed. The microbial extracellular
synthesis is rapid, scalable, and can be carried out under ambient conditions. The extracellular microbial
synthesis of QDs is carried out with the help of the enzymes that reside in the cellular membrane or
deposited in the growth medium [98]. The developed QDs are therefore either adsorbed on the cellular
membrane or deposited in the growth medium. For instance, the extracellular biosynthesis of CdS
QDs via the fungus Fusarium oxysporum was reported by Ahmad et al. [99]. Microorganisms produce
specific enzymes such as reductases as a defense strategy. Such reductase enzymes could be involved
during the QD extracellular biosynthesis [100]. The sections below introduce in depth overview of the
synthesis of different QD particles via microbial machineries.
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Figure 3. Extracellular and intracellular synthesis mechanisms of QD particles using bacteria.

4.2. Different Types of Microbially Fabricated QDs

4.2.1. Bacterial-Mediated Synthesis of QDs

Escherichia coli ATCC 29,181 is an ideal bio-factory to microbially fabricate CdTe QDs
extracellularly [100]. CdTe QDs are synthesized from Cd and Te precursor metal salts via one-pot
reaction using E. coli. Uniform spherical-shaped QDs with a size of approximately 2-3 nm were
successfully observed by transmission electron microscope (TEM). X-ray diffraction (XRD) pattern
demonstrated a sharp peak at 27.5 corresponding to the (111) planes, which indicated the cubic structure
of CdTe. Since E. coli releases a large amount of proteins, especially metal-binding proteins, such proteins
aid in the formation of the capping layer surrounding CdTe QDs. The hydrodynamic size of the
E. coli-derived CdTe QDs was found to be larger compared to that of the hydrothermally-prepared CdTe
QDs. This suggested the presence of capping/coating layers surrounding the microbially-produced
CdTe QDs. Zeta potential measurements recorded —36.4 and —19.1 mV for E. coli and the hydrothermally
fabricated CdTe QDs, respectively. The difference in zeta potentials significantly indicated the presence
of several coating materials surrounding the prepared CdTe QDs. Further, the highly negative zeta
potential of E. coli-mediated CdTe QDs revealed the high stability of the biosynthesized crystals.
Fourier transform infrared (FTIR) spectroscopy was used to detect the possible chemical configuration
of the surface of the microbially synthesized CdTe QDs. Two absorption peaks were centered at 1668
and 1545 cm™! that could be attributed to the amide I and II group bendings, respectively. Coating
of the QDs with biomaterials following their production is considered an effective methodology to
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modify them in order to diminish their nanotoxicity. The prepared CdTe QDs were used to image
cultivated cervical cancer cells in vitro after functionalization with folic acid, and they proved to be an
effective substitute or complementary tool for using traditional organic staining methods.

Cadmium sulfide (CdS) QDs are typical sulfide nanoparticles that can be synthesized by
microorganisms. An easy route for synthesizing CdS QDs by the photosynthetic bacterium
Rhodopseudomonas palustris was proposed by Bai et al. [96]. The CdSOj solution reacted with R. palustris
biomass. After 48 h, the color of the reaction mixture changed to yellow, implying the synthesis of CdS
QDs. A maximum absorption peak occurred at 425 nm, which was distinctive for quantum sized CdS
particles. Moreover, XRD confirmed the crystallinity of the purified CdS QDs. TEM images showed
a uniform distribution of CdS QDs with an average diameter of 0.25 + 8.01 nm. The acidophilic
bacterium of the Acidithiobacillus genus mediated the synthesis of CdS QDs [101]. Three Acidithiobacillus
species, namely A. thiooxidans, A. caldus, and A. ferrooxidans, were exposed to sub-lethal concentrations
of Cd?* in presence of glutathione and cysteine. Red fluorescence was emitted by the reaction of
Acidithiobacillus species with cadmium ions. The fluorescence of cadmium-exposed cells changed from
green to red. The obtained CdS QDs displayed an absorbance band at 360 nm, as revealed by UV/Vis
spectrophotometer. Once excited at 370 nm, broad emission spectrum appeared between 450 and
650 nm, which was distinctive to CdS QDs. Interestingly, microbially-fabricated QDs by acidophilic
bacteria could withstand an acidic pH. These findings represent the first study to generate QDs with
desired traits via extremophilic bacteria.

E. coli was tested as a bio-matrix to mediate the synthesis of CdS QDs by Yan et al. [79]. A sharp
fluorescence emission peak appeared at 470 nm, indicating the presence of CdS QDs. Fluorescence
inverted microscopy and TEM confirmed the presence of spherical shaped CdS QDs with a homogenous
size of approximately 10 nm. The edges of the particles were lighter than the particles’ center, signifying
that the biosynthesized QDs might be enclosed by an enveloping capping material. Energy dispersive
X-ray spectroscopy (EDX) identified the elemental structure of the particles, which were mainly made
of sulfur and cadmium. XRD mapping indicated the presence of a cubic crystalline construction of CdS
QDs. This microbial synthetic route resulted in the formation of uniform sized particles of CdS QDs
with great fluorescence intensity. This synthesis approach had several advantages, including moderate
temperature, low toxic effects, and high efficacy.

Tellurite and tellurate are the most abundant forms of Te in nature [102]. The possibility of
changing them into the less toxic elemental Te (Te’) was investigated by Forootanfar et al. [103].
A bacterial strain was identified as Pseudomonas pseudoalcaligenes and was isolated from a hot spring.
P. pseudoalcaligenes was capable of synthesizing tellurium nanorods (Te QNRs) [103]. An absorption
peak was demonstrated at 210 nm and EDX of the purified Te QNRs displayed a characteristic Te
elemental peak at 3.72 keV. Cu peaks were also detected but they were derived from the TEM copper grid.
The cytotoxic effects of the biosynthesized Te QNRs on different cancer cell lines A549, HT1080, HepG2,
and MCF-7 were evaluated, and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was employed. The results show a direct relationship between the Te QNR applied doses
and the cytotoxic effect. A low toxic effect was conducted by the rod-shaped microbially-synthesized
tellurium nanostructures compared with that of Te** ions.

4.2.2. Fungal-Mediated Synthesis of QDs

F. oxysporum effectively mediated the preparation of highly fluorescent CdTe QDs at ambient
conditions, as proposed by Syed and Ahmad [87]. CdTe QDs were successfully synthesized by reacting
cadmium chloride and tellurium chloride with F. oxysporum mycelial biomass (20 g wet mycelia) for
96 h at 200 rpm. The fluorescence measurements were investigated via excitation of the reaction
mixture at 400 nm. The mycosynthesized QDs demonstrated a fluorescence emission peak positioned
at 475 nm, which was similar to chemically synthesized QDs. The XRD analysis showed intense peaks
corresponding to (111), (220), and (311) planes. An energy dispersive X-ray (EDX) spectrum revealed
signals corresponding to Cd, Te, O, and C. The C and O signals were likely due to X-ray emissions
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from proteins/enzymes present on the nanoparticle surfaces. X-ray photoelectron spectroscopy (XPS)
illustrated the existence of Cd, Te, O, and C as the main elements. Thermogravimetric analysis (TGA)
was carried out to identify the thermal properties (desorption/decomposition) of the as-prepared
QDs. The TGA spectrum showed weight loss (30%) in the temperature range of 200-250 °C. The first
weight loss was ascribed to the released biomolecules and water vapor, which coated the surface of the
mycosynthesized QDs. Further degradation upon increasing the temperature occurred at the range
of 500-700 °C. The prepared QDs exhibited antibacterial potential toward Gram-positive bacteria
(e.g., Staphylococcus aureus NCIM 2079 and Bacillus subtilis NCIM 2063) and Gram-negative bacteria
(e.g., E. coli NCIM 2065 and Pseudomonas aeruginosa NCIM 2200).

Selenium and lead-tolerable marine isolate Aspergillus terreus was used to mediate the
mycosynthesis of fluorescent lead selenide QRs (PbSe QRs) [72]. An absorbance peak occurred
at 872 nm, which was distinctive to quantum sized PbSe particles. A weak absorption peak at 375 nm
appeared, indicating the presence of protein-capping agents. FTIR spectroscopy was used in the
determination of the possible functional groups of the ligands capping the edges of the prepared QRs.
The UV/Vis spectrum of the mycosynthesized PbSe QRs showed absorbance peaks at wavenumbers
correlated with the presence of carboxylic and amide functional groups. Scanning electron microscope
(SEM) images illustrated the presence of biogenic PbSe nanorods. The PbSe QRs crystallite size of
3.057 nm was predicted using the Scherer equation.

The phytopathogenic fungus, Helminthosporium solani, was incubated with an aqueous solution of
cadmium chloride (CdCl,) and selenium tetrachloride (SeCly) under ambient conditions. CdSe QDs
were synthesized extracellularly. This was reported for the first time by Suresh [104]. The synthesized
particles had 1% quantum yield and broad photoluminescence. An absorption peak at 350 nm was
observed using a UV/Vis spectrophotometer, suggesting the formation of CdSe QDs. Absorption
bands between 270 and 280 nm were also detected, and may have originated from proteins or peptides,
thus demonstrating the possible involvement of protein or a peptide material as capping molecules.
The photoluminescence properties of the mycosynthesized CdSe QDs were investigated by fluorescence
spectral measurements following excitation at 380 nm. An emission band was observed at 430 nm.
EDX depicted strong elemental signals for both cadmium and selenide. Particles were monodispersed,
spherical in shape with an average diameter of 5.5 + 2 nm, and a few square-shaped particles were also
identified through the TEM images. The prepared particles were not in direct contact even within the
aggregates, indicating powerful stabilization by the capping proteins/peptides. Particle size analysis
showed that the particles had a mean diameter of 5.5 + 2 nm. XPS was used to further validate the
synthesis and assess sample purity and composition of biogenic CdSe QDs. The prominence of Cd and
Se confirmed the synthesis and purification of the prepared QD particles.

The extracellular mycosynthesis of CdS QDs using the white rot fungus Phanerochaete chrysosporium
was conducted by Chen et al. [88]. P. chrysosporium was incubated in cadmium nitrate tetrahydrate
containing solution. The reaction solution turned yellow after 12 h, signifying the biogenic synthesis
of CdS QDs. A maximum absorption peak occurred between 296 and 298 nm that was characteristic
of the CdS quantum particles. The as-prepared CdS QDs emitted blue fluorescence at 458 nm. XRD
confirmed the synthesis of crystalline CdS QDs with a face-centered cubic configuration. The average
size of the particles was almost 2.56 nm, as calculated by the Scherer equation. TEM showed that the
prepared particles were uniform in size. It was found that cysteine and proteins played a significant
role during the formation and stabilization of the prepared CdS QDs.

Rhizopus stolonifer was used for the biomimetic synthesis of cadmium chalcogenide QDs [90].
The suspensions of CdTe and CdS QDs exhibited purple and greenish-blue luminescence, respectively,
upon illumination via an 8 W UV lamp. Suspensions of both types of QDs remained highly stable
even after four months of storage and did not exhibit any kind of aggregation. The average calculated
crystallite sizes of both CdTe and CdS QDs were 7.6 and 8.8 nm, respectively, according to Scherer
equation. XRD data concluded the cubic and hexagonal crystalline phases of CdTe and CdS QDs,
respectively. More than 80% of the cells were viable, as confirmed by the MTT assay, using 20 pL
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of CdTe/CdS QDs. By loading the CdTe/CdS QDs in human breast adenocarcinoma (MCEF-7) cell
lines, better image contrast was obtained. These findings show that CdTe/CdS QDs could serve as
alternatives to traditional organic dyes.

Increased demand of CdS QDs has led to the search for new synthesis methodologies to guarantee
high production, precise control over particle size, and improved environmental friendliness within
the production process, since several techniques use toxic solvents and consume high energy. In this
context, Cardenas et al. [92] used F. oxysporum for the preparation of hydrophilic CdS QDs. The mycelia
of F. oxysporum were incubated with 1 mM of cadmium nitrate for 24 h at 30 °C. The biomass was
then filtered. The filtrate became yellowish in color, depicting the synthesis of extracellular CdS QDs.
This was confirmed by UV/Vis spectrophotometry, which revealed a characteristic band at 450 nm.
Biosynthesized QDs were circular in shape with a diameter of 2.111 + 6.116 nm and had a wurtzite
crystalline structure. EDX analysis of the prepared CdS QDs showed the presence of Cd and S elements.
TEM micrographs demonstrated the formation of circular-shaped agglomerated CdS QDs.

4.2.3. Yeast-Mediated Synthesis of QDs

Among the most important QDs, CdTe QDs have been extensively investigated in biomedical
and industrial applications due to their distinctive properties, such as high photo-stability, controlled
and narrow emission spectra, and high quantum yield, compared to conventional fluorescent dyes.
CdTe QDs are promising candidates in the biological imaging of living cells. CdTe QDs with tunable
fluorescence emission spectra were effectively biosynthesized using yeast cells, as demonstrated by
Bao et al. [105]. This was carried out via the incubation of a type of Saccharomyces cerevisiae, using Cd
and Te metal salt precursors. The as-prepared CdTe QDs displayed size-tunable dependent emission
spectra ranging from 490 to 560 nm. A high quantum yield of ~33% was obtained. The microbially
fabricated CdTe QDs were naturally surrounded with proteins and showed exceptional biocompatibility
and stability. TEM revealed the presence of well-dispersed CdTe QDs with a diameter ranging between
2.0 and 3.6 nm. XRD patterns of the biosynthesized CdTe QDs showed a diffraction peak centered at
20~26.7°, which corresponded to the (200) reflection for cubic CdTe QDs. The possible ligands that
might have capped the as-prepared CdTe QDs were detected via FTIR spectroscopy. Two absorption
peaks occurred at 1650 and 1566 cm~!, which corresponded to amide I and II functional groups,
respectively. The molecular mass and chemical composition of the capping proteins were further
analyzed by high performance liquid chromatography (HPLC). Interestingly, HPLC revealed the
presence of two types of proteins with molecular masses of 7.7 and 692 kDa with percentages of 93.4%
and 6.6%, respectively. These proteins were produced from the tested yeast cell under investigation
and aided in the stability and the inhibition of any possible aggregation of the prepared CdTe QDs.
Accordingly, the protein-capped CdTe QDs could be tremendously beneficial in bio-labeling and
-imaging applications.

ZnS QDs are among the most important and attractive semiconductor nanoparticles particularly
in infrared and fast switching optical devices. Mala and Rose [83] demonstrated the microbial synthesis
of ZnS QDs by S. cerevisine MTCC 2918. A characteristic surface plasmon resonance (SPR) band of ZnS
QDs was detected at 302.57 nm. XRD pattern showed that the nanoparticles were in the sphalerite
phase. Two photoluminescence spectra were revealed at 280 and 325 nm. This suggested that the yeast
had inherent sulfate-metabolizing systems that, in turn, were capable of assimilating sulfate.

5. Biomedical Applications of QDs

Semiconductor QDs are used in several applications, ranging from optoelectronic to bio-molecular,
as summarized in Figure 4. They are extremely promising nanomaterials that can be applied to
bio-sensing, bio-imaging, DNA detection, telecommunication, lasers, photo-detectors, and photovoltaic
devices [106]. QDs are promising candidates for bio-sensing owing to their exceptional physical,
chemical, and optical traits and the ability to bind different biomolecules to their surface. Innovative
applications of QDs developed the current techniques for proteins and DNA detection. Moreover, QDs
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are beneficial in immunochemistry via molecular tracking. They represent better alternatives for the
fluorescent beads that are mainly employed for studying the dynamics of neurotransmitter receptors
because of their very small size (approximately 1-10 nm) compared to latex beads (approximately
500 nm) [107]. The QDs also function as biological luminescent markers capable of recognizing
molecular structures. Effective multicolor cell labeling with QDs can typically be achieved through
receptor-mediated diffusion or unspecific endocytosis, which provokes primitive cellular mechanisms
to transfer nanoparticles via the cell membrane. Endocytosis is henceforth the least destructive mode
of delivery compared with traditional approaches, such as microcapillary injection or electroporation.
Endocytosis depends on injecting the target material into the cell. The inserted material becomes
surrounded by a part of the cell membrane, which then buds off from the main cellular body and forms
a vesicle inside the cell.

DNA detection;
gene therapy

Bio-imaging

Antimicrobial activity

Bio-diagnosis

Figure 4. Scheme representing the different biological entities used for the biological fabrication of
quantum dots (QDs) and their various applications.

The most commonly used fluorophores are organic fluorophores, such as genetically engineered
fluorescent proteins and chemically manufactured fluorescent dyes. There are two noteworthy
restrictions for using these organic fluorophores in different applications, as demonstrated by
Drbohlavova et al. [108]. First, they cannot consistently fluoresce over long periods of time.
Second, because of their quite broad emission spectra, they are not suited for multi-color bio-imaging
applications. Accordingly, a suitable fluorescent marker should be biocompatible, highly fluorescent,
and resistant to photo-bleaching.
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In the late 1990s, Bruchez et al. [13] and Chan and Nie [109] published the first trials for the usage
of QDs in imaging. Since then, researchers have exploited the properties of the QDs, in particular their
photo-stability, luminosity, size-tunable optical and electronic features, and multiplexing potential,
all of which enable QDs to be applied in a wide variety of different fields. Silver and its alloys were
extensively employed for a number of years in a range of applications, including jewelry, coins, casting,
and explosives [110]. Silver has also been demonstrated to have potent anti-microbial activity against
various types of microbes, including bacteria, yeast, fungi, and viruses. During the last few decades,
major scientific leaps in nanoscience have resulted in the development of quantum silver particles,
which have biomedical potential as a result of their photoluminescence in the NIR. The use of such QDs
may assist in certain biomedical applications such as photodynamic diagnostics, therapy, and in vitro
imaging [111].

The silver-based QDs with potential use in biomedical applications are silver chalcogenide QDs
(AgpX, where X =Te, Se, or S) as they exert low toxic effects in comparison with the other conventional
QDs, such as CdSe, CdTe, and CdS [112]. Silver chalcogenide-based QDs also have a narrow band
gap. For instance, the EBG of Ag,S, Ag,Se, and AgyTe are in the order 0.9-1.1, 0.15, and 0.67 €V,
respectively [109]. The biomedical use of Ag,X depends on the employed dopant type. For example,
Ag,Te primarily serves as a biological indicator (fluorophore), but it is rarely applied because of
tellurium high toxicity. Silver chalcogenide can be employed for two main applications: high-resolution
cellular imaging and in vivo tumor analysis. Jiang et al. [113], Wang et al. [114], and Zhang et al. [115]
were the first researchers to report the ability to use Ag,S QDs for the in vitro molecular imaging of
living cells. AgyS QDs can serve as nanoprobes for cell selection in biomedical imaging applications,
as they are effective in NIR II, which explains their high photoluminescence emissions. Wang and
Yan [116] reported the usage of Ag,S QDs in in vivo imaging, through which it was possible to
distinguish cancer cells.

Gold QDs (AuQDs) are ideal particles for biomedical applications because they are non-toxic,
inert, and biocompatible. Moreover, they exhibit ordered dispersity, and are easily functionalized.
Such features make them preferable for employment in diagnosis, imaging, delivery of medical therapies
to cells and tissues, control of surgical procedures, and electromagnetic radiation management [117].
It is worth noting that AuQDs possess the same characteristics as gold nanoparticles (AulNPs) but
AuNPs are dissimilar from AuQDs, as they do not fluoresce. AuNPs have SPR-induced colorimetric
characteristics which depend on particle size, shape, dielectrical nature, surrounding medium,
and surface functionality.

5.1. Applications of QDs in Tumor Research

Despite cancer being one of the most-studied diseases worldwide, a comprehensive cure or
diagnosis method has not yet been developed. Approximately 40% of the current population suffer
from this deadly disease. Scientists across the world struggle to innovate new methodologies and
therapies for the treatment of tumors. These techniques usually have a short lifespan due to the dynamic
genetic mutations occurring in cancerous cells. As a result, there is a need for innovative technologies
to help tackle cancer. Developing appropriate labels are at the main core of bio-labeling investigations.
Many conservative techniques already exist which rely on the use of traditional fluorescent labels in
tumor research, including organic dyes, which have some drawbacks. These include photo-bleaching
effects. As a result, the application of such organic dyes as fluorescent labels is very limited.
Semiconductor QDs possess attractive optical features for use in such applications, including broad
emission and narrow excitation spectra, extended fluorescence lifetime, and insignificant optical
bleaching. The narrow emission spectra and wide range of QD excitation wavelengths means that
a single source of light can promptly stimulate different QD particles. The QD emission peaks are
symmetrical, narrow, and with minor overlaps. This differs from organic fluorophores” emission peaks,
which are commonly asymmetrical and with wide notable tails. This makes organic fluorophores
vulnerable to disruption, so they become difficult to interpret. Furthermore, the emission wavelength of
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the QDs can be controlled by adjusting their crystal structure and size. QDs also possess a fluorescence
intensity that is commonly greater than that of traditional dyes. QD fluorescence intensity and
stability are 20-100 times greater than those of organic fluorescent dyes [118]. QDs are potent marker
tools for long-term follow-up studies of vital life processes due to their anti-quenching behavior
and photo-chemical stability [119]. Moreover, QDs display good optical stability in bio-imaging
and a high potential to resist photo-bleaching. The photo-bleaching rate of organic fluorescent dyes
makes them prone to fluorescence loss. On the contrary, the rate of photobleaching of QDs is very
low [120]. CdSe/ZnS QDs possess a fluorescence intensity for almost 14 h without the signal becoming
diminished [121].

As a result of these properties, QDs may become the preferred particle of choice in fluorescence
imaging and labeling. Such properties may extend their use into tumor research [26]. The advantageous
of photo-physical and -chemical characteristics of QDs make it feasible for QDs to be promising
candidates for early diagnosis, prognosis, and monitoring of tumors. Beyond this, QDs have been
used in tumor drugs delivery as well as photodynamic therapy (PDT) [122]. Among the various QD
applications in tumor research, the imaging of both in vivo and in vitro cells has received worldwide
attention [123]. QDs are particularly promising fluorescent labels for tumor cell imaging in vitro
because of their distinctive advantages. Modifying the surface coating of QDs enhances their flexibility
and labeling efficiency so that they can be used to explicitly and efficiently identify tumor cells at
both subcellular and cellular levels. Immune-histochemical (IHC) and trastuzumab-conjugated QD
(IHC-QD) techniques were recently developed by Miyashita et al. [124]. Images of the epidermal
growth receptors in tumor tissue samples were collected from 37 breast cancer patients. The novel
IHC-QD technique could overcome some of the disadvantages of the traditional IHC protocols, such as
the auto-fluorescence imaging of tumor cells. Such improvements might enable a more rapid detection
of HER2 expression level [124].

In case of in vivo studies, the optical probe fluorescence should effectively penetrate through tumor
tissues. NIR molecular probes (700-1000 nm) are more advantageous than visible wavelength-emitting
probes. Biological tissues have lower NIR absorption than visible light. This allows NIR light to
penetrate deeper into the targeted tissues than visible wavelength light, thereby enabling the assessment
of deeper tissues. In addition, at the NIR, there is less autofluorescence than visible wavelengths.
As a result, probes emitting light at the NIR region are more suited to and preferred for in vivo
imaging. Different QDs have been synthesized with fluorescence emissions ranging from UV to NIR
regions, which may be used in imaging of tumor tissues, sentinel lymph nodes, and blood vessels [125].
Compared to many other imaging techniques, like computed tomography and magnetic resonance,
QD imaging has the potential to provide further specific information. With respect to tumor imaging
in vivo, in 2004, Voura et al. [126] developed a technique for tracking tumor cell overexpression
within living animal tissues using QD labeling, emission-scanning microscopy, and multi-photon
excitation. Gazouli et al. [127] investigated the labeling of vascular endothelial growth factor (VEGF)
by the conjugating bevacizumab with QDs. By using this technique, non-destructive imaging of
the VEGF-expressing tumor xenografts was successfully achieved in animal models. These studies
suggest that QDs might be used as fluorescent trackers to label in vivo tumor cells. In addition,
fluorescent indium phosphide (InP) QDs have been modified with anti-VEGF receptor 2 (anti-VEGFR2)
monoclonal antibody to develop innovative chemotherapy for tumor cells. MiR-92a inhibitor induced
the expression of tumor suppressor p63 [82]. Imaging and treatment of target tumor cells has been
shown to be effective using VEGFR2-CD63 and the functionalized InP nanocomposite. For designing
heavy metal-free QDs for in vivo imaging, Yaghini et al. [114] synthesized biocompatible QDs with
strong quantum photoluminescent output that was suggested for use in mapping of lymph nodes.
Furthermore, their low intrinsic toxicity has made them suitable for imaging in vivo tumors.
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5.2. Applications of QDs in Drug Delivery as Drug Carriers

To date, the roles of QDs in drug delivery are chiefly divided into two main categories, in vivo
fluorescent probes and drug carriers and elucidating pharmacodynamics and pharmacokinetics. QDs
combined with biological molecules, such as antibodies and peptide ligands, may be used to enhance
their targeting and use in drug delivery systems [128]. The first study on the use of QDs for in vivo
targeted tumors diagnostic imaging and therapy was published in 2004 [129]. Since then, there has been
a number of studies that have used QDs to demonstrate their potential as tools for drug delivery and
tumor-targeting therapies [130]. ZnO QDs were developed as an innovative drug delivery system to
control the intracellular drug release, such as doxorubicin. Following penetration into cancerous cells,
controlled doses of doxorubicin would then be released due to the acidic intracellular conditions [131].
Another novel method using sulfonic-graphene (sulfonic-GQDs) was performed to target in vivo
tumor cells [128]. The sulfonic-GQDs penetrated the tumor cells without any bio-ligand modification
owing to the high fluid pressure in cancerous tissues. These data suggest that sulfonic-GQDs might be
employed as innovative agents in drug delivery.

5.3. Applications of QDs in Photodynamic Therapy

At the end of the 1970s, PDT was introduced for the first time as a cancer treatment technique [132].
PDT depends on the use of visible light, and photosensitizers in presence of oxygen molecules.
The key theory of PDT is that even after entering the body, photosensitizers appear to accumulate
in damaged rather than healthy tissues. At that point, the sensitizing source of light emits the
generated photosensitizers, which absorbs the photon energy and transmits it to the oxygen molecules,
where photo-oxidation takes place to release reactive oxygen species (ROS). ROS interacts with cells
and intracellular macromolecules, such as nucleic acids and proteins, and several subcellular organelles
undergo cellular apoptosis or necrosis. Several parameters affect the success of the PDT process,
including photosensitizer type and concentration in the targeted cells, laser wavelength irradiation
type, duration and intensity and oxygen content of the micro-environment surrounding the targeted
cells [133]. Photosensitizers are distinct molecules which can endure photochemical reactions once
exposed to light. Developments in photosensitizers have led to the advancement of PDT. Fakayode et
al. [134] reported the evolvement of nanoparticle self-lighting PDT (NSLPDT). NSLPDT depends on the
use of QD particles, which exhibit a sustained and controlled luminescent light release after excitation.
The self-luminescent particles are then conjugated with photosensitizers to synthesize a biological
system that can be directly injected into patients with cancer. NSLPDT overcomes the drawbacks of
weak penetration of external light sources and the poorly-induced PDT influence, which significantly
improves the efficacy of the cancer therapies compared with conventional PDT.

5.4. Applications of QDs in Microbial Labeling and Tracking

5.4.1. Single-Virus Labeling and Tracking

Single-virus tracking may provide a clearer understanding of the relationship between viruses
and their host cells through the imaging of the infection process, which involves attachment, entry,
replication and egress. Up until now, fluorophores usually used for labeling viruses chiefly depend
upon organic dyes such as cyanine5, fluorescent proteins such as green fluorescent protein, and QDs.
Compared with organic dyes and fluorescent proteins, QDs retain distinctive optical characteristics,
for instance, high quantum yield and photo-stability. This makes QDs very suitable for long-term
tracking of single-virus with high sensitivity. Depending on the site labeled, QD labeling strategies
for virus tracking are often categorized into three major groups: (i) internal components; (ii) external
components; and (iii) other components.

QD possible use to identify external viral components was documented through the interaction of
biotin-streptavidin with the virus particle (i.e., detected by a primary antibody) linked to a biotinylated
secondary antibody and lastly distinguished by streptavidin-conjugated QDs [135]. Joo et al. [136]
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succeeded in labeling retroviruses with QDs. This took place through a combination between a short
acceptor peptide, which was sensitive to attachment with streptavidin-conjugated QDs. The labeling of
biotin-streptavidin is an extremely simple labeling technique with improved potency and consistency.
However, the labeled viruses appear to have high infectivity. Hence, it is very important to control in
situ infection behaviors. To track viral infections, viruses can be labeled with several functionalized
QDs by altering the viral surface coating proteins. However, the incorporation of QDs on the viral
surface could have an impact on the viral ability to penetrate the host cells, thereby modifying virus-cell
interactions, which would make it almost impossible to control late viral infection after losing the
viral envelope [137]. Meanwhile, the encapsulation of QDs within the enveloped viral capsids may
introduce an ideal solution to tackle these problems. Chemical tracking strategies have been extensively
implemented. For instance, adeno virus serotype 2 was labeled successfully using QDs as reported
by Joo et al. [138]. The labeling took place via amine-carboxyl crosslinking interaction to strengthen
the imaging of the intracellular viral behavior within the targeted living host cells. Zhang et al. [126]
suggested the encapsulation of QDs inside the core of Type I human immunodeficiency virus to
facilitate viral tracking inside the living host cells. The authors revealed that conjugation of QDs with
modified genomic RNAs (gRNAs) containing a viral genome sequence could be incorporated inside
viruses. This further allowed the visible tracking of Type I human immunodeficiency virus infection.

Viruses are primarily comprised of DNA/RNA containing their genetic material, a protein envelop
(designated as the capsid) that stores viral genetic materials, and, in certain cases, a lipid coat may exist
around the protein envelope. Few viruses, however, do not have this complex structure. For instance,
a prion is made up of protein rich only with histidine (His), which, in turn, provides an appropriate
receptor for binding with divalent metals. Within this perspective, a modified QDs-Ni?* complex
of polyethylene glycol-nitrilotriacetic acid was suggested to facilitate labeling of the prion His-rich
protein, and tracking the transport behavior pattern [139].

5.4.2. Bacterial Labeling

Accurate and rapid recognition of pathogenic bacteria is of a major biomedical concern [140].
In the last few years, several dyes and fluorescent polymers have been tested for bacterial labeling [141].
However, QDs have also been extensively investigated as promising bioprobe alternatives for bacterial
imaging. QDs used for the labeling of bacteria are divided into four main classes; semiconductor QDs,
carbon dots (CDs), silicon QDs, and polymer dots (P dots). According to Jones et al. [142], pathogenic
bacteria are responsible for a large number of infectious diseases that contribute considerably to the
global mortality rate. Among the bacterial species that cause several bacterial diseases are Clostridium
perfringens, E. coli O157:H7, Salmonella typhimurium, Listeria monocytogenes, Mycobacterium tuberculosis,
S. aureus, Streptococcal sp., and Bacillus cereus [143]. Approximately 2.8 million in the United States
of America are infected annually with resistant bacterial strains, which in turn causes almost 35,000
mortalities annually [144]. It is therefore becoming increasingly critical to address effective strategies
for tracking and combating pathogenic bacteria in clinical settings, food, and the environment.

Monitoring the number of pathogenic bacteria and, in particular, drug-resistant bacteria is the first
and most vital step in controlling their spread. Generally, conventional plate counting and polymerase
chain reaction (PCR) are two common methodologies used in bacterial detection and quantification.
Although these methods are sensitive and precise, they require specific sample preparation and,
as a result, they are time consuming [144]. Consequently, there is a crucial need to enhance the
current methods for accelerated bacterial detection. CDs provide promising solutions to such rapid
detection methods because of their outstanding fluorescence properties, potent antimicrobial potential,
biocompatibility, and biosafety [145]. The efficiency of glowing CDs was proved in bacterial bioimaging
and optical detection [146]. Single-walled carbon nanotubes CDs were the first source for isolating
CDs. CDs involve quasi-spherical carbon QDs (CDs), graphene QDs (GQDs), and polymer QDs
(PQDs) [147]. CDs and GQDs are extensively studied as anti-bacterial agents [148]. They are useful
for bacterial detection and imaging as well as determining antibacterial potential. Such applications
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have been successful due to the interactions between the CDs and bacteria. The presence of functional
groups, such as sulfhydryl, amino, hydroxyl, and carboxyl groups on CDs greatly affects their
antibacterial potential. This is because of CD charged surface, unique structure, and photocatalytic
features which can be easily modified by different functional groups [144]. For instance, amines and
amides of N-doped-CDs play a vital role in improving the antibacterial effects [149]. The electrostatic
interaction occurring between the CDs and pathogenic bacteria might be the main key factor behind
CD antibacterial mechanism.

Ampicillin conjugated amino functionalized CDs (CDs-NH;) were investigated as a novel
approach in antibacterial therapies [150]. The resultant data showed that AMP-CDs generated ROS
under visible light irradiation, which were the leading cause behind the growth inhibition of E. coli.
Most E. coli strains are commensal and harmless, although there are also some pathogenic strains.
Examples of such bacterial sub-strains include E. coli O157:H7 and O104:H4. Both strains are related to
recent outbreaks in EU countries (Germany in 2011 and the UK in 2005 and 2009) and North America
(1996 and 2006) [151]. Effective, precise, and rapid detection of E. coli is generally desired. Rapid
detection of such bacteria has become a priority in a range of different disciplines, including those
relating to food, water, and the environment [152]. There are a number of common methods for
the detection of E. coli, including the membrane filtration, most probable number, and chromogenic
enzyme-substrate techniques. Nevertheless, these techniques are either labor- or time-intensive [151].
Therefore, Yang et al. [151] documented a novel and potent approach for E. coli cell labeling with QDs.
Two types of QDs were used; CdTe and CdTe/ZnS. Both QD types were used because they exhibit
good biocompatibility with emission wavelengths near to the flow cytometric excitonic absorption
wavelength. Hence, enabling rapid and accurate detection. Permeability was analyzed using SEM and
activity measurements of the released alkaline phosphatase (PhoA) from periplasm. This method has
opened a new avenue for the facile, quick, and sensitive detection of bacteria.

5.4.3. Fungal Labeling

Around 400 fungal species are identified as human pathogens, 50 of which cause several
neurological disorders [153]. For instance, F. oxysporum is an opportunistic fungus, which becomes
deadly to immunocompromised patients. It is therefore important to establish new and highly sensitive
approaches for the early fungal detection. PCR can be used to detect fungi. However, PCR techniques
are expensive and need a significant quantity of fungal biomass [154]. Additionally, because of the
distinctive optical characteristics of semiconductor QDs and CDs, in recent years, their suitability for
use in fungal labeling has been noted. Some Candida species are associated with superficial or invasive
infections to humans, particularly in immune-depressed patients [155]. Candida parapsilosis, C. tropicalis,
C. krusei, C. glabrata, and C. albicans. are among the most common Candida species responsible for
candidiasis. The biochemical components of the cell wall in Candida spp. are not only responsible for
their cellular integrity but also for the interaction between Candida sp. and the environment. The cell
wall is involved in biofilm formation and interactions with the host cells [156]. Hence, any changes in
the polysaccharide structural composition of the cell wall will directly affect the pathogen-associated
molecular patterns [157].

5.5. MicroRNAs (miRNA) Detection

miRNAs are a category of non-coding small nucleotide RNAs and are approximately
~22-23 nucleotides long. They act as monitoring molecules in RNA silencing and are included
in almost all pathological and developmental pathways in animals and humans [158]. After miRNAs
were first discovered in Caenorhabditis elegans [159], they were subsequently identified in all living
organisms and even some viruses. Nevertheless, miRNAs were not recognized as a biological
regulator class until the early 2000s. Since then, more than 30,000 miRNAs have been discovered [160].
Deregulation of miRNAs can cause some illnesses, such as cancer or cardiovascular disorders [161].
Up or down alteration of miRNA expression can have deleterious consequences on cellular processes,
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for instance, proliferation and apoptosis. In this context, miRNAs introduce a rich biomarker base for
the recognition of various illnesses.

The analysis of miRNAs is more challenging than that of other oligonucleotide targets for a
number of reasons, including sequence homology among family members, short coding length,
vulnerability to decomposition, and limited availability in RNA samples. Various techniques have been
innovated to meet the criteria required for miRNA analysis. The identification theory is dependent
upon Watson-Crick base-pairing and base-stacking. In situ hybridization, real-time PCR, Northern
blotting, and various microarrays are among the most commonly used techniques for detecting
miRNAs. The miRNA regeneration and reduced stability, time-consuming nature of the mentioned
methodologies, and the need for separation procedures are the key drawbacks for their widespread
use [162]. New techniques for the simultaneous detection of single and multiple short RNAs are
being actively pursued for elucidating gene expression profiles in biological systems and for the early
diagnosis of cancer and other illnesses. To increase the sensitivity, a number of new procedures have
been proposed, including the nucleic acid-based locked probing assay, the ligation chain size-coded
reaction, and probe-based exponential circle rolling amplification. Chen et al. [163] introduced a new
electro-chemiluminescent (ECL) biosensor for detecting miRNA via the interaction of QDs conjugated
with doxorubicin (DOX-QDs) with the DNA/RNA hybrids. This interaction caused the subsequent
amplification of ECL emissions. The elevated ECL strength was shown to be directly correlated to the
quantity of targeted miRNA in the tested samples.

6. Conclusions, Challenges and Future Prospects

Research on QDs has drawn worldwide attention from the scientific community. Growing
knowledge of green chemistry principles and biological processes has led to the establishment of
environmentally sustainable approaches to synthesize non-toxic and eco-friendly QDs. Unlike most
of the chemical and physical QD synthesis techniques, which involve noxious chemicals and costly
energy requirements, microbial synthesis of QDs is cost-effective and eco-friendly, and does not require
any external reducing, capping or stabilizing agents. Microbial synthesis of QDs has therefore emerged
as an attractive branch of nanobiotechnology. Furthermore, due to the high microbial diversity which
mediates the fabrication of QDs, microbes are considered as potential biological factories.

This review provides a comprehensive description of the basics of QD science since their early
discovery, their structural composition, their distinctive features, and the synthesis of QDs using
microbial machinery, such as bacteria, yeast, and fungi. Analysis of microbially-fabricated chalcogenide
QDs is discussed with regards to their structural and optical features. The structural properties have
been determined in context with XRD, FTIR, SEM, and TEM analyses. Optical characterization of
QDs was demonstrated via UV/Visible and fluorescence emission spectra, providing insight into the
arrangements of energy levels inside the particles. In addition, the versatile biomedical applications
of QDs and emerging obstacles are discussed. Despite their successful results, certain anticipated
problems, such as toxicity, have also been observed; thus, the use of QDs remains controversial. Capping
QDs with functional materials may result in complex lethal immune reactions. Additionally, heavy
metals present in the core may be toxic to host cells. For the full determination of the cytotoxicity
of QDs, an integration between the in vitro and in vivo investigations is mandatory. Toxic effects of
metal chalcogenide QDs are particularly dependent on several factors including QD sizes, surface
configurations, exposure routes, and agglomeration of the prepared particles. Extensive studies are
therefore required to elucidate the relationship between the toxicity and the factors listed above.

The use of microbes to mediate the synthesis of QDs is remarkably significant; therefore, further
studies are required for commercial development. Certain limits restrict the commercial production and
applications of QDs, including: (i) the relative increasing in QD sizes during synthesis; (ii) controlling
the synthesis stages such as nucleation, crystallization and crystal growth; and (iii) boosting the
synthesis rate of QDs by optimizing the variables affecting the synthesis process and the downstream
processing methodologies.
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Future research should be directed toward: (i) identification of the exact mechanism behind the
microbial synthesis of QDs; (ii) elucidation of the enzymes playing a key role during the nucleation
and growth of QDs; (iii) exploration of the distribution and mode of action of QDs to promote
their biomedical applications; (iv) determination of the effects of the exposure to low doses of QDs
for a long time; and (v) assessment of risk management arising from QD preparation, handling,
and storage procedures.
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Abstract: Acute kidney injury (AKI) is a disease caused by sudden renal dysfunction, which is
an important risk factor for chronic renal failure. However, there is no effective treatment for
renal impairment. Although some traditional polyherbs are commercially available for renal
diseases, their effectiveness has not been reported. Therefore, we examined the nephroprotective
effects of polyherbs and their relevant mechanisms in a cisplatin-induced cell injury model.
Rat NRK-52E and human HK-2 subjected to cisplatin-induced AKI were treated with four polyherbs,
Injinhotang (IJ), Ucha-Shinki-Hwan (US), Yukmijihwang-tang (Y]), and Urofen™ (Uro) similar with
Yondansagan-tang, for three days. All polyherbs showed strong free radical scavenging activities,
and the treatments prevented cisplatin-induced cell death in both models, especially at 1.2 mg/mL.
The protective effects involved antioxidant effects by reducing reactive oxygen species and increasing
the activities of superoxide dismutase and catalase. The polyherbs also reduced the number of
annexin V-positive apoptotic cells and the expression of cleaved caspase-3, along with inhibited
expression of mitogen-activated protein kinase-related proteins. These findings provide evidence for
promoting the development of herbal formulas as an alternative therapy for treating AKL

Keywords: acute kidney injury; acute renal failure; renal cell injury; polyherb; cisplatin;
nephroprotective; antioxidant; antiapoptosis; MAPK

1. Introduction

Acute kidney injury (AKI), also known as acute renal failure, is a disease caused by sudden
abruption in renal function with severe tubular damage, which is considered a global health problem
that accounts for 9.5% of in-hospital mortality [1]. Its etiology includes infections, sepsis, failure of
renal cell repair, and nephrotoxic drug insults. Cisplatin is one of the most effective chemotherapeutic
agents for treating various cancers of the ovary, head and neck, lung, breast, and bladder; however,
its application is limited by the development of nephrotoxicity [2]. Indeed, AKI occurs in 20-30%
of patients treated with cisplatin [3]. The main treatments for AKI focus on symptomatic therapies
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including saline hydration and diuresis, and discontinuation of cisplatin and other specific drugs until
renal function is recovered. Considering that AKI increases the risk of chronic or end-stage renal disease
with an exceptionally high mortality rate, the socioeconomic importance is increasing [4]. End-stage
renal disease can only be treated with dialysis and kidney replacement. Therefore, therapeutic strategies
are urgently needed to reduce the risk of developing cisplatin-induced nephrotoxicity.

The pathological progress of AKI involves oxidative stress, apoptosis, and inflammation [5].
In particular, oxidative stress is closely associated with cisplatin-induced AKI; reactive oxygen species
(ROS) overwhelming the endogenous antioxidant defense system induce lipid peroxidation and
cell damage, resulting in a reduction in the glomerular filtration rate [6]. The overproduced ROS
serves as intracellular signaling molecules to activate nuclear factor (NF)-«B [7] and mitogen-activated
protein kinase (MAPK) signaling [8]. Indeed, cisplatin-induced renal tubular damage involves the
activation of signaling proteins such as p38, extracellular signal-regulated kinase (ERK), and c-Jun
N-terminal kinase (JNK) [9]. There have been many efforts to develop pharmacological agents for
treating renal impairment, with growing interest in the beneficial effects of various antioxidants, such as
vitamins C (ascorbic acid) and E, curcumin, selenium, and bixin [10]. Among these, ascorbic acid is
a powerful antioxidant and free radical scavenger, which ameliorates renal failure and tubular cell
damage in the cisplatin-induced AKI model [11,12]. Furthermore, several dietary phytochemicals
containing polyphenols and flavonoids also appear to be efficient in AKI animal models [13]. However,
most antioxidant agents have shown inconsistencies between preclinical and clinical studies despite
their positive effects in the AKI model [10].

Conversely, there are traditional polyherb formulae used for treating renal deficiency since
ancient times in East Asia, including Korea, China, and Japan. Some traditional polyherbs have been
approved as pharmaceuticals and they are commercially available, based on long-term clinical
records rather than scientific evidence; however, their effectiveness in different renal diseases
needs to be clarified. Furthermore, their use should be carefully considered, because some
herbal components (i.e., aristolochic acid, croton, podophyllotoxin, and other plant alkaloids) can
induce severe nephrotoxicity [14]. There have been recent reports supporting the nephroprotective
effects of Boerhaavia diffusa, Rheum emodi, Nelumbo nucifera, and Crataeva nurvala, as well as active
compounds including curcumin and red ginseng extracts [15-17]. However, because most traditional
herbal medicines are used as combination formulae consisting of various herbs for synergic effects,
extensive studies are needed to prove their effectiveness for clinical use. Although mechanistic studies
on individual herbs are difficult, recent systems pharmacology can provide an understanding of the
nature of traditional medicines and their mechanisms [18,19].

We have attempted to screen the nephroprotective effects of polyherbs used for renal diseases
in traditional Korean medicine [20], and from these, we selected four polyherbs showing strong
antioxidant activities for this study. These polyherbs included the traditional medicines Injinhotang
(I]), Ucha-Shinki-Hwan (US; Gochajinkigan in Japanese), Yukmijihwang-tang (Y]; Liuweidihuang-tang
in Chinese; Rokumijio-to in Japanese), and Urofen™ (Uro) comprising ingredients similar to
Yondansagan-tang (Longdanxiegan-tang in Chinese; Ryutanshakan-to in Japanese). The nephroprotective
effects and relevant mechanisms were examined in a cisplatin-induced renal cell injury model.

2. Results

2.1. Free Radical Scavenging Activities of Traditional Polyherbs

In the results of the 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay, one-way analysis of variance
(ANOVA) showed significant differences among the groups (F = 121.7; p < 0.01, Figure 1). The post-hoc
tests versus the vehicle control revealed significant decreases by 15.2%, 37.9%, 29.8%, and 28.3% in
the IJ, Uro, US, and Y] groups, respectively (p < 0.01). The value was also decreased by 38.7% in the
ascorbic acid (AA) group (p < 0.01).
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Figure 1. Free radical scavenging activity of polyherbs. Antioxidant activity of four polyherbs, IJ, Uro,
US, and Y], was assessed using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay. Ascorbic acid (AA)
was used as a positive control. The results were compared with the vehicle control (Veh), and were
expressed as a percentage of the control. Values are means =+ standard deviation (SD) from three
independent experiments. **: p < 0.01 versus the Veh group.

2.2. Effects on Cell Viabilities in Cisplatin-Induced Nephrotoxicity

Compared to the normal control without cisplatin, the cell viabilities were 51.7% and 48.8% in
the vehicle-treated (Veh) group of normal rat kidney (NRK) and human kidney (HK)-2 epithelial
cells after cisplatin induction, respectively (p < 0.01), approximately reaching to the half-maximal
inhibitory concentration (ICs) values (Figure 2). Two-way ANOVA showed significant main effects
for the group in the NRK (F = 187.0; p < 0.01) and HK-2 (F = 101.1; p < 0.01), as well as for the dose
in the NRK (F = 122.6; p < 0.01) and HK-2 (F = 119.2; p < 0.01). There were significant interactions
between the group and dose in the NRK (F = 122.2; p < 0.01) and HK-2 (F = 250.7; p < 0.01), indicating
dose-dependent differences among the groups. Compared to the Veh group in the AKI model, the cell
viabilities significantly increased in treatments with IJ at 0.6 and 1.2 mg/mL, Uro at 0.3-2.4 mg/mL,
USat1.2 and 2.4 mg/mL, Y] at 0.3-2.4 mg/mL, and AA at 35-18 pg/mL in the NRK model (p < 0.01).
The increases were found in all the treatments at 0.6 and 1.2 mg/mL in the HK-2 (p < 0.01). The cell
viabilities were increased more with the polyherbs at 1.2 mg/mL and AA at 35 pg/mL compared to the
other doses in both models, and the treatments were, thus, used at these doses for further experiments.
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Figure 2. Protective effects on cisplatin-induced cell injuries. Renal cell injury was induced by cisplatin
in normal rat kidney (Cis-NRK, (A)) and human kidney-2 (Cis-HK-2, (B)) cells. The cells were treated
with AA, Injinhotang (IJ), UrofenTM (Uro), Ucha-Shinki-Hwan (US), or Yukmijihwang-tang (Y]) at the
indicated doses for 3 days. The results are expressed as a percentage of the cell viability in the cisplatin
non-treated normal control. Values are means + SD from three independent experiments. **: p < 0.01
versus the vehicle group (Veh).

2.3. Effects on ROS Production and Antioxidant Activities

The cells stained with dichlorofluorescein diacetate (H2DCFDA) for ROS levels were evidently
more in the cisplatin-treated Veh group of the NRK and HK-2; however, these seemed to be fewer
in the treatments with polyherbs (Figure 3). Few stained cells were observed in the normal control
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of the NRK and HK-2 cells without cisplatin treatment, regardless of the groups. One-way ANOVA
showed significant differences among the groups for ROS in the NRK (F = 39.4; p < 0.01) and HK-2
models (F = 53.1; p < 0.01). The levels of ROS in the NRK and HK-2 increased 2.5- and 3.1-fold in the
cisplatin-treated Veh group, respectively, compared to that in the corresponding cisplatin non-treated
controls (p < 0.01). However, the post-hoc tests versus the cisplatin-treated Veh group revealed
significant decreases of 16.6%, 13.9%, 21.5%, 26.5%, and 21.9% in IJ, Uro, US, Y], and AA groups in the
NRK, and of 25.0%, 14.4%, 26.4%, 33.6%, and 34.1% in the HK-2, respectively (p < 0.01). In addition,
significant differences were also observed among the groups for superoxide dismutase (SOD) activity
in the NRK (F = 181.9; p < 0.01) and HK-2 (F = 130.3; p < 0.01), and for catalase activity in the NRK
(F=70.9; p < 0.01) and HK-2 (F = 102.3; p < 0.01). Compared to the cisplatin non-treated control,
the cisplatin-treated Veh group showed significant decreases in the activities of SOD and catalase
(p < 0.01, Figure 3): the SOD activity decreased by 39.5% and 41.2% and the catalase activity decreased
by 39.9% and 38.6%, respectively in the NRK and HK-2 models. Compared to the cisplatin-treated Veh
group, SOD activity significantly increased by 1.4 folds in the Uro, US, Y], and AA groups, and 1.3 folds
in the IJ in NRK, and by 1.4 folds in the US and 1.3 folds in the other groups in HK-2 (p < 0.01).
Catalase activity increased by 1.4 folds in the IJ, US, and AA, and 1.3 folds in the Uro and Y] in NRK,
and by 1.3 folds in the IJ] and AA, and 1.2 folds in the other groups in HK-2 (p < 0.01). However,
there were no significant differences among the groups in the cisplatin non-treated conditions.
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Figure 3. Effects on reactive oxygen species production and antioxidant activities. The cisplatin-induced
NRK and HK-2 cells (Cis-NRK and Cis-HK-2, respectively) and the corresponding normal controls
(NRK and HK-2) were treated with AA, IJ, Uro, US, or Y] for 3 days. Representative images of cells
stained with dichlorofluorescein diacetate for reactive oxygen species (ROS) are shown in (A). Scale bars
indicate 50 um. Then, the levels of reactive oxygen species (ROS, (A—C)) and activities of the superoxide
dismutase (SOD, (D,E)) and catalase (F,G) were assessed. Graphs show the results as percentages of the
cisplatin-nontreated control. Values are expressed as means + SD from three independent experiments.
**: p < 0.01 versus the cisplatin-treated Veh group.
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2.4. Effects on Apoptotic Changes

Flow cytometric analysis showed that the number of annexin V-positive cells was low in the
cisplatin non-treated NRK and HK-2, whereas they were higher in the cisplatin-treated Veh control of
both cell models (Figure 4). However, the number of annexin V-positive cells tended to be lower in
both cell models treated with the polyherbs. There were significant differences among the groups in
NRK (F =130.5; p < 0.01) and HK-2 (F = 197.9; p < 0.01). The post-hoc tests versus the cisplatin-treated
Veh control revealed significant decreases by 37.6%, 53.9%, 46.5%, 64.3%, and 44.9% in the IJ, Uro, US,
Y], and AA groups, respectively, in the NRK, and by 24.6%, 47.6%, 45.4%, 54.0%, and 48.7% in the HK-2
(p < 0.01). However, there were no significant differences in the number of cells immunostained for
annexin-V only.

Cis-NRK Cis-HK-2
A Veh AA B Veh AA
a2 5 & =
b 5 6 2 }Jy/
f 7/ &
. [l 5 . :
=) =) ! ° )
TH02¢ 10%t 1082 1024 10¢% 1082 10001040 10%% 10's 0% 10%
= N Uro 1J Uro
z|2 & ¥ 2 E
3 3
8 :
€| < 3 3 3
3| o S e S S
2|° 2 3 2 =
a
g
e |z 3 / : 2
o o o o
1024 1082 1024 10%8 10¢ 10%8 1082 1083 10'¢ 1040 102
YJ us YJ
) ) 14 s S
w N ’ . / . -
é i / i W ¥ l
o— S T = e
102 105 10%2 1024 105 1002 10'¢ 100 1083 10'¢ 100 1009
. .
Annexin V Annexin V
C 60 D 60
£
2 4 g = —_—
w0 —
o
a
= ﬁ ﬂ i
) [ ]
0 —_— 0
Veh Veh AA IJ Uo US YJ Veh Veh AA IJ U US YJ
Cisplatin Cisplatin

Figure 4. Effects on apoptotic changes. The cisplatin-induced NRK (Cis-NRK, (A)) and HK-2 (Cis-HK-2,
(B)) cells were treated with AA, IJ, Uro, US, or Y], and apoptosis was measured by the annexin
V- and PI-double positive cells by flow cytometry. The results are expressed as percentages of the
cisplatin non-treated normal control (C,D). Values are means + SD from three independent experiments.
**: p < 0.01 versus the cisplatin-treated Veh group.

2.5. Effects on Cell Proliferation

Cell proliferation was assessed in the cisplatin non-treated normal cells after treatment with
the polyherbs for three days under serum-free conditions (Figure 5). Ki-67-positive cells showed no
differences among the groups in the NRK; however, they were significantly different in the HK-2
(F =16.6; p < 0.01). The post-hoc tests versus the normal Veh group showed significant increases by
1.2 folds in US and Y] (p < 0.01). Consistently, the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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bromide (MTT) assay for cell growth also showed that cells treated with US and Y] increased by 1.3
and 1.4 folds, respectively (p < 0.01).
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Figure 5. Effects on cell proliferation. Cells were treated with AA, I, Uro, US, or Y] under serum-free
conditions for 3 days, and Ki-67-positive proliferative cells were measured in the NRK (A) and HK-2
(B) using flow cytometry. Blue and red lines indicate the polyherb treatment groups and vehicle
control (Veh), respectively. Black indicates the experimental control omitting the primary antibody.
Results are expressed as a percentage of the Veh group (C,D). In addition, the cell growth was assessed
and expressed as a percentage of the Veh group (E,F). Values are means + SD from five independent
experiments. **: p < 0.01 versus the Veh group.

2.6. Effects on Expression of Caspase-3 and MAPK Signaling Proteins

The expression levels of cleaved caspase-3 and the phosphorylated forms of p-38 (p38-«) and
JNK (JNK2) increased upon cisplatin treatment (Figure 6). For cleaved caspase-3, the cisplatin-treated
Veh group showed a significant increase by 3.0 folds compared to that in the cisplatin non-treated
normal control (p < 0.01). There were significant differences among the groups in NRK (F = 97.8,
p < 0.01) and HK-2 (F = 75.7, p < 0.01). The post-hoc tests versus the cisplatin-treated Veh group
showed significant decreases by 49.4%, 27.3%, 45.1%, 30.0%, and 43.4% in the IJ, Uro, US, Y], and AA
groups, respectively, in the NRK, and by 45.4%, 24.4%, 37.2%, 44.9%, and 25.2% in the HK-2 (p < 0.01).
Furthermore, compared to the cisplatin non-treated Veh group, the cisplatin-treated Veh group showed
significant increases by 3.7 and 3.1 folds in the expression of p38-« and JNK2, respectively, in the NRK,
and by 3.4 and 3.7 folds in the HK-2 models (p < 0.01). There were significant differences among the
groups in the expression of p38-oc in NRK (F = 116.0, p < 0.01) and HK-2 (F = 55.1, p < 0.01), as well as
JNK2 in NRK (F = 77.7, p < 0.01) and the HK-2 (F = 92.9, p < 0.01). The expression of p38-« decreased
by 15.1%, 24.5%, 19.7%, 28.1%, and 25.8% in the IJ, Uro, US, Y], and AA groups, and by 16.2%, 19.4%,
21.7%, 27.2%, and 22.2%, respectively in NRK and HK-2 (p < 0.01). The JNK2 decreased by 24.2%,
31.4%, 26.1%, 38.1%, and 37.9% in the I, Uro, US, Y], and AA groups, respectively, in the NRK, and by
18.1%, 31.4%, 36.2%, 24.8%, and 30.1% in the HK-2 (p < 0.01).
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Figure 6. Effects on the expression of cleaved caspase-3 and activated mitogen-activated protein kinase
(MAPK)-related proteins. The cisplatin-induced cells were treated with AA, IJ, Uro, US, or Y] for 3 days,
and the expression of cleaved caspase 3 (Cas3) and phosphorylated MAPK proteins, p-38x and c-Jun
N-terminal kinase (JNK2), was assessed using western-blotting (A). The expression was normalized to
the levels of $-actin. The results are expressed as percentages of the cisplatin non-treated control (B-G).
Values are means + SD from three independent experiments. **: p < 0.01 versus the cisplatin-treated
Veh group.

3. Discussion

Similar to other studies [21-23], we found that cisplatin showed ICs, values at 20 pM in NRK and
16 uM in HK-2, and ascorbic acid was the most efficient at 35 pg/mL (250 M) in both cisplatin-induced
cell injury models. The cell models showed increased ROS production and reduced activities of
antioxidant enzymes, SOD and catalase, due to responses to the oxidative stress [24]. There have been
accumulated pieces of evidence that cisplatin-induced nephrotoxicity involves oxidative damage to
renal tubular cells and tissues [6,25]. Cisplatin reacts with an endogenous antioxidant, glutathione,
and produces reactive electrophiles, which deteriorate mitochondrial function, and disrupt the electron
transport chain, leading to increased ROS production [5,25]. The overproduced ROS reacts with
lipids, proteins, and nucleic acids, causing oxidative stress and damage [26]. Here, the polyherbs
showed significant free radical scavenging activities, and the treatments prevented cisplatin-induced
cell death in both NRK and HK-2 models, especially at 1.2 mg/mL. Furthermore, the polyherbs reduced
the ROS levels, which might increase the activities of SOD and catalase probably by the reduced
consumption to the oxidative stress. These results were similar to those of the treatment of ascorbic
acid used as a strong antioxidant. It is likely that the antioxidant properties of the polyherbs might
contribute to reduce the oxidative stress and conserve antioxidant enzymes, resulting in protective
effects against cisplatin-induced cell injuries. Many animal studies have shown nephroprotective
effects via antioxidant activity [6,27], suggesting that antioxidant polyherbs can have therapeutic
potential in AKL

Our previous study has shown the nephroprotective effects of four other polyherbs including
Bojungikki-tang, Palmijihwang-tang, Oryeong-san, and Wiryeong-tang [23]. The polyherbs are main
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traditional medicines for treating renal diseases; however, the antioxidant effects were little in treatments
with Oryeong-san or lower in treatments with others. Given that the pathogenesis of AKI involves
tubular oxidative stress, we selected the current polyherbs showing stronger antioxidant properties
than those of Bojungikki-tang and Wiryeong-tang. However, because all the polyherbs used previously
and currently inhibited cisplatin-induced apoptosis and cell death, the relevant pathway was further
examined. Increased ROS is known to activate the transcription factor, NF-«B, which plays a key role
in inflammatory progress [28]. Activation of NF-«B increases the levels of proinflammatory cytokines
(i.e., tumor necrosis factor-o and interleukin-6) and pro-apoptotic proteins (Bcl-2 family), and mediates
cell survival and differentiation [29]. The MAPK signaling pathway comprising p38, ERK, and JNK
is an upstream component of NF-«B [30]. Furthermore, ROS also activates JNK in proximal tubular
epithelial cells, and oxidative stress with activated JNK accelerates MAPK signaling, which induces
renal cell apoptosis [31-33]. Indeed, activation of MAPK proteins has been associated with renal cell
apoptosis and inflammation, leading to renal dysfunction [30,34]. In this context, the MAPK pathway
has a significant correlation with the regulation of oxidative stress, apoptosis, and inflammation,
and agents inhibiting oxidative stress and the MAPK pathway can have therapeutic potential for
cisplatin-induced AKI. Here, a cisplatin-induced cell model showed increased expression of activated
caspase-3 and apoptotic cell death as a result of the mitochondrial apoptotic cascade [35]. However,
treatment with the polyherbs resulted in antiapoptotic effects, accompanied by inhibition of activation
of MAPK proteins (p-38 and JNK). This indicates that the nephroprotective effects of the polyherbs
involve the inhibition of oxidative stress and MAPK signaling.

In traditional Korean medicine, IJ is prescribed for treating inflammation-related diseases,
especially in the liver, and Uro, US, and Y], are used for treating kidney deficiency [20]. Y], consisting of
six herbs, is the most common polyherb used for treating renal diseases, and many reports have shown its
preventive effects on renal hypertension and ischemic acute renal failure [36,37], along with antioxidant
and anti-tumor effects [36,38,39]. US consists of 10 herbs, including one in Y]. The Alismatis rhizome
and Dioscoreae rhizome contained in the Y] and US have been shown to improve blood flow [40] and
to exert anti-inflammatory effects [41-43]. In addition, the main herb (Artemisia capillaris) of 1] and
its compounds (dapillarisin) have shown strong antioxidant and anti-inflammatory effects [44,45];
Yondansagan-tang, which contains components similar to those of Uro, is used to treat hepatorenal
syndrome with hepatic inflammation and dysuresia [46]. In addition, the single herbs of Rhubarb and
Gardenia fruit included in IJ and Uro; Cinnamon in Uro and US; Rehmannia Root in Uro, US, and Y]J;
Moutan root bark in US and YJ; and Cornus fruit in Y] have been reported to exert nephroprotective
effects in animal models [47,48]. However, because of a lack of mechanism studies, it is difficult to
speculate which herbs or combinations can have nephroprotective effects. The present study is the first
to report the nephroprotective effects of IJ, Uro, US, and Y], and their relevant mechanisms. Because
traditional polyherbal formulae are used in various herbal combinations based on accumulated clinical
experiences, they may have synergic effects via multi-targeting. Furthermore, YJ possessing antitumor
effects can be used in combination with chemotherapeutic agents for treating renal cancer-related AKI.
Future studies are, thus, needed to clarify the exact mechanisms by which polyherbal combinations
enhance their beneficial effects.

Traditional polyherbs have advantages in that they can be applied to clinical patients for a long
time with few side effects. Here, polyherb-related cell death was not observed in the NRK and HK-2
cells; rather, cell proliferation was observed in HK-2 cells treated with US or YJ. As mentioned above,
US and Y] share six herbs, and their specific components could contribute to their proliferative effects on
human tubular cells; however, these components are unclear. Here, we demonstrated that antioxidant
polyherbs might exert nephroprotective effects by regulating MAPK signaling. The polyherbs used
were approved by the Korea Food and Drug Administration (FDA); however, their use has generally
ceased in hospitalized patients with AKI. These results support scientific evidence for the effectiveness
of polyherbs and their relevant mechanisms, which provide useful information for their clinical
application in AKI.

76



Molecules 2020, 25, 5641

4. Materials and Methods

4.1. Preparation of Traditional Polyherbs

The four polyherbs used here have been approved by the Korea FDA as general pharmaceuticals,
and are commercially available. These were IJ (Panparu™, Hanpoong Pharmaceutical Co. Ltd., Daejeon,
Korea), Uro (Urofen™, Hanpoong Pharmaceutical Co. Ltd.), US (BosinjiTM, Jeil Pharmaceutical Co.
Ltd., Seoul, Korea), and Y] (Yunbohwan™, Kyoungbang Pharmacy, Incheon, Korea). Their individual
ingredients are listed in Table 1. The polyherbs were dissolved in absolute dimethyl sulfoxide (DMSO;
Sigma-Aldrich, St. Louis, MO, USA), and then diluted with the cell culture medium at a final
concentration of 2.4 mg/mL with 0.5% DMSO as a vehicle. They were filtered through a pore size of
0.22 um, and stored at 4 °C in the dark until use. The effects of the polyherbs were compared with
those of AA (Sigma-Aldrich) as a positive control.

Table 1. Individual herbs composing the polyherbs used in this study.

Ingredients

IJ Artemisiae Capillaris Herba 2 g, Gardenia Fruit 1 g, Rhubarb 0.67 g
Akebiae Caulis 416.7 mg, Alisma Rhizome 250 mg, Angelica Gigas Root 416.7 mg,
Cinnamon Bark 16.7 mg, Ephedra Herb 16.7 mg, Forsythia Fruit 16.7 mg, Gardenia Fruit
125 mg, Gentian Root 125 mg, Glycyrrhiza 125 mg, Plantago Seed 250 mg, Rhubarb
16.7 mg, Scutellaria Root 250 mg, Raw Ginger 16.7 mg, Rehmannia Root 416.7 mg
Achyranthes Root 3.0 mg, Alisma Rhizome 3.0 mg, Cinnamon Bark 1 g, Cornus Fruit
us 3.0 mg, Dioscorea Rhizome 3.0 mg, Hoelen 3 g, Moutan Root Bark 3.0 mg, Psyllium Husk
3 g, Pulvis Aconiti Tuberis Purificatum 1.0 mg, Rehmannia Root 5.0 mg
Alisma Rhizome 240 mg, Cornus Fruit 320 mg, Dioscorea Rhizome 320 mg, Hoelen 240 mg,
Moutan Root Bark 240 mg, Steamed Rehmannia Root 640 mg

Uro

YJ

4.2. Free Radical Scavenging Activity

Antioxidant activities of polyherbs were assessed using the DPPH (Sigma-Aldrich) assay. Briefly,
the polyherbal solution was incubated with 0.4 mM DPPH solution in methanol at a final concentration
of 1 mg/mL for 30 min in the dark. Distilled water containing 0.5% DMSO was used as the vehicle
control. Absorbance was measured at 517 nm using an automated microplate reader (BIO-TEK,
Winooski, VT, USA) and antioxidant activity was calculated using the following formula:

(Absorbance of control — Absorbance of polyherb)

Inhibition (%) = 1 - X 100

Absorbance of control

4.3. Cell Culture

Kidney proximal tubular epithelial cell lines, rat NRK-52E (NRK) and human HK-2, were obtained
from the American Type Culture Collection (URL www.atcc.org). NRK and HK-2 were cultured in
Dulbecco’s modified medium-high glucose (Hyclone, Logan, UT, USA) and Roswell Park Memorial
Institute 1640 (Gibco, Grand Island, NY, USA), respectively. The media were supplemented with
100 U/mL penicillin/streptomycin and 10% fetal bovine serum (FBS; Gibco). The cells were maintained
at 37 °C in a humidifying incubator with 5% CO,.

4.4. Cisplatin-Induced Acute Kidney Cell Model and Treatments

When cells were grown to 80-90% confluence, they were seeded in 96-well (1 x 10* cells/well)
and 6-well (1 x 10° cells/well) plates. The AKI cell model was induced by cisplatin (Sigma-Aldrich) at
20 uM in NRK and at 16 uM in HK-2, as the ICsy under the serum-free conditions. The cells were then
treated with the polyherbs for three days, and the results were compared with those of the negative
control treated with vehicle alone (Veh).
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4.5. Cell Viability Assay

Cell viability was assessed using a MTT (TCI Chemicals, Tokyo, Japan) assay. MTT solution at
0.5 mg/mL in distilled water was added to the treated cells and incubated for 1 h at 37 °C. The cells
were then lysed in DMSO, and the absorbance was measured at 570 nm using a microplate reader
(BIO-TEK). Viability was represented as a percentage of the Veh group.

4.6. Assessment of ROS Levels

Cells (1 x 10* cells/well in a black 96-well flat-bottom plate) or cell suspensions (5 x 10* cells/well
in a black 96-well V-bottom plate) were incubated with 5 uM H2DCFDA (Invitrogen, Waltham, MA,
USA) at 37 °C for 15 min. The stained cells were observed using an inverted fluorescence microscope,
and the fluorescence intensities of the cell suspensions were measured at Ex-495nm and Em-520nm
using a microplate reader (BIO-TEK).

4.7. Assessment of Activities of Antioxidant Enzymes

Activities of antioxidant enzymes, SOD and catalase, were measured using commercial
enzyme-linked immunosorbent assay kits (#706002 for SOD and #707002 for catalase, Cayman,
Ann Arbor, MI, USA), according to the manufacturer’s instructions. For SOD, cells were sonicated in
20 mM HEPES buffer (pH 7.2) containing 1 mM ethylene glycol tetraacetic acid, 210 mM mannitol,
and 70 mM sucrose. The cell lysates were centrifuged at 1500x g for 5 min at 4 °C, and the supernatants
were reacted with tetrazolium salt. For catalase, cells were sonicated in 50 mM potassium phosphate
buffer (pH 7.0) containing 1 mM ethylenediaminetetraacetic acid. The lysates were centrifuged at
10,000 g for 15 min at 4 °C, and the supernatants were reacted with formaldehyde. The absorbance of
the reactions was measured at 450 and 540 nm for SOD and catalase, respectively, under the standard
curves using a microplate reader (BIO-TEK).

4.8. Flow Cytometric Analysis

Apoptotic changes and cell proliferation were measured using flow cytometry, as described
previously [23]. Briefly, for apoptosis, cell samples were incubated with a rabbit anti-annexin
V-FITC (1:1000, #14085, Abcam, Cambridge, UK) for 30 min, followed by propidium iodide at
50 pg/mL (Life Technologies, Carlsbad, CA, USA) for 10 min. For determining cell proliferation,
cells were fixed in 4% formaldehyde solution, and cell membranes were permeated with saponin
at 1 mg/mL (TCI chemicals). The cells were incubated with a rabbit anti-Ki-67 antibody (1:100,
#15580, Abcam), and then with an Alexa 488-conjugated goat anti-rabbit IgG antibody (1:1000, #11008,
Life Technologies) for 30 min each. All steps were performed on ice, and cells were washed three times
with phosphate-buffered saline containing 2% FBS between each step. The cells omitting the primary
antibodies were used as negative controls. The immunopositive cells were analyzed on a BD Accuri
C6-Plus flow cytometer (BD Bioscience, San Jose, CA, USA).

4.9. Immunoblotting

Cells were centrifuged at 10,000x g for 10 min at 4 °C, and the cell pellet was lysed in RIPA buffer
(Rock Land, Pottstown, PA, USA) with 1 mg/mL protease inhibitor (LeupeptinTM, Roche, Mannheim,
Germany) for 30 min. After measuring the amount of total protein using the BCA assay (Thermo-Fisher,
Rockford, IL, USA), the lysates were mixed with sodium dodecylsulfate (SDS)-gel loading buffer
(Biorad, Hercules, CA, USA), and boiled for 10 min. Equal amounts of samples were electrophoresed on
10% SDS-polyacrylamide gel electrophoresis gels, and transferred onto nitrocellulose membranes using
semi-dry blot transfer (Bio-Rad). The membrane was blocked with 5% skim milk in tris-buffered saline
with 0.1% tween (TBST), and then incubated overnight at 4 °C with the following primary antibodies:
mouse anti-cleaved caspase-3 (1:100, #9668, Cell Signaling, Danvers, MA, USA), mouse anti-p38-o
(1:500, #8691, R&D systems, Minneapolis, MN, USA), rabbit anti-J]NK2 (1:1000, #178953, Abcam),
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and mouse anti-B-actin antibodies (1:2000, Abcam). The next day, the cells were incubated with
anti-mouse and anti-rabbit horseradish peroxidase-conjugated secondary antibodies (1:1000, #1706515
and #1706516, respectively, Biorad) for 1 h. The membrane was washed with TBST five times for 30 min
after each incubation. The expression was visualized using WESTARNnC2.0 (Cyanagen, Bologna, Italy),
and analyzed using a ChemiDoc instrument (Bio-Rad). The expression levels were normalized to those
of B-actin.

4.10. Statistical Analysis

Data are expressed as the means + standard deviation in each experiment performed independently
at least three times. The homogeneity of variance was examined by the Levene test. As it was
not significant, multi-comparison ANOVA was examined, followed by Tukey post-hoc tests.
Dose-dependent effects of polyherbs on the cell viabilities in the AKI model were examined by
two-way ANOVA with main factors for the group and the dose, and the others were examined by
one-way ANOVA. Multi-comparison was described to be significant in the treatment group compared
to the Veh group. A p-value of less than 0.05 was considered statistically significant.
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Abstract: In this study, an unpretentious, non-toxic, and cost-effective dissolution casting method was
utilized to synthesize a group of anticancer and biologically active hybrid nanocomposite materials
containing biopolymer cellulose acetate. Pristine ZnO and Ag g 01, 0.05, 0.1)/ZnO hybrid nanofillers
based on variable Ag NP loadings were prepared via green procedures in the presence of gum arabic
(GA). The chemical structures and the morphological features of the designed nanocomposite materi-
als were investigated by PXRD, TEM, SEM, FTIR, TGA, and XPS characterization techniques. The
characterization techniques confirmed the formation of CA@Ag g o1, .05, 0.1)/ZnO hybrid nanocom-
posite materials with an average crystallite size of 15 nm. All investigated materials showed two
degradation steps. The thermal stability of the fabricated samples was ranked in the following order:
CA/ZnO < CA@Ag( 1)/ ZnO < CA@Ag( 05/ ZnO = CA@Ag(( 1y/ZnO. Hence, the higher Ag doping
level slightly enhanced the thermal stability. The developed nanocomposites were tested against six
pathogens and were used as the target material to reduce the number of cancer cells. The presence of
Ag NPs had a positive impact on the biological and the anticancer activities of the CA-reinforced
Ag/ZnO composite materials. The CA@Agq 1)/ZnO hybrid nanocomposite membrane had the high-
est antimicrobial activity in comparison to the other fabricated materials. Furthermore, the developed
CA@Ag(g.1)/Zn0O hybrid nanocomposite material effectively induced cell death in breast cancer.

Keywords: cellulose acetate; Ag-doped ZnO; nanocomposite materials; green synthesis; antibacterial
activity; anticancer activity

1. Introduction

Owing to their inherently advantageous structural, electrical, and mechanical char-
acteristics, polymer nanocomposites have experienced rapid growth in popularity and
advancement over the past few generations. The use of nanofiller in a polymer host could
be beneficial for a number of purposed, such as in biosensors, energy storage devices,
photocatalysts, drug delivery, and other applications [1]. Biopolymers differ from the
traditional polymers. They are created or obtained from living creatures, such as plants and
microbes [2]. Biopolymers may be natural or synthetic in nature [1]. The use of biopolymers
could produce material with unique properties, including biodegradability, biocompatibil-
ity, and sustainability [3]. Biodegradable polymers, or biopolymers, are synthetic materials
that can be decomposed by microorganisms such as bacteria and fungi [1,3]. As a result,
they do not harm the environment in any way [1]. Under aerobic conditions, biopolymers
degrade into CO,, HyO, and biomass, whereas under anaerobic conditions, they decompose
into methane, hydrocarbons, and biomass [3]. Therefore, biopolymers are promising sub-
stitutes for petroleum-based materials. Biopolymers can be categorized into three groups
depending on their sources. Biomass biopolymers, such as polysaccharides, proteins, and
lipids, are extracted from biomass. Biopolymers such as polylactic acid (PLA) can be
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chemically synthesized from biomass. Microorganism biopolymers, such as microbial
polysaccharides and microbial polyesters, are produced by microorganisms [3]. Improve-
ments in their mechanical and thermal characters can be achieved through nanoparticle
inclusion into the polymeric matrices. A number of nanoparticles, including metallic-based
materials and their oxides, as well as nanoclays, have been utilized to enhance the proper-
ties of polymers [4,5]. The development of biopolymers containing nanocomposites and the
many fields to which they have been applied have made possible new avenues of study. Ad-
ditionally, these types of nanocomposites are an emerging category of biohybrid composites
that typically combine biopolymer matrices with nanoscale reinforcing elements [6]. Such
eco-friendly NCs are well-rounded, so they should improve compatibility, recycling, and
output rates [3]. Moreover, biopolymers containing nanocomposites have a highly flexible
range of significant industrial uses in modern technology, such as for automotive parts,
environmentally sound packaging utilities, biomedical applications, smart electronics, and
a wide range of other applications [6].

Zinc oxide nanoparticles (ZnO NPs) constitute a multifunctional metal oxide because
of their unique electronic structure. They are also classified as semiconductor materials
(n-type), owing to the wide range of their bandgap (3.37 eV). Moreover, as non-toxic ma-
terials, they have potential in environmental and biological applications. ZnO NPs are
applied in a wide range of applications, for instance, gas sensors, optoelectronic devices,
dye-sensitized solar cells, and photocatalysts [7,8]. ZnO NPs have been incorporated into
biopolymers for target applications. Althomali et al. modified glassy carbon electrodes
with polyaniline@dialdehyde carboxymethyl cellulose /ZnO nanocomposites (PANI/D-
CMC/ZnO) for the detection of HyO, [9]. Akshaykranth et al. fabricated a novel nanocom-
posite that consisted of polylactic acid (PLA) and curcumin-ZnO to investigate its optical
and antibacterial properties [10]. Kotharangannagari et al. applied hybrid nanocomposites
of starch/lysine@ZnO NPs in food packing applications [5]. Because of their antibacterial
properties, a lot of attention has been paid to silver nanoparticles (Ag NPs). They are widely
used in biological applications, such as biosensors, forensic science, burn treatment, wound
healing, biomolecule diagnostics, and chemotherapeutic processes [11-14]. It has been
demonstrated that well-known oxide materials can be combined with biopolymers such
as polysaccharides and their derivatives to form nanocomposites that either have a novel
functionality or improve upon an existing function. Ail et al. used Ag/ZnO/chitosan
(Ag/Zn0O/Cs) ternary bionanocomposites to improve the antibacterial, optical, and pho-
tocatalytic properties of the metals [7]. Zare et al. combined Ag/Zn NPs with blended
poly(3-hydroxybutyrate-co-3-hydroxyvalerate)-chitosan (PHBVCS) biopolymers to make
food packaging that promotes longer shelf life [15]. Trandafilovi¢ et al. investigated
the photocatalytic and antimicrobial activity of alginate-ZnO/Ag nanocomposites [16].
Shi et al. constructed Ag—ZnO/ cellulose nanocomposites as effective photocatalysts for
the photodegradation of methyl orange (MO) [17]. Peng et al. reported decorating cel-
lulose/chitosan with Ag/Ag,O/ZnO (AZ@CC) to explore the resulting photocatalytic
and antimicrobial activity [18]. Cellulose is the natural biopolymer that is found in the
greatest abundance on the planet [17]. Among the most significant cellulose derivatives
is cellulose acetate (CA) [19], which is extracted and synthesized from renewable and
natural resources [20,21]. CA has attracted considerable attention, as it is a biodegradable
polymer with hydrophilic features, excellent chemical and mechanical stability, and low
toxicity [22,23]. Because of its advantages, CA has the potential to be broadly utilized
in industrial and biomedical applications, including drug delivery, wound dressing, and
separation membrane technology [24-26]. The number of studies related to CA have
increased [27]. In addition, gum arabic is one of the cellulose derivatives that could be
applied as a stabilizer in the synthesis of nanoparticles, as it is commercially available at
low cost [28-34]. The main strategy employed in the present work was to estimate the anti-
cancer and biological performances of cellulose acetate biopolymer membrane-reinforced
Ag/ZnO hybrid nanomaterials. A green synthesis procedure was utilized to prepare the
Ag/ZnO hybrid reinforcement agent in the presence of gum arabic. We also focused on
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structural investigations of the developed hybrid nanocomposite materials combined with
variations in Ag/ZnO dopant concentrations referring to the silver loadings using PXRD,
FTIR, TEM, SEM, XPS, and TGA techniques; morphological studies were also undertaken.

2. Experimental
2.1. Reagents and Materials

Silver nitrate (purity > 99%), zinc (II) nitrate hexahydrate (purity > 98%), cellulose
acetate, sodium hydroxide pellets, ethanol, and acetone (analytical grade) were obtained
from Sigma-Aldrich, Fisher Chemical, and Techno PharmChem India, respectively. Gum
arabic (GA) was available from a commercial market. Deionized water was used to prepare
all aqueous solutions. All chemicals were used as obtained.

2.2. Preparation of Pristine ZnO Nanoparticles

Freen synthesis of pristine ZnO NPs was carried out as follows: an aqueous solution
of Zn?* (50 mL, 0.1 M) and GA (40 mL, 1% (w/v)) was stirred for 30 min, followed by
an adjustment of the pH to 10. The stirring was continued for an additional 180 min. For
a period of 24 h, the suspended solution was aged at room temperature. Before being
dried in a furnace, the emulsion was first centrifuged; then, any residue that remained was
thoroughly cleaned with ethanol and deionized water. The ZnO nanoparticles were then
subjected to a calcination process for 1 h at 400 °C in an oven.

2.3. Green Synthesis of Ag(0.01, 0.05, 0.1)/ZnO Hybrid Nanomaterials

A green synthesis for the Ag/ZnO hybrid nanomaterials based on variable Ag loading
was carried out as follows. Equal amounts of Ag* and Zn?* and 40 mL of aqueous solution
GA (1% (w/v)) were stirred together for 30 min. The pH value was adjusted to pH = 10,
and the aqueous solution was left at room temperature for 24 h. After the colloidal was
centrifuged, it was washed with a small amount of ethanol and deionized water. The
suspended solids were then centrifuged again. The precipitate was then dried in the oven
and subjected to a calcination process for 1 h at 400 °C in a furnace. The concentration of
7Zn%* was kept constant at 0.1 M, and three Ag™ concentrations were used, i.e., 0.01, 0.05,
and 0.1 M. Scheme 1 is an illustration of the preparation of Ag/ZnO hybrid nanomaterials.

addcd added

( um Acacia d|uvt pH to 10
Stlrrui Nllrruj Agu.l
for 30 min for 30 min for 24 h
At room temperature Af room temperature At room temperature
; Driied at Calcined
Washed
Ethanol + DW 45 °C in an oven for 1 h at 400 °C

FURNACE

Scheme 1. An illustration of the green synthesis of Ag( 1, 0.05,0.1)/ZnO hybrid nanomaterials.

2.4. CA/ZnO and CA@Ag/ZnO Hybrid Membrane Fabrication Procedures

The dissolution casting technique was utilized to fabricate the developed CA/ZnO and
CA@Ag/ZnO hybrid membranes. A solution of 25 mL of acetone consisting of dissolved
cellulose acetate powder (1 g) and a 10% fixed loading of pure ZnO nanoparticles was used
to prepare the CA/ZnO hybrid membrane. The solution was stirred for 2 h, then sonicated
for 30 min. The casting procedure was then carried out, and the homogeneous solution was
poured into a glass petri dish. To avoid contamination from environmental particles, the
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dishes were wrapped in aluminum foil and dried for 24 h. Similar procedures were applied
for the fabrication of the CA@Ag o 1-0.1)/ZnO hybrid membranes using three different
loadings of Ag (0.01, 0.05, and 0.1) each time.

2.5. Utilized Instrumentation

The properties of the CA biopolymer, the prepared green nanomaterials, and the
developed CA/ZnO and CA@Ag/ZnO hybrid membranes were studied using a number
of characterization techniques, such as PXRD, FTIR, TEM, SEM, TGA, and XPS. The
instrumentation used in this study was as follows. The PXRD pattern from 5° to 80° was
recorded with a Bruker D8 Advance X-ray diffractometer using Cu K (=1.5406A) radiation
at 40 kV and 20 mA. The FTIR spectra were recorded by (FT/IR-4100, JASCO, Japan) in
the range 4004000 cm ™. The produced hybrid materials were analyzed using a TGA-50
Shimadzu Thermo gravimetric analyzer. We investigated the morphology and chemical
makeup using a JEMF200 multipurpose electron microscope and a JSM-7610F Plus Schottky
field emission scanning electron microscope. X-ray photoelectron spectra were captured
using a Thermo Scientific K-Alpha™ spectrometer (XPS).

2.6. Biological Screening

The biological activities of CA biopolymer and the developed CA/ZnO and
CA@Ag/ZnO hybrid membranes were displayed via the agar diffusion technique. They
were tested against a wide range of bacterial species, Gram-negative bacteria strains, Gram-
positive bacteria strains, and fungi; for example, Serratia marcescens ATCC 21074 and
Escherichia coli ATCC 35218; Bacillus Cereus ATCC 14579 and Staphylococcus aureus
ATCC 29213; and Candida albicans ATCC 76615 and Aspergillus flavus ATCC 9643. All
microorganisms were supplied by King Abdulaziz University (microbiology lab located
at King Fahad Medical Center) in Jeddah, Saudi Arabia. Previous studies revealed the
methodology used to evaluate antibacterial efficacy of the new nanocomposites [35]. Table 1
displays the results of measuring the size of the growth inhibition zone.

Table 1. Antimicrobial activities of CA/ZnO and CA@Agq 01, 0.05, 0.1)/ ZnO hybrid materials.

Microorganism Species/Inhibition Zone (mm)

Symbol

S. aureus B. subtilis E. coli S. marcescens A. flavus C. albicans
CA/ZnO 8 3 - 7 - 2
CA@Ag(y.1)/ZnO 15 16 12 10 - 9

2.7. In Vitro MCF7 Anticancer Activity
2.7.1. Cell Culturing

The breast cancer cell lines (MCF-7) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM), which was complemented with 10% fetal bovine serum (FBS), 100 g/mL
streptomycin, and 100 units/mL penicillin. After the cell lines had developed to their
full potential, they were subjected to an incubation period at a temperature of 40 degrees
Celsius. The compounds that were analyzed were suspected of having undergone many
doses of testing with MCE-7.

2.7.2. Experimental (Cell Count and Cell Viability) Investigations

The CA@Ag 1)/ ZnO nanocomposite was chosen for this investigation because it had
previously been explored for its antimicrobial activity. In the previous investigation, it was
shown to demonstrate a modest level of antimicrobial activity against the bacteria and
fungus that were being studied. Over the course of 48 h, MCF-7 breast cancer cell lines were
cultivated in two different environments: in the absence of CA@Ag 1)/ZnO nanocompos-
ite and in its presence at several concentrations (0, 0.5, 1, 2, and 3 mg/mL). Following the
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incubation time, microscopic pictures were captured using inverted microscopy. Thereafter,
MCE-7 cell lines were harvested and quantified utilizing a hemocytometer [36-38].

In addition, an MTT test was carried out to determine cell viability according to the
recommendations provided by the manufacturer (Invitrogen, Carlsbad, CA, USA) [39]. This
test assessed the viability of cells by evaluating the metabolic activity of the cells that were
found to be viable. In this regard, MCF-7 cell lines were implanted in 96-well, flat-bottomed
plates, and cells were plated in the 96-multiwell plate (104 cells/well) for 24 h prior to
treatment with the material to enable cell adhesion to the plate wall. Experiments were
carried out for forty-eight hours, first in the absence of the CA@Ag ( 1)/ZnO nanocomposite
and then in its presence at varied concentrations, namely 0, 0.5, 1, 2, and 3 mg/mL.

3. Results and Discussion
3.1. Chemical Structure Evaluations of CA/ZnO and CA@Ag/ZnO Hybrid Membranes

The chemical structure of the developed CA/ZnO, as well as that of CA@Ag/ZnO in
hybrid membranes with variable silver loadings, was evaluated by eco-friendly and cost-
effective dissolution casting methods. Prior to the fabrication process, a green preparation
of pristine ZnO and hybrid Ag-doped ZnO NPs was carried out in the presence of gum
arabic. The solution’s immediate color change from colorless to dark gray confirmed the
reduction in silver ions. GA is a water-soluble polysaccharide-based biomaterial. The
advantage of gum arabic in this application is its ability to stabilize the desired hybrid
nanocomposite materials.

The PXRD features of CA, CA/Zn0O, and CA@Ag ¢1-0.1)/ZnO hybrid composite
membranes are shown in Figure 1. This figure shows that pristine CA had a typical
diffraction pattern, including two separate diffraction peaks at 18 and 22° in the 2 direction,
as previously reported in the literature [40]. The crystalline nature of CA@ZnO was
demonstrated by a hexagonal structure with a P 63 mc space group, which is consistent
with the reference data for the material (JCPDS no. 36-1451). CA@Ag.1,0.05,0.1)/ZnO
hybrid nanocomposites had a face-centered cubic crystalline structure, as reflected by their
respective PXRD patterns, i.e., space group Fm-3m. These peaks were well-matched with
the reference peaks of silver (JCPDS no. 04-0783). The refraction peaks at 32.79 and 54.9°
indicated the existence of Ag NPs. Figure 1 confirms the doping of the ZnO NPs with Ag
NPs. Moreover, the ZnO NPs maintained their crystal structure. Scherrer’s formula was
applied to the FWHM of the prominent peaks and their location to derive the crystallite
size (D) of the produced nanocomposite (nm). The pristine CA crystallite size (D) was
3.1 nm, whereas the average crystallite size of the fabricated nanocomposite membranes
was approximately 15 nm.

Figure 2 displays a TEM image of CA@Agq 1)/ZnO hybrid membrane (a) as a selected
example, and its related particle size distribution histogram is shown in Figure 2b. It can
be seen from the image that the prepared sample had a spherical shape, and the average
size of nanoparticles was 15 nm. The Ag/ZnO hybrid showed improved compatibility and
good distribution of nanoparticles into the CA polymer matrix.

Figure 3 displays SEM micrographs of pristine CA (a) CA@Agq 1)/ ZnO hybrid ma-
terial (b), a high-resolution image of the CA@Ag 1)/ZnO hybrid material (c), and the
EDX signals and their percentage composition of the CA@Agq 1)/ZnO hybrid material (d).
Figure 3c shows that after the surface of CA was changed with a Ag( 1)/ZnO hybrid mem-
brane, a variety of accumulated bubbles of different shapes appeared. Energy-dispersive
X-ray (EDX) was used to examine the elemental composition of the prepared sample, as
seen in Figure 3d. There were two peaks at 1.2 and 9.00 keV denoting Zn. The peak at
0.5 keV denoted O. The peak at 3.0 keV corresponded to silver. Moreover, an energy peak
of C linked to carbon in CA was also present. These findings confirm the formation of
a CA@Ag(q.1)/Zn0O hybrid nanocomposite membrane.
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Figure 1. PXRD diffractograms of pristine CA, CA/ZnO, and CA@Ag1,0.05,0.1)/ZnO
hybrid membranes.
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Figure 2. TEM image of CA@Ag 1)/ ZnO hybrid membrane (a) and a histogram of its particle size
distribution (b).

Figure 4 shows the FTIR analyses of the developed hybrid materials in the range of
500-4000 cm . FTIR analysis clarified the material functionality and nanocomposite for-
mation of the hybrid nanocomposite. Figure 4 shows the FTIR spectra of pristine CA (black
line), CA/ZnO composite material (purple line), and CA@Ag(g 01, 0.05, 0.1)/ ZnO hybrid mate-
rials as final targeted products (green, pink, and red lines, respectively). The FTIR spectrum
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of pure CA showed an absorption-stretching broadband around 3400 cm~!, representing
the presence of hydroxyl groups. The C-H group was obtained from the foundations of
various peaks centered at 2973 and 1373 cm ™. The peak at 1061 cm~! was attributed to the
C-O group. The presence of the peak around 1500 cm~! was attributed to the stretching of
the CA composition of the C=O ester carbonyl group. The peak at 1061 cm ™! was attributed
to the 1120 cm ™! (acetate C-C-O stretching) and 1016 cm~! (C-O stretching), which are
characteristic of CA [41,42]. The FTIR spectra of CA@ZnO hybrid materials (purple line)
display a characteristic peak of CA. In addition, a new peak around 477 cm~! was assigned
to ZnO vibration, which further confirmed the formation of ZnO [42]. It can be seen that
after the formation of of silver nanoparticles on the surface of the zinc oxide nanoparticles,
the intensity of the ZnO peaks decreased in CA@Ag( 01, 0.05,0.1)/ZnO (green, pink, and red
lines, respectively) [43].

Figure 3. SEM micrographs of pristine CA (a) CA@Agq.1)/Zn0O hybrid material at low (b) and high
magnifications of (c) and EDX analysis of CA@Agq 1)/ZnO hybrid material (d).
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Figure 4. FTIR of pristine CA, CA/Zn0O, and CA@Ag(g 01, 0.05, 0.1/ ZnO hybrid materials.

89



Molecules 2023, 28, 1290

Figure 5 illustrates the TGA patterns of pristine CA, CA/ZnO, and
CA@Ag(001,0.05 01)/ZnO hybrid materials. An initial weight loss amounting to ~10%
occurred at around 100 °C in all samples as a result of the removal of H,O molecules
and/or trapped solvents on the surface. The TGA thermogram for the pristine CA (black
line) displayed single-step weight losses. This TGA thermogram also exhibited a sharp
reduction in weight; 50% of the weight loss was observed at temperatures less than 400 °C.
The thermal degradation of pristine CA was complete at 600 °C. In the fabricated CA/ZnO
and CA@Ag 001,005, 0.1)/ZnO hybrid materials, the TGA curves mainly displayed two-step
weight losses. The CA/ZnO thermogram showed lower thermal degradation in the first
step compared to the CA, which meant that the addition of ZnO accelerated the ther-
mal decomposition of the pristine CA. Meanwhile, it displayed a significant increase in
thermal stability in the second step. The first step was rapid, starting at around 217 °C
and ending at around 385 °C, whereas the second step was slow and was completed at
around 492 °C. Furthermore, CA@Ag g 1,0.05,0.1)/ZnO hybrid materials showed identical
decomposition patterns consisting of two main decomposition stages. The TGA curves of
CA@Ag 0,05 /ZnO and CA@Ag 1)/ ZnO were nearly identical (a tiny shift was observed,
as illustrated in the subfigure of Figure 5). The first step was rapid, starting at around
264 °C and ending at around 385 °C. The second step was complete at around 500 °C.
However, there was a noticeable shift in the TGA curve of CA@Ag 1)/ Zn0O. This shift
was clearly noted between 250 and 350 °C. The first step was rapid, starting at 200 °C
and ending at around 386°C. The second step was complete at around 425 °C. An almost
75% weight loss was observed in all the fabricated hybrid materials at around 450 °C. The
thermal stability was highly affected by the silver loading in the fabricated hybrid materials.
The thermal stabilities for those developed materials were detected in the following order:
CA/ZI’IO < CA@Ag(()Ol)/ZDO < CA@Ag(005) /ZnO = CA@Ag(Ol)/ZDO

100 + Pristine CA
—— CA/ZnO
—— CA@Ag01/ZnO
80 —— CA@AJ0,05/Zn0O

;\? — CA@Ag(O_1)/ZnO

Y
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=
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Figure 5. TGA thermograms of pristine CA, CA/ZnO and CA@Agq o1, 0.05, 0.1)/ ZnO hybrid materials.

Figure 6 displays the high-resolution XPS spectra of the fabricated CA@Ag( 1)/ZnO
hybrid nanocomposite. Figure 6a presents two observable peaks at 1045.00 eV and
1022.01 eV that are characteristic of Zn 2pq,, and Zn 2p3/,, respectively. This observa-
tion confirms the presence of Zn?* ions within the fabricated hybrid nanocomposite.
Figure 6b presents the high-resolution Ag 3d spectrum giving rise to two peaks at 367.91
and 373.85 eV, corresponding to the Ag 3ds5,, and Ag 3d3, orbitals typical of Ag, respec-

90



Molecules 2023, 28, 1290

tively. Figure 6¢ shows a distinct peak realized at 532.84 eV, which could be correlated to
Ols. This observation endorses the presence of an oxide lattice phase within the hybrid
nanocomposite [44—46].
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Figure 6. High-resolution XPS spectra of CA@Agq 1)/ ZnO hybrid material, the Zn 2p (a), Ag 3d (b),
and O1s (c).

3.2. Antimicrobial Activities

The fabricated CA/ZnO and CA@Ag (01, 0.05,0.1)/ZnO hybrid materials were biologi-
cally screened against some selected bacterial and fungal microorganisms; the obtained
results are illustrated in Table 1 and Figure 7. The biological characters showed that the
presence of Ag NPs influenced the antibacterial capabilities of the developed nanocom-
posite materials. Table 1 records the effect of each tested material shown in the obtained
inhibition zones (mm) of the bacterial species and fungi, whereas Figure 7 shows a screening
illustration of CA/ZnO and CA@Ag 1, 0.05,0.1)/ZnO hybrid materials against the same
investigated microorganisms. A disk diffusion method was applied to evaluate the antimi-
crobial activity assay of prepared samples. It can be seen from Table 1 and Figure 7 that
all fabricated hybrid composite materials demonstrated significant biological performance
against the majority of the tested bacteria and fungi, except A. flavus. Moreover, there was
a proportional relation between the concentration of Ag NPs in the prepared samples and
the inhibition zone (mm). The replication process and the growth of microorganisms were
noticeably affected by the increase in Ag NP loading. Thus, the CA@Agq 1)/ZnO hybrid
nanocomposite membrane had the highest antimicrobial activity among the prepared
samples. The biological properties showed that the presence of Ag NPs influenced the
antibacterial capabilities of the nanocomposite.

Many different mechanisms have been proposed for the inhibition and destruction
of bacterial cells [18,47,48]. According to some studies, electrostatic interaction between
nanomaterials and microorganisms would release a positive ion that would lead to mem-
brane breakdown or permeability disruption; for instance, ZnO NPs and Ag NPs would
produce Zn?* and Ag* ions, respectively, which would lead to cell death [7]. Such ions
may have the potential to interfere with the negatively charged functional groups (such as
—-NH, -COOH, and -SH) that are found in proteins and nucleic acids, which may lead to
the suppression of DNA replication and the rupture of cell walls. Moreover, it has been
reported in the literature that the formation of reactive oxidation species (ROS), such as
hydroxyl radical (-OH) and hydrogen peroxide (H,O;), superoxide radical (O, ™), and sin-
glet oxygen (O,), can cause bacterial cell death. These species exhibited different levels of
activity and dynamics with ZnO NPs and Ag NPs. ROS caused oxidative stress in bacteria,
resulting in cell death. Moreover, the presence of Ag would reduce the recombination rate
of the electron-hole pair, enhancing the production of ROS. It has been suggested that the
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cause of cell death may be the direct interaction between various NPs and the bacterial
membrane [18,47,48].
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Figure 7. Antimicrobial activities of CA/ZnO and CA@Ag( 01, 0.05,0.1)/ZnO hybrid materials in the
presence of selected microorganisms.

3.3. In Vitro MCF7 Anticancer Activity

Figure 8 shows images of the MCF7 cell used as a control (a) and that in the presence
of variable concentrations of CA@Agq 1/ZnO hybrid composite material (0.50, 1, 2, and
3 mg/mL) (b-e) at a magnification of X = 600. Figure 8 also shows the relationship between
cellular uptake and the cytotoxicity of the hybrid nanocomposite. In addition, the results in
Figure 8 indicate the positive effect of the hybrid nanocomposite on the health of cells as
depicted by their more flattened appearance. Because of this effect, the CA@Agq 1)/ZnO
hybrid nanocomposite induces cell death in breast cancer. This result is consistent with the
findings reported in the abovementioned figure.

Figure 8. Images of MCF7 cells for the control (a) and in the presence of variable concentrations of
CA@Ag(.1)/ZnO nanocomposite 0.50, 1, 2, and of 3 mg/mL (b-e) at a magnification of X = 600.

Furthermore, Figure 9 displays the MCF7 cell counts at variable concentrations of
CA@Agg.1)/ZnO nanocomposites, namely 0.50, 1, 2, and 3 mg/mL. It can be concluded that
the cytotoxicity potential associated with the nanocomposites occurred in a concentration-
dependent manner. The hybrid nanocomposite caused 50% cell growth inhibition at
a concentration of 1 mg/Ml. Moreover, Figure 10 displays the MCF7 cell viability at variable
concentrations of CA@Agq 1)/ZnO hybrid material, namely 0.50, 1, 2, and 3 mg/mL.
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Figure 9. MCF7 cell counts at variable concentrations of CA@Ag g 1)/ZnO hybrid material (0.50, 1, 2,
and 3 mg/Ml).
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Figure 10. MCF7 cell viability at variable concentrations of CA@Agq 1)/ZnO hybrid material (0.50, 1,
2,and 3 mg/mL).

4. Conclusions

In order to manufacture a series of biologically active hybrid composite materials de-
pending on cellulose acetate-reinforced hybrid Ag/ZnO nanomaterials, an easy, non-toxic,
and cost-effective casting approach was efficiently utilized. A green synthesis method
was used to prepare ZnO NPs and Ag-doped ZnO in three different concentrations. The
chemical structure and morphologies of the developed composite materials were character-
ized using a number of techniques, such as PXRD, TEM, SEM, FTIR, TGA, and XPS. The
average crystallite size (nm) for such hybrid materials was 15 nm. The doping of the ZnO
NPs with Ag NPs and Ag,O NPs was confirmed. The hybrid nanocomposite membranes
were spherical, exhibiting thermal stability at temperatures over 400 °C. The biological
properties of fabricated materials were tested against selected bacterial and fungal species
using a common biological tool. The results showed that the fabricated materials did
not demonstrate any antimicrobial activities against A. flavus. The growth of the tested
microorganisms was noticeably affected by the increase in the concentration of Ag NP load-
ing. Moreover, hybrid nanocomposite membranes were used as target materials to reduce
the number of MCF7 cancer cell lines. In addition, the cell count and cell viability in the
presence of Ag NPs were analyzed through an MTT test. The biological properties showed
that the presence of Ag NPs influenced the antibacterial capabilities of the nanocomposite.
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Abstract: Multidrug resistant bacteria create a challenging situation for society to treat infections.
Multidrug resistance (MDR) is the reason for biofilm bacteria to cause chronic infection. Plant-
based nanoparticles could be an alternative solution as potential drug candidates against these
MDR bacteria, as many plants are well known for their antimicrobial activity against pathogenic
microorganisms. Spondias mombin is a traditional plant which has already been used for medicinal
purposes as every part of this plant has been proven to have its own medicinal values. In this research,
the S. mombin extract was used to synthesise AgNPs. The synthesized AgNPs were characterized
and further tested for their antibacterial, reactive oxygen species and cytotoxicity properties. The
characterization results showed the synthesized AgNPs to be between 8 to 50 nm with -11.52 of zeta
potential value. The existence of the silver element in the AgNPs was confirmed with the peaks
obtained in the EDX spectrometry. Significant antibacterial activity was observed against selected
biofilm-forming pathogenic bacteria. The cytotoxicity study with A. salina revealed the LC50 of
synthesized AgNPs was at 0.81 mg/mL. Based on the ROS quantification, it was suggested that
the ROS production, due to the interaction of AgNP with different bacterial cells, causes structural
changes of the cell. This proves that the synthesized AgNPs could be an effective drug against
multidrug resistant bacteria.

Keywords: Spondias mombin; AgNP; biofilm bacteria

1. Introduction

Nanotechnology is a recent new branch of science that has shown a wide range of de-
velopment of novel technological advancements in environmental, biochemical, biological,
and other applications [1]. Silver nanoparticles with the size of 1-100 nm are commonly
applied in nanotechnology and science. In recent years, silver nanoparticles (AgNPs) have
generated huge interest among scientists because of their impressive protection against nu-
merous infective microorganisms. Several different ways of synthesizing AgNPs have been
reported, including physical, biological, and chemical processes [2-5]. These approaches
have their own benefits and drawbacks, based on their final applications. For instance,
nanoparticles (NPs) synthesized through a chemical method can be immediately available
for functionality testing [6]. However, chemically synthesized NPs exhibit many possible
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risks, including cytotoxicity, genotoxicity, carcinogenicity, and general toxicity [7,8]. On
the other hand, physical methods are considered to take a longer time and are restricted to
special requirements, including certain elevated temperatures or pressures, making the
procedure expensive [8]. In contrast with these methods, biological methods (e.g., plant
extracts, bacteria, and fungi) are known to be safe as they utilize very fewer toxic reactants
or additives. This method is also considered to be rapid, simple, user-friendly, and inexpen-
sive and includes the capability of synthesis in large quantities [9]. The synthesis of NPs
using biological sources has gained interest in recent days. The application of plant extracts
is highly recommended for the production of AgNPs [10]. Extracts from plant materials
are high in secondary metabolites, including enzymes, polysaccharides, alkaloids, tannins,
phenols, terpenoids and vitamins, which allow them to display excellent antimicrobial
properties [11]. It is assumed that organic components from the leaf extract (flavonoids
and terpenoids) help to stabilize the AgNPs [12].

Recently, the WHO published a list of antibiotic-resistant biofilm-producing bacteria
including Acinetobacter, Salmonella, Pseudomonas, Klebsiella, E. coli, and Proteus. These bac-
teria cause deadly infection and are becoming resistant to most of the currently available
antibiotics [13]. Multidrug resistance is the reason for biofilm-producing bacteria to con-
tribute to chronic diseases [14]. The increasing occurrence of MDR bacteria against clinically
important antibiotics has become the reason for the use of AgNPs to enhance the antibiotic
effect, as AgNPs possess antibacterial, antiviral, antifungal, and also anti-inflammatory
properties [15]. According to WHO, by 2050, MDR bacterial infection is predicted to kill
more people than cancer and cost $100 trillion for healthcare. High research development
costs and lack of profitability have long hindered the investment in novel antibiotic dis-
covery. Consequently, using plant-based antimicrobials as an alternative therapeutic agent
for the treatment of infections caused by MDR bacteria has gained popularity recently.
Medicinal plants are rich in active compounds that have antimicrobial activity, and they are
generally safer to use in terms of side effects, compared to conventional antibiotics. Spondias
mombin (S. mombin) often gains attention among the researchers, due to its antimicrobial
characteristics [16]. Spondias mombin, from the family of Anacardiaceae is also best-known
as ambarella. This species has been used as a traditional medicine to treat diseases like
anti-inflammatory and antithrombolytic complaints [17]. Every part of the S. mombin plant
is reported to have its own medicinal values. For example, the bark of the tree is used as
a treatment for diarrhea in countries like Cambodia and the fruit of S. mombin is used to
cure itchiness, internal ulceration, sore throats, as well as skin inflammation. Evidence
suggests that S. mombin leaves and fruits possess high antimicrobial, antioxidant, cytotoxic,
antidiabetic, and thrombolytic ability [16].

In light of the importance of S. mombin and biologically synthesized AgNPs, the
present research was designed to study plant-mediated AgNP synthesis and the characteri-
zation and predicted antimicrobial activity to counter different infective bacteria.

2. Results and Discussion
2.1. Silver Nanoparticle-Synthesis

The color change from colorless to yellowish brown suggested the reduction of AgNO3
had occurred by using the S. mombin extract as a bioreducing agent. The color change
proved absorption of visible light due to the excitation of the AgNP surface plasmons
(Figure 1) [18]. For further confirmation of the reduction of Agions to AgNPs, the maximum
absorbance of UV —VIS spectra of different wavelengths was obtained (Figure 1). It was
observed that there was no peak obtained in the silver nitrate (AgNOs) as it did not
contain any reducing agent. However, the AgNOj3 with the plant extract showed maximum
intensity between the wavelengths of 300 to 400 nm, confirming the role of S. mombin leaf
extract as a reducing agent to form AgNPs.
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Figure 1. UV —Visible spectra of Spondias mombin leaf extract mediated silver nanoparticles.

A study showed that in the biosynthesis of AgNPs by the reduction of Ag ions, the
terpenoids in the leaf extract play a crucial role [19]. A previous study reported this function
of terpenoids from Geranium leaves in the biosynthesis of AgNPs [20]. A similar process
might have worked in the current study, where the flavonoids and phenolic compounds
from S. mombin extract acted as a capping and stabilizing agent in the formation of NPs.

2.2. Characterization of Synthesized Silver Nanoparticles

The particle size of the nanoparticle is an important consideration in biological ap-
plications and it strongly affects the diffusion rate via biological membranes. Previous
reports showed that the smaller the size of the nanoparticle, the higher its permeability,
but showed increased toxicity. Thus, a suitable size is highly recommended for specific
biological functions. Hence, scanning electron microscopy (SEM) was used to study the
surface morphology. Figure 2 clearly shows that the AgNPs were spherical in shape with
smooth edges. The mean particle size of AgNPs was 17 nm, which is the appropriate size
(8-50 nm) for biological membrane permeation, and this is the tolerable range for inducing
toxicity within cells.

The elemental composition was revealed by EDX analysis of the synthesized AgNDPs.
EDX analysis was also used to determine the amount of each element in the formation
of AgNPs. Based on Figure 2E,F, two peaks were observed in the spectrum in between 2
to 4 keV. The peak that formed at 3 keV showed the existence of an elemental Ag signal,
as AgNPs have optical peaks at ~3 keV due to major emission energies. Another peak
indicated the presence of elemental chlorine which could have been from the plant extract.
The zeta potential was found to be —11.52 mV for the synthesized AgNPs from the S.
mombin leaf extract (Figure 3). Based on the zeta potential value of the AgNPs, it was
shown the AgNPs had moderate stability. This could be due to the existence of bioactive
contents in the extract. Thus, the particles might aggregate and flocculate due to the
absence of a repulsive force. It was also observed that there was the presence of some weak
peaks at 28°, 54°, 57° and 86° which might have been from the organic compound in the
leaf extract (Figure 4) [21,22].
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Figure 2. Structural characteristics of produced AgNPs. (A) SEM image with the scale of 200 nm; (B) spherical AgNPs
observed using AFM; (C) TEM image with the scale of 50 nm; (D) histogram representing AgNP size distribution; (E) energy
dispersive X-ray spectroscopy analysis with field emission scanning electron microscopy; (F) energy dispersive X-ray

spectroscopy analysis with TEM.
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2.3. Antibacterial Activity of Spondias Mombin Leaf Extract

The antibacterial activity of S. mombin ethanolic leaf extract for selected bacteria was
studied. A ciprofloxacin commercial antibiotic disc was used as positive control whereas
the 10% DMSO was employed as negative control.

A clear zone of inhibition indicates a deterrent to the bacteria from growing. Results
that were obtained from this study showed that S. mombin leaf extract had its own an-
timicrobial activity as they produced a clear zone of inhibition against the bacteria tested.
From the results obtained, the nanoparticles showed an equal level of antimicrobial activ-
ity towards Enterobacter cloacae, Escherichia coli, Klebsiella pneumoniae and Salmonella typhi.
Besides that, Vibrio cholera showed the lowest zone of inhibition compared to the other
bacteria (Figures 5 and 6). However, there was not any zone of inhibition observed when
the plant extract was tested with Lactobacillus. This showed that the plant extract had no
antimicrobial property against Lactobacillus. As the bacteria have proven health benefits,
this Lactobacillus group are classified as ‘generally recognized as safe’ bacteria [23]. They
are categorized as nonpathogenic bacteria and the most common type of lactic acid bacteria
in food and feed products [24]. The resistance of Lactobacillus towards S. mombin leaf extract
could serve as an alternative treatment against human pathogenic bacteria as it does not
affect the normal human flora population.
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Figure 5. Antimicrobial analysis against selected Gram-positive bacteria. A: Staphylococcus haemolyti-
cus, B: Staphylococcus epidermidis, C: Bacillus subtilis, D: Staphylococcus aureus, E: Streptococcus pyogens,
F: Lactobacillus. Comparative evaluation of selected Gram-positive bacteria vs. zone of inhibition.
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Figure 6. Antimicrobial activity against selected Gram-negative bacteria. A: Proteus mirabilis,
B: Salmonella typhi, C: Vibrio cholera, D: Enterobacter cloacae, E: Klebsiella pneumoniae, F: E. coli,
G: Pseudomonas aeruginosa, H: Acinetobacter baumannii. Comparative evaluation of selected
Gram-negative bacteria vs. zone of inhibition.

Acinetobacter baumannii also showed no zone of inhibition for positive control which
was the ciprofloxacin commercial antibiotic disc. This resistance of A. baumannii is mainly
due to the mutation in the quinolone resistance determining region of DNA gyrase [25].

The known antimicrobial mechanism of the plant extract against various bacteria was
inhibiting the cell wall synthesis, accumulating in the bacterial membrane which caused
energy depletion or interference with the permeability of the cell membrane. This would
eventually result in mutation, cell damage and the death of the bacteria. There is a study
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reporting that the phenolic and flavonoid content in the plant extract is the reason for the
immune-modulator organs killing the bacteria [26].

2.4. Antibacterial Activity of Synthesized Silver Nanoparticles

The antimicrobial activity of silver nanoparticles (AgNPs) synthesis from S. mombin
leaf extract using ethanol as solvent with disc diffusion method is tabulated in Tables 1
and 2. For the positive and negative control, ciprofloxacin commercial antibiotic disc and
10% DMSO were used, respectively.

Table 1. Antimicrobial activity of ethanolic extract of S. mombin and AgNP produced with ethanolic extract of S. mombin

counter to Gram-positive bacteria. The information is presented in the table with the mean (+SE, standard error), p < 0.05.

Zone of Inhibition (mm)

Gram-Positive ) . Controls
B : Plant Extract Silver Nanoparticles
acteria . Positive
(Ethanolic) (AgNPs) . . Negative
(Ciprofloxacin)
S.haemolyticus 8.67 £0.35 20.65 £0.35 25 -
S. epidermis 9.35 £ 0.35 23.65 + 0.35 27 £ 1.00 -
B.subtilis 9.35 £0.35 21.65 £0.35 25 -
S. aurus 10 22 25.67 £ 0.67 -
S. pyogenes 8.33 £0.35 20.65 £ 0.35 23.35+0.35 -
Lactobacillus 0.00 - 20.67 + 0.67 -

Table 2. Antimicrobial activity of ethanolic extract of S. mombin and AgNP synthesized with ethanolic extract of S. mombin

against Gram-negative bacteria. The information presented in the table with the mean (£SE, standard error), p < 0.05.

Zone of Inhibition (mm)

Gram-Negative . . Controls
B ; Plant Extract Silver Nanoparticles
acteria . Positive
(Ethanolic) (AgNPs) . . Negative
(Ciprofloxacin)

P. mirabilis 9.33 +£0.33 21 25.33 £0.33 -

S. typhi 9.65 + 0.35 23.67 + 0.33 30 +1.53 -

V. cholera 7.33 £+ 0.67 22.33 +0.33 +0.67 -

E. cloacae 9.67 +£0.33 21 + 0.67 -

K. pneumoniae 9.65 £ 0.35 0.33 26 £ 1.00 -

E. coli 0.33 21 26 + 1.00 -

P.aeruginosa 9.33 +£0.33 21 29.7 +£0.33 -

A. baumannii 0.00 - - -

A significant antimicrobial activity showed in the presence of S. mombin capped
AgNPs against the selected bacteria. Silver nanoparticles synthesized from S. mombin leaf
extract showed high antimicrobial activity for Staphylococcus epidermidis and Salmonella typhi.
Proteus mirabilis, Enterobacter cloacae, Escherichia coli, Pseudomonas aeruginosa and showed
a constitutive level of antimicrobial activity against the synthesized silver nanoparticle.
Since there was no antibacterial activity observed in the plant extract against Lactobacillus
and Acinetobacter baumanii, these strains were not tested with synthesized AgNPs.

When AgNPs contact with moisture, Ag* ions are released. The Ag* ions react
with nucleic acid mainly with nucleosides forming the complex of the bacteria. AgNPs
accumulate and form something called a ‘pit” in the bacteria’s cell wall and the nanoparticles
slowly penetrate the intracellular component of the bacteria. The silver particles cause the
plasma membrane to detach from the cell wall. This results in a loss of DNA replication
and the protein synthesis process is also inhibited which causes the death of the bacteria. In
addition to that, the hindrance of biofilm formation by AgNPs is an important mechanism,
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as biofilm plays a crucial part in the development of bacterial resistance against common
drugs [27].

AgNPs demonstrated mediocre antibacterial action in Gram-positive bacteria com-
pared to Gram-negative bacteria, depending on the result. This is due to the Gram-positive
bacteria having a thick peptidoglycan layer. This causes difficulty in spreading AgNPs
across the cell wall to disrupt the cell’s activity and to inhibit its growth [28]. Gram-positive
bacteria are made up of 70-100 peptidoglycans layers. Peptidoglycan consists of two
polysaccharides, N-acetyl-glucosamine and N-acetyl-muramic acid, interlinked with pep-
tide side chains and cross bridges [29]. On the other hand, compared to Gram-negative
bacteria, the outer membrane of Gram-positive bacteria might cause less silver to reach
the cytoplasmic membrane [30]. As a result, Gram-positive bacteria displayed a higher
tolerance to synthesized silver nanoparticles relative to Gram-negative bacteria.

The oxidation of AgNP releases Ag* ions, and the ions are responsible for circulation
in the living organism. The production of reactive oxygen species (ROS) induces oxidative
stress that damages the membrane, proteins, DNA/RNA, and lipids, which enhance the
cytotoxicity in prokaryotic cells. Thus, the ROS production was analyzed in these selected
Gram-positive (S. haemolyticus, S. epidermidis, B. subtilis, S. aureus, S. pyogenes) and Gram-
negative bacterial strains (P. mirabilis, V. cholera, K. pneumoniae, E. coli, P. aeruginosa, E.
cloacae, S. typhi.) by treating with plant extract, AgNP and ciprofloxacin to quantify the
amount of ROS production in contrast to the negative control (DMSO), and the findings
are represented in Figures 7 and 8. However, Figure 7 shows that the ROS level in Gram-
positive bacteria and plant extract showed its effect in the following order. i.e., S. aureus, S.
epidermidis, B. subtilis, S. haemolyticus, and S. pyogenes. AgNP showed an excellent ROS level
in all the strains as compared with ciprofloxacin. Figure 8 shows the ROS production level
in the Gram-negative strains and the plant extract showed a similar level in all the strains.
AgNP showed significant ROS level in S. typhi and V. cholera followed by other strains as
compared with ciprofloxacin. Based on the results, it is suggested the ROS production
is due to the interaction of AgNP with different bacterial cells. The interaction causes
structural changes of the cell by causing toxicity by inducing oxidative stress. This affects
the protein synthesis process resulting in cell death.
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Figure 7. ROS production in selected Gram-positive bacteria. A: Staphylococcus haemolyticus,
B: Staphylococcus epidermidis, C: Bacillus subtilis, D: Staphylococcus aureus, E: Streptococcus pyogenes.
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Figure 8. ROS production in selected Gram-negative bacteria A: Proteus mirabilis, B: Salmonella typhi,
C: Vibrio cholera, D: Enterobacter cloacae, E: Klebsiella pneumoniae, F: E. coli, G: Pseudomonas aeruginosa.

2.5. Cytotoxic Study

The cytotoxicity study revealed that the highest mortality of 70% was obtained at
1.0 mg/mL. Figure 9 shows the plot of mortality percentage against the various concentra-
tions of synthesized AgNPs. The graph showed a direct proportional relationship between
the concentration of synthesized AgNPs and the rate of mortality. The LCs of synthesized
AgNPs was observed to be at 0.81 mg/mL. A study was conducted by Samuggam et al.
using Durio zibethinus AgNPs showed the LCsp was 3.03 mg/mL [28]. Another study
conducted by Shriniwas et al., reported the LCsy value of AgNPs synthesized using L.
camara L. was 0.51 mg/mL [29]. The A. salina cytotoxicity depends on the AgNP size. It
was stated that the cytotoxicity activity would be stronger when the size of the AgNPs was
smaller [30].
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Figure 9. The cytotoxicity rate of synthesized AgNPs using A. salina.
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3. Materials and Methods
3.1. Collecting the Plant Samples

Healthy, disease free young leaves of S. mombin were accumulated from Kulim, Kedah.
These samples were shade dried for 2 weeks and crushed into powder form. The fine
powdered leaves were stored in an airtight container at room temperature until they
were required.

3.2. Preparation of S. mombin Leaf Extract

Fifty grams of powdered plant materials and 250 mL of solvent (99.98% ethanol) were
added to a conical flask. This conical flask was further positioned in the incubator at
180 rpm at 37 °C for 7 days. Then, the extracted components of the plant were filtered and
concentrated at temperatures around 35 °C—40 °C with the help of a rotary evaporator. The
concentrated extract was air dried and the leaf extract was stored at 4 °C.

3.3. Biosynthesis of Silver Nanoparticles

AgNPs were biosynthesized according to the method mentioned previously (15-17).
A millimolar solution of silver nitrate was prepared. The mixture was mixed with the
magnetic mixer until it fully dissolved the silver nitrate crystals. The AgNOj3 solution was
applied with five milliliters of plant extract slowly, until the hue shifted from pale yellow
to brown. For 19 h in the dark room, the solution was incubated. After 19 h, the solution
was centrifuged, for 15 min at 4000 rpm and the supernatant discarded. The pellet was
then cleaned, scattered, and poured out into the glass of the clock with purified water. The
pellet was air dried and stored for further use at 4 °C.

3.4. Characterization of Synthesized Silver Nanoparticles

To detect the reduction of the aqueous silver ion by scanning from 300 to 900 nm to
obtain the maximum absorption strength of AgNPs, the UV —visible spectrophotometer
(Beckman Coulter DU 800 Spectrophotometer, Williamston, SC, USA) was used. Scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) were used to
analyze the morphological and structural features of the synthesized AgNPs. SEM and
TEM analysis were performed on a Hitachi, S-4300 SE, Japan and a JEM-2100F, JEOL, Japan,
respectively. The EDX analysis was performed to study the elemental composition of
the AgNPs. Both SEM and TEM were equipped with energy-dispersive X-ray analysis.
AgNP FESEM photographs were taken under a high-energy electron beam with a working
distance of 15 kV and 4.5 mm. Surface texture analysis was carried using atomic force
microscopy (AFM) using Nano Scope, Ica, Vecco, Plainsview, NY, USA. The sample for AFM
analysis was conducted by preparing a thin pellet of AgNPs on a glass slide which could
dry for 5 min. Crystalline nature of AgNP was determined using an X-ray Diffractometer
(DMAX-2500, Rigaku, Tokyo, Japan). The diffraction angle was varied from 10° to 90°
at 40 kV and 100 mA with Cu Ka radiation source. The size distribution and stability of
AgNPs were studied using particle size analyzer (PHOTAL OTSUKA ELECTRONICS,
ELC-Z model, Osaka, Japan).

3.5. Verification of the Antibacterial Activity of Synthesized Silver Nanoparticles

Kirby —Bauer antibiotic test (disc diffusion test) was used in this project. In this test,
10 bacteria were used as the testing microorganisms which consisted of Gram positive
and Gram negative. They were Bacillus subtilis, Escherichia coli, Staphylococcus aureus,
Enterobacter cloacae, Staphylococcus epidermidis, Klebsiella pneumoniae, Vibrio cholera, Salmonella
typhi, Staphylococcus haemolyticus, Proteus mirabilis, Streptococcus pyogenes, Pseudomonas
aeruginosa, Lactobacillus and Acinetobacter baumannii. The antimicrobial activity between the
AgNPs and leaf extract was analyzed by the zone of inhibition formed on the agar plates.
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3.6. Reactive Oxygen Species (ROS) Quantification

The Choi et al., 2006 method was used to determine the amount of reactive oxidative
species (ROS) released by the microbes. To conclude, a total of 200 mL of bacterial strain
was applied with 1 mL of plant extract, AgNP, ciprofloxacin (positive control) and DMSO
(negative control) and kept in 37 °C incubator shaker. Once 6 h of incubation had been
achieved, the bacteria suspension was centrifuged at 11,000x g for 11 min at low temper-
ature to obtain the pellet. The pellet was applied with 2% Nitro Blue Tetrazolium (NBT)
mixture. This pellet was kept at room temperature for 60 min in dark conditions. After
centrifugation of the solution, the supernatant was removed, and the pellet was rinsed
twice using PBS before another centrifugation at 9000x g for 3 min. The obtained pellet
containing cells membrane was disrupted by treating with 2 M KOH solution. A sample of
50% DMSO was combined with the solution and followed by 10 min incubation at room
temperature to dissolve formazan crystals. The solution was again centrifuged and 100 uL
of the supernatant was distributed to 96 well plates. The absorbance was calculated at
620 nm using ELISA reader.

3.7. Cytotoxicity Study

The cytotoxicity study was done using Artemia salina (A. salina) according to
Samuggam et al. [28]. Total of 10 larvae of A. salina were incubated at different concen-
trations of AgNPs in range of 0.2 to 1.0 mg/mL in 1 milliliter of sterilized seawater. This
A. salina was incubated for 16 h and 8 h of light and dark, respectively, at 25 °C for 24 h.
The assay was carried out in triplicate. Based on the larval mortality percentage, the
LCsg values were determined.

4. Conclusions

In conclusion, Spondias mombin mediated silver nanoparticles proved their antibacterial
ability against biofilm-producing bacteria, S. haemolyticus, S. epidermidis, B. subtilis, S. aureus,
S. pyogenes, Enterobacter cloacae, Escherichia coli, Klebsiella pneumoniae and Salmonella typhi.
The property of antibacterial activity of this plant extract was improved by synthesizing
Spondias mombin leaf extract with capped silver nanoparticles. The production of ROS and
cytotoxicity studies suggested the interaction of AgNPs with the bacterial cells caused
structural changes which led to cell death and less cytotoxicity, respectively. Thus, these
synthesized silver nanoparticles have the potential to be an effective drug against biofilm-
producing bacteria.
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Abstract: Nanoworld is an attractive sphere with the potential to explore novel nanomaterials with
valuable applications in medicinal science. Herein, we report an efficient and ecofriendly approach
for the synthesis of Nickel oxide nanoparticles (NiO NPs) via a solution combustion method using
Areca catechu leaf extract. As-prepared NiO NPs were characterized using various analytical tools
such as powder X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and UV-Visible spectroscopy (UV-Vis). XRD analysis illustrates that synthesized
NiO NPs are hexagonal structured crystallites with an average size of 5.46 nm and a hexagonal-
shaped morphology with slight agglomeration. The morphology, size, and shape of the obtained
material was further confirmed using SEM and TEM analysis. In addition, as-prepared NiO NPs
have shown potential antidiabetic and anticancer properties. Our results suggest that the inhibition
of x-amylase enzyme with IC 50 value 268.13 nug/mL may be one of the feasible ways through which
the NiO NPs exert their hypoglycemic effect. Furthermore, cytotoxic activity performed using NiO
NPs exhibited against human lung cancer cell line (A549) proved that the prepared NiO NPs have
significant anticancer activity with 93.349 ug/mL at 50% inhibition concentration. The biological
assay results revealed that NiO NPs exhibited significant cytotoxicity against human lung cancer
cell line (A549) in a dose-dependent manner from 0-100 pg/mL, showing considerable cell viability.
Further, the systematic approach deliberates the NiO NPs as a function of phenolic extracts of
A. catechu with vast potential for many biological and biomedical applications.

Keywords: Areca catechu; NiO NPs; TEM; antidiabetic activity; anticancer potential

1. Introduction

For the past few years, nanotechnology has acquired marvelous impetus by creating
new scientific ideas in this rapidly growing technological era [1,2]. Nanomaterials have
revealed many technological insights with their tremendous applications and specific
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properties [3,4]. Surface morphology, characteristic size, and shape are key features for
nanomaterials, which make them highly attractive and more reactive for researchers [5,6].
Biologically fabricated nanoparticles with their immense applications in various fields are
growing continuously through the collaboration of different natural science sectors. The
world of nanotechnology may furnish a novel resource for the evaluation and development
of safer, newer, and effective drug formulations in the treatment of infectious diseases [7].

Recently, the interest in synthesizing metal oxide nanoparticles has increasingly been
employed in various fields due to their potential applications in memory storage de-
vices, photocatalytic sensors, magnetic resonance imaging, drug delivery, catalysis, and
biomedicine [8]. Nanoparticles exhibits cytotoxic activity due to their higher adsorption
ability over bulk materials [9]. Hence, they are used to treat various tumor and cancer
cells [10]. Nickel oxide is a p-type semiconductor metal oxide possessing a band gap from
3.6 t0 4.0 eV that has great importance and has received enormous consideration in research
owing to its peculiar properties like large surface area, high chemical stability, good elec-
tronic conductivity, and super conductance characteristics [11,12]. Its ecofriendly nature
and high reactivity makes it a potential candidate for applications in the field of magnetism,
electronics, energy technology gas sensors, electrochemical super capacitors, catalysis,
battery cathodes, magnetic materials, fuel cells, optical fibers, and biomedicines [13,14].
Moreover, NiO nanostructures have motivated young researchers due to their easy avail-
ability with low cost, quantum size confinement, and surface-to-volume effect [15,16].
NiO NPs are synthesized by different physical and chemical methods, namely, Sol-gel,
hydrothermal, precipitation, solvothermal, etc. However, the biogenic synthesis approach
has drawn the attention of researchers due to its biocompatibility and ecofriendly process,
which involves green synthetic routes that are less toxic. Exploiting the potential of medic-
inal plants is one of the green synthesis routes, which includes algae, microorganisms,
plants, etc., and is significant because the current therapeutic approaches have toxicity prob-
lems and microbial multidrug resistance issues. Metal nanoparticles have received great
attention across the globe, so, in this study, we discuss and focus on metallic nanoparticles
obtained by green synthesis using medicinal plants. We also discuss medicinal properties
like antidiabetic and anticancer activities of synthesized nanoparticles. The biomolecules,
secondary metabolites, and coenzymes present in the plants help with the easy reduction
of metal ions to nanoparticles. Such nanoparticles are considered as potential antioxidants
and promising candidates in cancer treatment. Thus, the synthesis of ecofriendly nanopar-
ticles from combustion solutions is one of the simplest and easiest synthetic approaches
towards uniform mixing of plant extract with precursor/oxidizing agents [17].

Plants are known for their medicinal values in terms easier availability and large num-
ber of biologically active components. A. catechu is one of the known fruit plants belonging
to the Palmaceae family and is cultivated in most Asian countries [18]. Medicinal properties
of this plant’s extracts are due to the presence of various phytochemicals that are present in
the different parts of the plant [19]. Perusal of the literature shows that Areca leaves possess
more bioactive molecules, namely, arecoline, arecolidine, arecaidine, guvacoline, guvacine,
and isoguvacine. Use of plant extracts for the synthesis of nanoparticles is desirable due to
the various plant metabolites like polyphenols, alkaloids, phenolic acids, and terpenoids,
which play a major role in the bioreduction of metal ions, yielding nanoparticles. Plant act
as bioreactors in the binding and reduction of metal ions, thereby influencing the formation
of nanoparticles.

In recent years, solution combustion synthesis is emerging as one of the efficient
methods to produce nanomaterials with a controlled size and shape. It is also used as a
rapid heating method for metal oxides synthesis. Beyond rapid heating, this green synthe-
sis method gives good product yield in less time when compared to other conventional
methods. The present study sheds light on the synthesis of highly efficient, cost effective,
nanosized NiO nanoparticles by using the solution combustion synthesis method. Solution
combustion synthesis is a green, efficient, simple, fast, and high-yield method. The novelty
of the study is the use of Areca catechu leaf extract as a reducing and stabilizing agent

112



Molecules 2021, 26, 2448

for NiO nanoparticles synthesis. Temperature plays a pivotal role here. The solution com-
bustion reaction depends on various process parameters, and it plays a significant role in
phase formation, phase stability, and physical characteristics. The reaction temperature is a
crucial parameter in the synthesis of materials. The released heat of the combustion reaction
fulfils the energy requirement for the formation of oxides. The presence of phytochemical
constituents in the plant extract; concentration of plant extract; and reaction conditions
like temperature, reducing agent concentration, reaction time, and size of nanoparticles all
influence the stability of NiO NPs [20].

The size and morphology of the nanoparticles play a significant role in developing
the chemical and physical properties and largely influence their existing applications.
Therefore, much effort was dedicated to the fabrication of NiO NPs with different sizes
and morphologies. The decrease in dimension leads to an increase in the surface area and
this enhances the biological properties.

In the current study, A. catechu leaf extract is used as a reducing and stabilizing
agent to synthesize NiO NPs. Prepared nanoparticles were characterized using XRD, SEM
with EDAX, and HR-TEM. Furthermore, we investigated the cytotoxicity of NiO NPs by
examining cell viability and antidiabetic activity. This study provides detailed information
about the cytotoxic effects of as-prepared NiO NPs against human lung cancer cells and
offers a sound basis for the clarification of its toxicity mechanisms.

2. Materials and Methods

All the chemicals were analytical grade, procured from SD Fine and Himedia Lab-
oratory Pvt. Ltd., India, and used without further purification. The morphology of as-
prepared NiO NPs was observed by Transmission Electron Microscopy (TEM-1011, JEOL,
Tokyo, Japan). SEM with Energy dispersive X-ray Analysis was utilized to evaluate the
elemental study (Hitachi S3400n, Tokyo, Japan). X-ray diffraction examination of NiO NPs
was done on a PANalytical X'Pert-PRO (Rigaku Smart Lab). UV-Visible spectrophotometer
(Shimadzu UV-2450, Kyoto, Japan) was used to record electronic absorption spectra.

2.1. Preparation of Areca Catechu Leaf Extract and Synthesis of NiO NPs

Areca Catechu leaves were collected from the local areas near Davanagere. Freshly
collected leaves were washed with double distilled water, dried, and grinded well to get
fine powder. To prepare the leaf extract, 10 g of A. catechu leaf powder was boiled in 100 mL
distilled water for 30 min at 60 °C. Further, the extract was filtered and dried under vacuum
using a rotary evaporator.

The solution combustion method was used to synthesis NiO NPs. In a typical experi-
ment, 10 mL of A. catechu leaf extract and 1 g of nickel nitrate hexahydrate Ni(NO3),6H,0)
were taken in a silica crucible and placed in a preheated muffle furnace maintained at
500 °C. An exothermic, vigorous reaction leads to the formation of fine, black colored NiO
NPs. The obtained product was kept in an airtight container for further analysis [21].

2.2. Antidiabetic Activity: Inhibition of Alpha Amylase Enzyme Assay

Pancreatic x-amylase belongs to the class of «-1,4-gluconohydrolases and is one of
the important target enzymes for the conventional treatment of diabetes. It catalyzes the
initial step in hydrolysis of starch to maltose and maltotriose, which are then acted upon by
a-glucosidases, broken down into glucose, and enter the blood stream. Naturally available
a-amylase inhibitors from medicinally important plants are shown to be very effective in
managing postprandial hyperglycemia, which is a major concern in type 2 diabetes [22].

In a fresh tube, 1 mL of phosphate buffered saline (PBS) solution was mixed with
0.5 mL of different concentrations (100, 200, 300, 400, and 500 pg/mL) of samples or the
standard solution, then 200 pL of 0.5 mg/mL x-amylase was added followed by 200 pL of
5 mg/mL starch solution and incubated for 10 min at room temperature. Control was taken
as starch with amylase and without «-amylase. Then, the reaction mixture was stopped by
adding 400 pL of Dextrose normal saline (DNS) solution, followed by heating the mixture
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in a boiling water bath for 5 min, then cooling. The reaction without A. catechu leaf extract
was used as a control. Metformin was used as a standard drug [23]. Inhibition of enzyme
activity was calculated using the following formula:

% Inhibition of enzyme activity = Abs sample — Abs control / Abs sample x 100. (1)

2.3. Anticancer Activity: Cytotoxicity Assay of NiO NPs

The cytotoxicity assay of biosynthesized NiO NPs was performed against human
lung cancer cell line (A549). The cell lines were cultivated in Dulbecco’s Modified Eagle’s
Medium (DMEM) with fetal bovine serum, with antibiotics as supplements. Temperature
was maintained around 37 °C with humidified 5% CO, atmosphere for about 24 h. The cells
were seeded in 96-well plates at a density 25x 103 cells/well. Cytotoxicity of biosynthesized
NiO NPs was studied using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay. Here, human cancer cell lines were treated with different concentrations of
NiO NPs (20 to 100 mg/mL from stock). The plate was removed from the incubator and
the drug-containing media was aspirated. A total of 100 pL of medium containing 10%
MTT reagent was then added to each well to get a final concentration of 0.5 mg/mL, and
the plate was incubated at 37 °C and 5% CO, atmosphere for 3 h. The culture medium was
removed completely without disturbing the crystals formed. Then, 100 pL of solubilization
solution (DMSO) was added and the plate was gently shaken in a gyratory shaker to
solubilize the formed formazan [22].

The absorbance was measured using a microplate reader at a wavelength of 570 nm
and also at 630 nm. The percentage growth inhibition was calculated, after subtracting the
background, the blank, and the concentration of test drug needed to inhibit cell growth
by 50% (ICsp). Yellow color MTT dye turning to purple color due to the reduction of
formazon crystals in the presence of cytotoxic activity shows in the mitochondrial succinate
dehydrogenase enzyme in viable cells. The amount of 50% inhibition concentration was
obtained by plotting the dose-dependent curve [24].

3. Results and Discussion
3.1. XRD Analysis

The XRD pattern of green synthesized NiO NPs from Areca catechu leaf extract show
strong diffraction peaks at 37.23°, 43.29°, 62.88°, and 75.45°, which are assigned to the
crystal planes (111), (200), (220), and (311), respectively, as shown in Figure 1, and are
further well matched with JCPDS card no. 4-835. These planes indicate the formation of
FCC cubical structure for NiO NPs. Further, no impurities were observed, which suggests
a high purity of monophasic NiO NPs. The average crystalline size found to be 5.63 nm,
calculated by the Debye—Scherer formula [25]. Moreover, the EDAX spectra of nanoparticles
displayed the peaks of Ni and O, as seen in Figure 2, suggesting the chemical nature of the
prepared material. The obtained profile of the synthesized nanoparticles confirmed the
presence of nickel and oxygen in the nanoparticles.

3.2. UV-Visible Spectral Analysis

It is clear from the UV-Visible spectrum of as-prepared NiO NPs (Figure 3) that the
maximum absorption band observed at 380 nm reveals the formation of pure NiO NPs.
This absorption in the UV region can be attributed to the electronic transition from the
valence band to the conduction band in the NiO semiconducting nanocrystals.
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Figure 1. X-ray diffraction patterns revealing the crystal planes of as-prepared NiO NPs.
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Figure 2. Energy-dispersive X-ray (EDAX) spectra depicting the chemical composition of the synthesized NiO NPs.
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Figure 3. UV-Visible Spectrum of as-prepared NiO NPs.
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3.3. SEM Analysis

The surface morphological features of synthesized NiO NPs was studied using scan-
ning electron microscope (SEM). In Figure 4, the SEM micrographs show the agglomeration
with irregularly shaped nanoparticles. It can also be seen that the particles have a hexago-
nal shape with some degree of agglomerations, which may be attributed to the fact that
NiO nanoparticles have high surface energy and high surface tension.

Figure 4. SEM images showing the morphology of as-prepared NiO NPs with different magnifications.

3.4. TEM Analysis

The formation of NiO NPs was perceived in the TEM images (Figure 5), which specifies
the particle size within the range of 5 to 15 nm. Further, this supports the average crystal
size from the XRD pattern. Figure 5b,c represent the HR-TEM micrographs that show
particles in the hexagonal and rhombohedral shapes with an interplanar spacing of 0.21 nm.
The selected area electron diffraction (SAED) pattern depicted in Figure 5d indicates the
presence of the (111), (200), and (220) planes of the synthesized rhombohedral NiO NPs.

3.5. Antidiabetic Studies
In Vitro Alpha Amylase Inhibition Method

In our digestive system, pancreatic c-amylase is a key enzyme that catalyzes the initial
step in the hydrolysis of starch. It is the main source of glucose in the diet. ax-amylase
inhibitors are those that inhibit the amylase activity that results in the delay of carbohydrate
digestion and prolongs overall carbohydrate digestion time, causing a reduction in the rate
of glucose absorption and consequently reducing the postprandial plasma glucose rise.

The o-amylase inhibitor effectiveness of NiO NPs was compared with standard drug
Metformin. The values were presented with graphical representation of the same in
Figure 6. Alpha amylase is an enzyme that hydrolyses «-bonds of large «-linked polysac-
charides such as glycogen and starch to yield glucose and maltose. x-amylase inhibitors
bind to a-bond of polysaccharide and prevent the breakdown of polysaccharides in mono-
and disaccharide. Standard drug Metformin showed inhibitory effects on the a-amylase
activity with an ICsg value of 232.12 pg/mL. Prepared NiO NPs from Areca leaves ex-
hibited x-amylase inhibitory activity with an ICsy value of 268.13 pug/mL. As a result,
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as-synthesized NiO NPs showed significant antidiabetic activity compared to Metformin.
Moreover, drugs that inhibit carbohydrate hydrolyzing enzymes have been demonstrated
to decrease postprandial hyperglycemia and improve impaired glucose metabolism with-
out promoting insulin secretion of noninsulin-dependent diabetic patients. The results of
in vitro studies showed that NiO NPs inhibits x-amylase activity [26].

i
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Figure 5. (a,b) TEM images, (c) HR-TEM image, and (d) SAED of as-prepared NiO NPs.
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Figure 6. Antidiabetic potential of as-prepared NiO NPs showing inhibition of x-amylase activity at different concentrations.

As-prepared NiO NPs showed a percentage inhibition of 3.35 and 19.77 at 20 pg/mL
and 100 pug/mL, respectively. The ICsj value of the extract was found to be 268.13 pg/mL,
whereas the IC5y value of metformin was observed to be 232.12 ng/mL (Table 1). The
concentration-based inhibition was noticed and the same has been depicted in Figure 6.
Metformin is a standard antidiabetic drug and is competitively and reversibly inhibiting
the pancreatic a-amylase. The retardation of glucose diffusion is also due to the inhibition
of x-amylase, thereby limiting the release of glucose from the starch. The inhibition of
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x-amylase activity by medicinal plants might be attributed to several possible factors such
as fiber concentration; the presence of inhibitors on fibers; and the encapsulation of starch
and enzymes by the fibers present in the sample, thereby reducing accessibility of starch to
the enzyme and direct adsorption of the enzyme on fibers, leading to decreased amylase
activity. Thus, the inhibition of x-amylase activity is important to control postprandial
hyperglycemia in the treatment of diabetes [27].

Table 1. Antidiabetic activity of NiO NPs by a-amylase (pancreatic) inhibition assay by DNS method.

S1. No

Concentrationsug/mL

% Inhibition by Sample NiO NPs % Inhibition by Standard DrugMetformin

20

3.35088 5.08616

40

5.39944 8.87984

60

7.45572 13.34370

80

11.44088 16.51507

G| = | WL N |-

100

19.77022 22.59454

3.6. Cytotoxicity Studies

The evaluation of cytotoxicity of biosynthesized NiO NPs against A549 cell line cancer
cells was measured based on cellular reduction of MTT during in vitro analysis. The
as-prepared NiO NPs was screened against cell lines with the respective positive control
Cisplatin, as shown in the Figure 7. NiO NPs treatment enhanced the cell death and also
inhibited A549 cell population in a concentration-dependent manner. After treatment with
different concentrations (20, 40, 60, 80, and 100 ng/mL), the plating efficiency of A549 cells
declines, as proved by the reduction in the number of cancer cells formed. Exposure of
various concentrations NiO NPs shows a decline in cell survival and plating efficiency.
When compared with regular cisplatin, minimum inhibition was observed at 20 pg/mL and
maximum at 100 ug/mL. The viability assay of cytotoxicity of NiO NPs against the cancer
cell line is shown in Figure 8. Further, the IC5y density was found to be 93.349 pg/mL. The
healthy and rapidly growing cells exhibit high rates of MTT reduction to formazan while
the dead or inactive cells fail to do so. Viability in the MTT assay is connected linearly with
enzyme activity and indirectly to the number of viable cells. The decrease in cell viability
with the increasing concentration of NiO NPs shows significant cytotoxicity to accumulate
in the internal cells and higher stress, ultimately leading to apoptosis [28,29].
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Figure 7. Graph representing the screening of anticancer activity with respect to the standard control for different concentra-
tions of synthesized NiO NPs.
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Figure 8. The viability assay of cytotoxicity of NiO NPs against cancer cell line (A549) treated with different concentrations

of NiO NPs.

4. Conclusions

In summary, we have reported the synthesis of NiO NPs by an ecofriendly approach
via solution combustion method using the Areca catechu leaf extract. Areca is the important
plant in Asia both in an agricultural role and as a traditional medicine. Preliminary
phytochemicals like phenolic compounds, alkaloids, glycosides, and tannins are well-
reported in literature. The X-ray diffractogram revealed the formation of hexagonal NiO
NPs with a well crystalline nature and a very fine crystallite size of 5.63 nm. Further, the
morphological characteristics determined by SEM and TEM analysis disclosed a size and
shape of as-prepared nanostructures. Further, the antidiabetic activity of as-prepared NiO
NPs was carried out using glucose uptake by yeast cell and x-amylase inhibition, which
demonstrated significant antidiabetic activity. In addition, the prepared material showed
potential anticancer activity against human lung cancer cell lines. The chemical constituents
of areca plant had proven diverse pharmacological actions and were used as antidiabetic
and anticancer agents. Overall, the present study clearly indicated that biosynthesized NiO
NPs from Areca catechu leaves are a promising avenue for the prevention of diabetes and
cancer diseases.
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Abstract: Algal-mediated synthesis of nanoparticles (NPs) is an eco-friendly alternative for producing
NPs with potent physicochemical and biological properties. Microalgae represent an ideal bio-
nanofactory because they contain several biomolecules acting as passivation and stabilising agents
during the biogenesis of NPs. Herein, a novel microalgae sp. was isolated, purified, and identified
using light and electron microscopy and 18s rRNA sequencing. The chemical components of their
watery extract were assessed using GC-MS. Their dried biomass was used to synthesise silver (Ag)
NPs with different optimisation parameters. Ag-NPs were physiochemically characterised, and their
anticancer and antibacterial effects were examined. The data showed that the isolated strain was 99%
similar to the unicellular ulvophyte sp. MBIC10591; it was ellipsoidal to spherical and had a large cup-
shaped spongiomorph chloroplast. The optimum parameters for synthesising Ag-NPs by unicellular
ulvophyte sp. MBIC10591 (Uv@Ag-NPs) were as follows: mixture of 1 mM of AgNO3 with an equal
volume of algal extract, 100 °C for 1 h, and pH of 7 under illumination for 24 h. TEM, HRTEM, and
SEM revealed that Uv@Ag-NPs are cubic to spherical, with an average nanosize of 12.1 £ 1.2 nm.
EDx and mapping analysis showed that the sample had 79% of Ag, while FTIR revealed the existence
of several functional groups on the NP surface derivatives from the algal extract. The Uv@Ag-NPs
had a hydrodynamic diameter of 178.1 nm and a potential charge of —26.7 mV and showed marked
antiproliferative activity against PC3, MDA-MB-231, T47D, and MCEF-7, with ICs values of 27.4,
20.3, 23.8, and 40 pg/mL, respectively, and moderate toxicity against HFs (ICsq of 13.3 pug/mL).
Uv@Ag-NPs also showed marked biocidal activity against Gram-negative bacteria. Escherichia coli
was the most sensitive bacteria to the NPs with an inhibition zone of 18.9 & 0.03 mm. The current
study reports, for the first time, the morphological appearance of the novel unicellular ulvophyte sp.,
MBIC10591, and its chemical composition and potential to synthesise Uv@Ag-NPs with smaller sizes
and high stability to act as anti-tumour and microbial agents.

Keywords: green synthesis; microalgae; anticancer; antibacterial; optimisation parameter

1. Introduction

Green synthesis has become a reliable and sustainable method for the biogenesis of
several nanomaterials such as metallic nanoparticles (NPs) (M-NPs), metal oxide NPs,
bimetallic NPs, and quantum dots [1]. NPs represent potent alternative drugs for several
diseases, such as infectious diseases [2], cancers [3], diabetes [4], and wound healing [5], due
to their unique features including their smaller size to larger surface area, various shapes,
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and sufficient reactivity facilitating their use for drug delivery, sensing, and catalysis,
among others [6-8]. Generally, NPs are synthesised by three main methods: physical,
chemical, and biological (green) syntheses [9]. Phycosynthesis is a green synthesis (bottom-
up) route that uses algal cells and their biocomponents to produce NPs with various
shapes and sizes [10]. Microalgae are considered model microorganisms for the biogenesis
of NPs due to their potential to hyper-accumulate heavy metals and be redesigned to
more malleable shapes [11]. Moreover, microalgae contain diverse biomolecules such as
lipids, proteins, carbohydrates, vitamins, pigments (such as phycocyanin, chlorophyll, and
carotenoids), antioxidants, and others that precipitate during the biogenesis of NPs as
reducing and stabilising agents [12]. The Chlorophyta phylum includes several species that
are sources of several secondary metabolites that act as new drugs in the nutraceutical
and pharmaceutical industries [13]. The unicellular ulvophyte sp. MBIC10591 is a strain
belonging to the Chlorophyta phylum. Unfortunately, there are no publications on its
morphology and applications. This strain was isolated and deposited by Japanese scientists
Suda et al. in GenBank for the first time in 2001 with the accession number AB058370.
Several studies used microalgae and cyanobacteria to produce several types of metallic and
metallic oxide NPs such as Au- [14], Ag- [15], ZnO- [16], and TiO,-NPs [17]. Hamida et al.
synthesised hexagonal Ag-NPs using the novel microalgae strain Coelastrella aeroterrestrica
BA_Chlo4 with a smaller diameter of 14.5 £ 0.5 nm [12]. The NPs showed marked activity
against different tumour cells, including MCF-7 and MDA, HCT-116, and HepG2 cells, with
low toxicity against the normal cells (HFs and Vero). They also demonstrated moderate
antioxidant activity and marked biocidal activity against both Gram-positive and -negative
bacteria. The biological synthesis method requires the adjustment of physicochemical
and biological parameters to obtain M-NPs with controlled sizes, shapes, and dispersity.
Several studies have reported that the precursor concentrations, reactant ratios, temperature,
pH, reaction time, time of exposure, and illumination conditions are important factors
that influence the physicochemical and biological properties [18-20]. It was found that
the increase in precursor concentration caused an increase in NP intensity, suggesting
polydispersity and agglomeration of NPs at higher concentrations [21]. The change in
the temperatures of the NP synthesis process may result in the formation of smaller or
larger NPs. It was found that the reduction in NP size at higher temperatures could be
attributed to an increase in the nucleation kinetics constant instead of the decreased growth
kinetics constant, considering the concentrations of the precursors [22]. Among M-NPs,
Ag-NPs have more effectiveness against microbes and cancerous cells. Aziz et al. used
Chlorella pyrenoidosa as a source of reducing and stabilising agents to fabricate Ag-NPs and
found that the resultant biogenic NPs exhibited a marked antibacterial activity against
Klebsiella pneumoniae, Aeromonas hydrophila, Acenetobacter sp., and Staphylococcus aureus [23].
Ag-NPs are also used in sunscreen lotions, burn treatments, wound dressings, textiles,
dental materials, and bone implants [24-26]. The Ag-NP mechanisms inside living cells
have been reported to depend on their potential to facilitate oxidative stress by promoting
the formation of reactive oxygen species. Moreover, their small sizes, potential charge, and
surface chemistry enable their interactions with cellular proteins and DNA, resulting in
cellular growth inhibition and death [3,27,28]. The current study revealed, for the first time,
the morphology and chemical components of the novel unicellular ulvophyte sp. MBIC10591
and its potential for the biogenesis of Ag-NPs under optimum conditions and anticancer
and antibacterial activities.

2. Results and Discussions
2.1. Algal Identification
2.1.1. Morphological Appearance

Light and inverted light micrographs revealed that the unicellular ulvophyte sp.
MBIC10591 was spherical. Several unicellular vegetative cells were detected with cup-
shaped spongiomorph chloroplasts with pyrenoids surrounded by several starch grains.
Single cells were the most dominant; however, package cells with parenchyma-like struc-
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tures containing more daughter cells were detected. All cells were surrounded by thick cell
walls (Figure 1A-D). SEM micrographs showed cells with widely ellipsoidal to spherical
shapes with sizes of 13.8 x 12.7 um. Several irregular ribs existed on algal surfaces, and
parenchyma-like structure package cells with more than nine daughter cells were observed
(Figure 2A-D). The daughter cells were surrounded by thick cell walls. Unfortunately, no
publications have demonstrated the morphological appearance of this isolate. The strain
was deposited in 2001 for the first time by Japanese scientists Suda et al. in GenBank with
the accession number AB058370. However, the current isolate shared several features with
Desmochloris sp. in that its cells are distinguished by their spherical to ellipsoidal shapes
and cup-shaped spongiomorph chloroplasts [29,30].

Figure 1. Light (A,B) and inverted light (C,D) microscopy of unicellular ulvophyte sp. MBIC10591.
Scale bar =20 um.
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Figure 2. SEM micrographs of unicellular ulvophyte sp. MBIC10591 showing the morphology of
single cells of ulvophyte sp. MBIC10591 (A,B) and package cells with a parenchyma-like structure
containing more daughter cells (C,D). Scale bar =5 um (A,C,D) and 2 um (B).

2.1.2. Molecular Identification

The 18s rRNA analysis revealed that the current strains were 99% similar to the un-
classified unicellular ulvophyte sp. MBIC10591 with a query covering of 89%. The sequence
was deposited in GenBank, NCBI, with accession number OP605382. The phylogenetic
tree demonstrated that the unicellular ulvophyte sp. MBIC10591 may be clustered within
Desmochloris sp. (Figure 3).
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Figure 3. Phylogenetic tree of the unicellular ulvophyte sp. MBIC10591 (blue frame) inferred from
18S r RNA. Tree was constructed by cluster method using MEGA4 software version 10.2.6. Number
at each branch refers to the bootstrap values for % of 1000 replicate trees calculated by neighbour
joining statistical method.

2.1.3. GC-MS Analysis

The GC-MS chromatograph demonstrated, for the first time, the volatile organic
molecules of the watery unicellular ulvophyte sp. MBIC10591 extract with a retention
time of 4-44 min. The data showed 34 peaks corresponding to 24 algal bio-compounds.
These 24 biomolecules included fatty acids (FA), FA esters, vitamins, alcohols, phenols,
hydrocarbons, organosulphur compounds, amino-acid-like compounds, and polysaccha-
rides (Table 1 and Figure 4). It was found that the unicellular ulvophyte sp. MBIC10591
was enriched with various molecules that act as antioxidant, antimicrobial, anticancer,
and anti-hypercholesterolemic agents such as D-fructose, diethyl mercaptal, pentaacetate,
25,26,27-trinorcholecalcifer-24-al, trisulphide, and di-2-propenyl, among others [30-32].
Based on the GC-MS spectra, the main organic molecules were speculated to be lipids
and hydrocarbons that could precipitate while stabilising NPs. However, the existence
of alcohols and phenols may indicate that hydroxyl groups have significant roles in the
biogenesis of Uv@Ag-NPs. Olasehinde et al. analysed the ethanolic and dichloromethane
extracts of Chlorella sorokiniana and Chlorella minutissima and found that the microalgae were
enriched with phenols, sterols, steroids, fatty acids, and terpenes that have modulatory
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activities for some mediators of Alzheimer’s disease [33]. GC-MS analysis of the aqueous
extract of Coelastrella aeroterrestrica BA_Chlo4 showed that the dominant biomolecules of
the algal extract were fatty acids and hydrocarbons [12].
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Figure 4. GC-MS chromatogram of unicellular ulvophyte sp. MBIC10591 watery extract.
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2.2. Uv@Ag-NPs Synthesis
2.2.1. Optimisation Parameters of Uv@Ag-NPs Synthesis

To obtain smaller nanoparticles with high stability, various parameters were stud-
ied, including precursor concentrations, the ratio between algal extract and precursor,
temperature, pH, illumination, and time of incubation (Figure 5A-G).

4.5 — 45 45

11 o
40 q E 2mm 40 B 12 40 C Eiﬁ ©
5mM —_—14 of
35 — tomm 35 1 35

30 3.0] 30
25 254 25
20 20 20
15 1.54 1.5
10 1.0 10
05 051 05
0.0 0.0

Absorbance (a.u.)
Absorbance (a.u.)
Absorbance (a.u.)

200 300 400 500 600 700 800

200; 300, 400, (500, 800; 700- £00 200 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm) Wavelength (nm)
45 = 45 45 —
—pl Ligh —2an|
40 —pH7 40 E = 40 F —8n
B D e s oma ——72n
=: 35 ——pH9 5 35 S 35
S 30 S 30 8 30
8 25 8 25 g 25
§ 20 § 20 § 20
2 2 2
5 15 5 15 S 15
2 10 8 10 2 10
< < <
05 05 05
0.0 0.0
200 300 400 500 600 700 800 200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)
4.0
_ | G
=3
s 39
© 251
2
§ 2.0 c
5 159 £
7] w
8 104 ?
< g
<

o,si
0.0
200 300 400 500 600 700 800
Wavelength (nm)
Figure 5. UV-Vis spectroscopy graphs illustrating the influence of (A) AgNOj3 concentration, (B) ratio
between algal extract and AgNO3, (C) temperature, (D) pH, (E) illumination conditions, and (F)
incubation duration and (G) Uv@Ag-NPs under optimum conditions.

The data revealed an increment in wavelengths of Uv@Ag-NPs from 1 mM (425 nm)
and 2 mM (425.5 nm) to 5 mM (428 nm) at a constant ratio of 1:9 of algal extract to AgNOs,
temperature of 25 °C, pH of 7, and light illumination for 24 h. On the other hand, with
10 mM of AgNO3, no NPs were produced, suggesting that the higher concentrations above
5 mM significantly slowed the generation of nuclei and growth down. Therefore, it took
a longer time to complete the reduction in precursors. The concentration of the NP in
their suspension at 1, 2, and 5 mM was low, and the suspension had a faint golden-yellow
colour. The data revealed that 1 mM of AgNO3 was the optimum for Uv@Ag-NP synthesis.
Khan et al. showed that the intensity of Ag-NPs synthesised from the Piper betle leaf extract
increased at higher concentrations of 3 and 4 mM with high wavelength values relative
to the other lower concentrations of 1 and 2 mM of AgNOs; this suggests polydispersity
and agglomeration of Ag-NPs at higher concentrations [21]. Changing the ratio of the
algal extract to AgNO; from 1:9 to 1:1, 1:2, and 1:4 at a constant 1 mM AgNOj caused a
reduction in wavelength from 425 nm at a 1:9 ratio to 422, 422, and 422.5 nm, respectively,
suggesting that a higher volume of the precursor may result in an increase in the NP size
or promote the agglomeration of NPs [34]. An increase in the temperature during the
biofabrication of Uv@Ag-NDPs resulted in reductions in the wavelength from 422 nm at
25 °C to 420 nm at 40 °C 418.5 nm at 80 °C and 409.5 nm at 100 °C. The NP intensity
was higher at both 40 and 80 °C; however, their peaks were broader, which indicated the
synthesis of larger or agglomerated NPs. These data suggested that the higher temperature
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was an important parameter for the biogenesis of Uv@Ag-NPs. This could be attributed to
the existence of algal biomolecules that become activated at higher temperatures during
Uv@Ag-NPs synthesis or kinetic influence. Liu et al. reported that the reduction in NP
sizes at higher temperatures could be attributed to an increase in the nucleation kinetics
constant instead of the decreased growth kinetics constant, considering the concentrations
of the precursors [22]. UV-Vis spectroscopy showed that acidic pH (5) resulted in a broader
SPR peak with a wavelength of 408.5 nm. However, the colour of the NP suspension
was transparent, suggesting a slower synthesis reaction with a low yield of UV@Ag-NPs.
Moreover, the wavelength of the Uv@Ag-NPs at pH of 7 (the same as the original pH of
the reaction without any adjustment) and 9 was 409.5 nm; at higher pH values (8 and
12), the wavelengths shifted from 409.5 nm to 418 and 428 nm, respectively. These data
explained that the pH values of 7 and 9 were suitable for producing smaller Uv@Ag-NPs,
while increasing the pH to 8 and 12 caused an increase in NP intensity with wide shifting
in wavelength indicating the synthesis of larger NPs. These data could be explained
by the influence of pH on the dissociation, isolation, interfacial free energy, and the net
charge of NPs. For instance, in an acidic medium, the driving force of NP dissolution
may be balanced by the repulsive force keeping the dispersion of NPs resulting in smaller
NPs. On the contrary, the negative charge hydroxyl ions (OH") facilitated the reduction
of silver ions to NPs by increasing the ion levels in the medium silver atoms; these tend
to diffuse between adjacent adsorption sites on a surface and form bonds with nearest
neighbour atoms via Brownian diffusion, resulting in the formation of larger NPs [35].
Traiwatcharanon et al. synthesised Ag-NPs using a Pistia stratiotes extract and studied the
influence of pH on NP size [35]. They reported that acidic conditions at pH values of 4, 5,
and 6 caused blue shifting in the SPR of the Ag-NPs with smaller wavelengths of 330 nm
while resulting in red shifting of SPR peaks with a wavelength of 414 nm. They reported
that the red shift in the basic medium suggests larger Ag-NPs with higher intensities than
those generated under acidic and neutral conditions.

The data showed that the optimum illumination condition for Uv@Ag-NP synthesis
was under light (409.5 nm); under dark conditions, their wavelength was 420 nm. Increasing
the duration of incubation from 24 h to 72 h under illumination increased the wavelength
values from 409.5 to 421.5 nm, respectively, suggesting that the duration of exposure to
light influences NPs stability. This could be attributed to the photocatalytic reaction where
photons produce energetic electrons that excite SPR and, as a result, reduce Ag* to Ag-
NPs [35-37]. However, high exposure to light irritation may accelerate the agglomeration
rate of NPs. Husain et al. synthesised silver nanoparticles using 30 cyanobacteria species
under dark and light conditions and found that almost all species were able to generate
Ag-NPs only under light conditions [38].

Based on the previous data, the optimum conditions for synthesising Uv@Ag-NPs
were 1 mM AgNO;3, 1:1 ratio of AgNOj3 and algal extract, temperature of 100 °C for 1h, pH
of 7, light conditions, and incubation duration of 24 h. These conditions resulted in golden
brown NP suspension at a wavelength of 409.5 nm. Kusumaningruma et al. reported
that the maximum SPR peak of biosynthesised Ag-NPs using Chlorella pyrenoidosa was at
410 nm, which confirms the nanostructure of Ag-NPs [39].

2.2.2. Uv@Ag-NPs Characterisations
TEM, SEM, EDx, and Mapping Analysis

The TEM, HR-TEM, and SEM micrographs (Figure 6) of the Uv@Ag-NPs showed that
the NPs had polyform shapes, including spherical and cubic. These NPs were trapped in
an algal matrix that could contain polysaccharides. Smaller spherical Ag-NPs and cubic
NPs may represent the seed for generating cubic NPs [40].
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Figure 6. TEM (A,B), HR-TEM (C,D), and SEM (E,F) micrographs of Uv@Ag-NPs illustrate the
uniform distribution of Uv@Ag-NPs and their spherical and cubic shapes. Scale bar = 100 nm (A),
50 nm (B,C), 5 nm (D), 200 nm (E), and 500 nm (F).

The micrographs also demonstrated that Uv@Ag-NPs were uniformly distributed
without agglomeration, suggesting that Uv@Ag-NPs have good stability. The frequency
distribution analysis of Uv@Ag-NPs using HR-TEM micrographs suggested that Uv@Ag-
NPs are small, with a nanosize range of 5-60 nm and an average diameter of 12.1 4+ 1.2 nm.
Kannan et al. fabricated silver nitrate using the Chlorophyceae Codium capitatum P.C. Silva
strain and showed that Ag-NPs have a cubic shape with a nanosize range of 344 nm and a
mean diameter of 30 nm [41].

The elemental compositions of Uv@Ag-NPs and their distribution were determined
using the EDx detector. The data showed that the main element distributed in the sample
was Ag. A sharper peak was detected at 3 keV, which is a typical absorption signal of
Uv@Ag-NPs with a mass percentage of 76.7%. Other elements, including carbon (6.93%),
oxygen (1.81%), and chloride (12.18%), were detected while other trace elements emerged,
including aluminium (0.3%), copper (1.13%), and zinc (0.91%); they may have emerged
from the algal biocompounds surrounding the NPs or they existed in the polysaccharide
matrix (Table 2, and Figure 7A,B) [39,42].
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Table 2. EDx analysis of Uv@Ag-NPs synthesised from the unicellular ulvophyte sp. MBIC10591.

Element Line Mass% Atom%
C K 6.93 £+ 0.02 32.29 + 0.09
(@) K 1.81 +0.02 6.32 +0.08
Al K 0.3 +0.01 0.63 £+ 0.02
Cl K 12.18 + 0.03 19.22 + 0.05
Cu K 1.13 +0.04 1.00 4 0.04
Zn K 0.91 £+ 0.05 0.78 £ 0.04
Ag L 76.74 £ 0.11 39.78 + 0.06
Total 100 100

B

IMG1 cK oK
=
L
= 50000 — Znla Agla
[=] AlKa
O ym [= T = <@ 1 o
b Jcul C ZnKb
¥ k. c
P-K clK Cu-K ; Oka b2 Cukb
s cta b Znka
~— 1 11l CuKa
= AL J¥ |
[ 0 + + ey T - T v ™
O tyn O 1yn O tun
0 5 10 15 20

Ag-L

- Energy (keV)

O e

Figure 7. Map (A) and EDx (B) analysis of Uv@Ag-NPs synthesised from the unicellular ulvophyte sp.
MBIC10591.

FTIR

The FTIR of the Uv@Ag-NPs contained 13 peaks at 3432.9 [41], 2928.7 [43], 2845.0 [44],
2130.1, 1636.5 [45], 1531.6, 1457.5 [46], 1384.4 [47], 1237.2 [48], 1085.2 [49], 889.8, 795.5 [50],
and 554.0 [51] cm~! (Figure 8). The IR peaks at 3432.9, 2928.7, and 2845.0 cm ™! corre-
sponded to strong broad O-H stretching of alcohols or medium N-H stretching of primary
amines and strong broad O-H stretching of carboxylics, broad N-H stretching of amine salts,
or medium C-H stretching of alkane. However, the peaks at 2130.1, 1636.5, and 1531.6 cm !
referred to the strong N=N=N stretching of azides, N=C=N stretching of carbodiimides,
or N=C=S5 stretching of isothiocyanates or weak CEC of alkynes; medium C=C stretching
of alkenes or N-H stretching of amines; and strong N-O stretching of nitrocompounds.
The peaks at 1457.5, 1384.4, 1237.2, and 1085.2 cm ! were related to the medium C-H
bending of alkanes; medium C-H bending of alkanes, O-H bending of alcohols, or strong
5=0 stretching of sulphates; strong C-O stretching of alkyls or medium C-N stretching
of amines; and strong C-O stretching of primary alcohols or aliphatic ethers. The FTIR
spectra at 889.8, 795.5, and 554.0 cm~! were related to strong or medium C=C bending of
alkenes and strong C-I stretching of halocompounds. These data may indicate that the main
molecules for capping Uv@Ag-NPs were proteins and /or polysaccharides and/or alcohols,
while the stabilising molecules were hydrocarbons and/or fatty acids. These data may be
supported by the data of GC-MS analysis, which indicated that the main stabilising agents
were fatty acids and hydrocarbons, and that phenol, alcohols, and/or amino-acid-like
compounds were the reducing agents. Mahajan et al. extracellularly biofabricated Ag-NPs
from silver nitrate using Chlorella vulgaris [52]. They analysed the functional group on the
Ag-NPs using FTIR and found that the IR peaks of Ag-NPs were at 3435.88, 2092.30, 1637.82,
1559.61, 1414.42, 1037.17, and 618.16 cm~!. This suggested that proteins, polysaccharides,
and amides were significant passivating biomolecules for the bioreduction of AgNOj3 to
Ag-NPs, while long-chain fatty acids were the stabilising agents.
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Figure 8. FTIR spectra of the Uv@Ag-NPs synthesised using the unicellular ulvophyte sp. MBIC10591.

DLS and Zeta Potential

The hydrodynamic diameter (HD) average of the Uv@Ag-NPs in an aqueous system
was 178.1 nm with a polydispersity index of 0.38, suggesting that Uv@Ag-NPs had a poly-
disperse standard. The larger NP sizes than the nanosize range 5-60 nm calculated using the
HR-TEM micrographs could be attributed to the algal biomaterials in the suspension and
surrounding the surface of NPs; they tend to absorb water molecules on the NP surfaces,
which increases the HD. The zeta potential (ZP) of the NPs is important for understanding
their degree of stability in colloidal systems. NPs with higher negativity or positivity have
strong repletion forces to repel each other, which prevents the agglomeration of NPs and
stabilises them in a colloidal system [53]. Ardani et al. reported that the ZP value range of
+0-10 mV indicates a highly unstable colloid, while the ranges of +10-20 mV, £20-30 mV,
and >430 mV reveal relatively, moderately, and highly stable colloids, respectively [53].
The ZP of the Uv@Ag-NPs was —26.7 mV, indicating colloidal stability. This negative
charge surrounding Uv@Ag-NPs could be normalised to those of the algal functional
groups, such as hydroxyl and carboxylic groups, which surround the surfaces of NPs.
Rathod et al. reported that the ZP of Ag-NPs synthesised from the Nocardiopsis valliformis
strain OT1 was —17.1 mV, suggesting their colloidal stability (Figure 9A,B) [54].
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Figure 9. DLS (A) and zeta potential (B) of Uv@Ag-NPs synthesised from the unicellular ulvophyte
sp. MBIC10591.

2.3. Antiproliferative Effect of Uv@Ag-NPs

Uv@Ag-NPs significantly reduced the proliferative activity of PC3, MDA-MB-231,
T47D and HFs cell lines in a dose-dependent manner. However, MCF-7 cells responded
differently to Uv@Ag-NPs. Uv@Ag-NPs drastically inhibited cellular proliferation in a
dose-dependent manner from 200 to 50 pug/mL. The cell viability was non-significantly
increased at 25 to 6.25 ng/mL of Uv@Ag-NPs. Interestingly, 3.13 pg/mL of Uv@Ag-NPs
significantly reduced MCF-7 cell growth by 22%, whereas 1.5 pg/mL of Uv@Ag-NPs
demonstrated a non-significant reduction in the malignant cell activity by 12%. This may
be explained by the way that drug-responsive malignant cells behave or by the fact that
smaller NPs can enter cells at lower concentrations since there are fewer aggregates present.

Similarly, the cell viability % of HFs was significantly decreased by increasing the
Uv@Ag-NPs concentration from 12.5 to 200 ug/mL. Beyond 12.5 pg/mlL, there was no
significant activity of NPs against HFs cells. The moderate toxicity of Uv@Ag-NPs against
HFs cell lines could be attributed to the algal functional groups surrounding the NPs, which
have antioxidant activity, as reported in the GC-MS analysis section, increasing the NPs’
biocompatibility against normal cells. These data suggested that Uv@Ag-NPs may act as
potent alternative drugs for traditional therapeutic agents or pharmaceutical applications.
The IC5) values of Uv@Ag-NPs against PC3, MDA-MB-231, T47D, MCF-7, and HFs were
27.4,20.3,23.8,40.0, and 13.3 pg/mL (Figure 10). These data revealed that the most sensitive
malignant cells to Uv@Ag-NPs were MDA-MB-231, followed by T47D, PC3, and MCFE-7
cells. This suggested that Uv@Ag-NPs could be used as antiproliferative agents against
prostate and multidrug-resistant breast cancer cell lines. The great antiproliferative activity
of Uv@Ag-NPs against MDA-MB-231 cells compared to other cells may be attributed
to the cellular metabolic state influencing cellular charge and their interaction with the
charged NPs. On the other hand, the ICsy values of Ch@Ag-NPs against PC3, MDA-
MB-231, T47D, MCEF-7, and HFs were 111.8, 256.9, 657.0, 31.2, and 54.1 pg/mL, while
the ICsg values of 5-FU against PC3, MDA-MB-231, T47D, MCE-7, and HFs were 10.6,
442.27,12.75, 56.48, and 32.4 ug/mL (Figure 11). These data indicated that Uv@Ag-NPs
demonstrated marked activity against tested cancer cells relative to other tested drugs,
including Ch@Ag-NPs and 5-FU. The marked activity of Uv@Ag-NPs against cancer cells
may be attributed to their smaller size, which facilitates penetration of cell boundaries and
interactions with biomolecules, including proteins, enzymes, and antioxidants, causing
cellular dysfunction and cell death [55]. Moreover, the bio-functional group derivatives
from the algal components may play a significant role in enhancing the antiproliferative
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effects of Uv@Ag-NPs; they may facilitate the transport of NPs within cells via interactions
with cellular receptors. Moreover, the negative charge on Uv@Ag-NPs may influence
the therapeutic activity of NPs by increasing the attractive force between NPs and the
cellular membrane and the resultant increase in the adsorption of NPs on the cellular
surface. This surges the probability of these NPs moving inside cells and interacting with
cell membranes [56]. Mohanta et al. synthesised Ag-NPs using Gracilaria edulis and found
that Ag-NPs (with an average diameter of 62.7 & 0.25 nm and a spherical shape) caused
50% death of MDA-MB-231 cells at concentrations of 344.27 £ 2.56 ug/mL, suggesting
the potent antiproliferative activity of NPs [57]. Ag-NPs (with nanosize of 5-50 nm and
spherical shape) synthesised from Pleurotus djamor var. roseus exhibited antiproliferative
activity against PC3 cells with an ICsq of 10 ng/ mL [58], while Ag-NPs (with spherical
shape and size range of 5-25 nm) synthesised from Anabaena flos-aquae reduced 50% of
T47D cell growth with an ICsj of 5 ug/ mL [59]. Hexagonal Ag-NPs synthesised from the
novel Coelastrella aeroterrestrica strain BA_Chlo4 with a diameter of 14.5 & 0.5 nm showed
marked inhibitory activity against MCF-7, MDA-MB-231, HCT-116, HepG2, HFS, and Vero
with ICsg values of 26.03, 15.92, 10.08, 5.29, 10.97, and 17.12 pug/mL, respectively [12].
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Figure 10. Antiproliferative activity (A,B) of a twofold serial dilution of 200 pg/mL of Uv@Ag-NPs
synthesised from the unicellular ulvophyte sp. MBIC10591 against four malignant cells, PC3, MDA-
MB-231, T47D, and MCF-7, and normal cells, HFs. Data are represented as mean 4= SEM. p-values
were calculated versus untreated cells: *** p < 0.0001, ** p < 0.001, and * p < 0.01.
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Figure 11. Cell viability of 1000 ug/mL of chemically synthesised Ag-NPs (Ch@Ag-NPs) (A) and
5-fluorouracil (5-FU) (B) against four malignant cells, PC3, MDA-MB-231, T47D, and MCF-7, and
normal cells, HFs. Data are represented as mean £ SEM.

2.4. Biocidal Influence of Uv@Ag-NPs

The inhibitory effects of Uv@Ag-NPs, Ch@Ag-NPs, AgNOs, the algal extract, and
ciprofloxacin against E. coli, K. pneumoniae, B. cereus, and B. subtilis were examined using
the agar well diffusion method. After excluding ciprofloxacin, the data revealed that
Uv@Ag-NPs had the highest biocidal activity against the tested microbes (Figure 12 and
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Table 3). The Uv@Ag-NPs showed greater activity against Gram-negative than Gram-
positive bacteria. E. coli was the most sensitive microorganism to Uv@Ag-NPs with an 1Z of
18.9 £ 0.03 mm, while B. subtilis showed the lowest response against Uv@Ag-NPs with an
IZ of 15.1 £ 0.04 mm. The positive charge of Ag-NPs plays a significant role in enhancing
their antibacterial activity via electro-attractive interactions between the negatively charged
NPs and bacterial membranes [60]. Here, the Uv@Ag-NPs showed unexpected results; they
had a negative charge on their surface but showed marked activity against Gram-negative
bacteria, suggesting that the role of the charge in enhancing the biocidal efficiency of
Uv@Ag-NPs can be overlooked. However, the biocidal activity of Uv@Ag-NPs against
the tested bacteria can be attributed to their small size and large surface area and the
surface chemistry of these NPs facilitating their interactions with cellular membranes
and components inhibiting bacterial growth. The biocidal activity of Ag-NPs was highly
dependent on the nanosize; the smaller sizes with larger surface areas allowed better
contact with the cell membrane [61,62]. The Ch@Ag-NPs (negatively charged NPs), relative
to Uv@Ag-NPs and AgNO; had the lowest inhibition zone; higher values (12.0 4= 0.01 mm)
were recorded for B. subtilis, while the lower 1Z was 10.1 & 0.03 mm for K. pneumoniae. The
lower biocidal activity of Ch@Ag-NPs compared to Uv@Ag-NPs could be attributed to
the large nanosize of Ch@Ag-NPs trapping the NPs outside the bacterial wall, tackling
their entrance into cells and reducing their activity against the bacterial cells. Moreover, the
absence of functional groups around Ch@Ag-NPs’ surface may also substantially impact
the therapeutic action of Ch@Ag-NPs. It was found that the functional groups on the
NPs surface mitigate their biological activity and toxicity via their interaction with cellular
structures and biomolecular corona [28].

Table 3. Inhibition zones of 1 mg/mL of Uv@Ag-NPs, Ch@Ag-NPs, AgNOj3, algal extract, and
ciprofloxacin for E. coli, K. pneumoniae, B. cereus, and B. subtilis.

Drugs (ug/mL)

Microorganisms Uv@Ag-NPs Ch@Ag-NPs AgNO3 Algal Extract Ciprofloxacin
IZD (mm)
E. coli 18.9 +0.03 11.1 +0.14 15.0 +0.13 0.0 £0.0 32.5 £ 0.03
K. pneumoniae 16.0 +0.01 10.1 +£0.03 14.2 + 0.45 0.0 £0.0 32.0 £0.03
B. cereus 16.2 +0.18 11.4 £ 0.05 14.2 +0.03 0.0£0.0 32.0 £0.06
B. subtilis 15.1 +0.04 12.0 +£0.01 15.0 +0.19 0.0 £0.0 34.0 £ 0.03

The highest I1Z values of AgNO;3; were for both E. coli and B. subtilis at 15.0 & 0.13 and
15.0 £ 0.19 mm, respectively, while the lower values were for both K. pneumoniae and B.
cereus with values of 14.2 + 0.45 and 14.2 =+ 0.03 mm, respectively. Intriguingly, 1 mg/mL
of Uv@Ag-NPs and AgNO; resulted in a similar IZD value (about 15.0 mm) against B.
subtilis. These data suggested that the biocidal activity of Uv@Ag-NPs against B. subtilis
might be due to the nature of Ag ions rather than the algal functional groups, which might
have other roles such as stabilising and charging NPs or directing the NPs to bacterial cells.
Moreover, 1 mg/mL of algal extract was not enough to inhibit the bacterial growth with
zero 1Z against all tested microbes. These data show that Uv@Ag-NPs exhibited marked
biocidal activity against the tested microbes compared with silver nitrate and Ch@Ag-NPs,
suggesting that the small size with high specific surface area and functional group coating
of the Uv@Ag-NPs have a significant influence on their biological activities. Ag-NPs (with
a particle size of 4.06 nm) synthesised using pu-erh tea leaf extract inhibited the growth of E.
coli, K. pneumoniae, Salmonella Typhimurium, and Salmonella Enteritidis with 1Z values of 15,
10, 20, and 20 mm, respectively [63], while the Ag-NPs (with spherical shape and diameter
range of 4.5 to 26 nm) synthesised from Desertifilum IPPAS B-1220 showed antibacterial
activity against B. cereus and B. subtilis with 1Zs of 16.33 & 0.33 and 17.33 + 0.33 mm,
respectively [64].
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Figure 12. Inhibitory activities of 1 mg/mL of Uv@Ag-NPs, Ch@Ag-NPs, AgNOs, algal extract, and
ciprofloxacin against E. coli, K. pneumoniae, B. cereus, and B. subtilis. Letters written on well refer to (A)
Uv@Ag-NPs, (B) ciprofloxacin, (C) Ch@Ag-NPs, (D) AgNOs3, and (E) algal extract.

3. Materials and Methods
3.1. Materials

Silver nitrate (AgNO3); chemically synthesised NPs with nanosizes of <100 nm, spher-
ical shapes, and 99.5% purity; and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) tetrazolium reduction assay (MTT) assay and 5-fluorouracil (5-FU) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The cell culture tools and media were
purchased from Gibco (Thermo Fisher Scientific, Waltham, MA, USA). PC3, MDA-MB-231,
T47D, MCF-7, and HFs cells were purchased from Nawah Scientific company, Egypt, who
obtained the cells from the American Type Culture Collection (ATCC, Manassas, VA, USA),
and microbial isolates were obtained from the Department of Microbiology, King Saud
University, Riyadh, Saudi Arabia.
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3.2. Unicellular ulvophyte sp. MBIC105
3.2.1. Isolation and Morphological Estimation

The microalgae were isolated from muddy soil in Riyadh, Saudi Arabia, using the
serial dilution method reported by Hamida et al. [12]. The microalgae were kept in a sterile
BG-11 media-containing flask in an incubator under a fluorescence lamp (2000 £ 200 Lux)
with a 12:12 h dark/light cycle at room temperature for 15 days. Inverted, light, and
scanning electron microscopes were used to determine the morphological appearance and
purity of the microalgae. The sample was washed at least three times with water and
ethanol and fixed in 70% ethanol. A small volume of the algal suspension was loaded onto
a sterile glass piece fixed on a carbon paste attached to a copper stub. The sample was
subsequently coated with a platinum coater (JEC-3000FC, Joel, Tokyo, Japan) for 80 s for
scanning electron microscopy (SEM) (JSM-IT500HR, Joel, Japan) at 15 kV.

3.2.2. 18s rRNA Identification

The sample was identified using 18s rRNA identification. The DNA was extracted
as described by Hamida et al. [12]. The PCR step with specific primers (forward primer:
CCAGCAGCCGCGGTAATTCC; reverse primer: ACTTTCGTTCTTGATTAA) was per-
formed to amplify the extracted DNA for sequencing using an ABI 3730 DNA sequencer
(Thermo Fisher Scientific, USA).

3.2.3. Gas Chromatography—Mass Spectrometry (GC-MS) Analysis

The volatile components in the algal aqueous extract were screened using the Trace
GC-TSQ mass spectrometer (Thermo Fisher Scientific, Austin, TX, USA) with the direct
capillary column TG-5MS (30 m x 0.25 mm X 0.25 pm film thickness). Briefly, 50 mg of
algal powder was soaked in 50 mL of boiled distilled water (dist. HyO) and sonicated for
30 min. Subsequently, the sample was allowed to macerate for 24 h, followed by filtration
with a syringe filter (0.22 pm). The filtrate was dried in a vacuum oven at 50 °C for 48 h.
The temperature of the column oven was 50 °C initially before it was increased at a rate of
5 °C/min to 250 °C, maintained for 2 min, increased to 300 °C at a rate of 30 °C/min, and
maintained for 2 more min. The injector and MS temperatures were maintained at 270 and
260 °C, respectively. Helium was utilised as a carrier gas at a constant flow rate of 1 mL/min.
The solvent delay was 4 min, and diluted samples of 1 uL were injected automatically
using an Autosampler AS1300 coupled with GC in the split mode. Electron ionisation mass
spectra were collected at 70 eV ionisation voltages over the range of 50-650 m/z in full scan
mode. The ion source temperature was set to 200 °C. Components of the algal extract were
identified by comparing their mass spectra with those of the WILEY 09 and NIST 14 mass
spectral databases [12].

3.2.4. Algal Aqueous Extract Preparation

The microalgae biomass was collected by centrifugation at 4700 rpm for 10 min,
washed more than thrice with dist. H,O, and lyophilised for 24 h using LYOTRAP (LTE
Scientific, Greenfield, U.K.). The algal watery extract was prepared by dissolving an equal
amount of algal powder with dist. H,O and boiling at 80 °C for 30 min. Subsequently,
the algal extract was spun at 4700 rpm for 10 min, and the supernatant was filtered using
Whatman filter paper No. 1. The filtrate was used freshly to synthesise the Ag-NPs
(Uv@Ag-NPs) [12].

3.3. Uv@Ag-NPs Synthesis
3.3.1. Optimisation Parameters for the Biofabrication of Uv@Ag-NPs

To determine the optimum conditions for Uv@Ag-NP biofabrication, various parame-
ters were screened.
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Precursor Concentrations and Ratios

Uv@Ag-NPs were produced with various concentrations (1, 2, 5, and 10 mM) of silver
nitrate at a constant ratio of 1 to 9 (algal extract to silver nitrate) and a temperature of
25 °C under illumination for 24 h. Two millilitres of the synthesised Uv@Ag-NPs at each
concentration was screened using UV spectroscopy (Shimadzu, Japan). After obtaining the
optimum concentration, the effects of various ratios of precursor and algal extracts were
determined. Four ratios were tested by mixing algal extract with 1 mM of AgNOjs at ratios
of 1:1, 1:2, 1:4, and 1:9, respectively, under the same constant conditions.

Temperature and pH

To estimate the influence of temperature and pH on NP biofabrication, 100 mL of 1 mM
of AgNO3 was mixed with 100 mL of algal extract and exposed to various temperatures of
25, 40, 60, and 100 °C for 1 h under other constant conditions. At the optimum temperature
(100 °C), the pH values of AgNO3 and the algal extract mixture were adjusted dropwise
using 0.1 M hydrochloric acid or sodium hydroxide to 5, 7, 8, 9, and 12 under the same
constant conditions for synthesis.

IIlumination and Incubation Duration

Briefly, 100 mL of 1 mM of AgNO; was mixed with 100 mL of algal extract at 100 °C
and a pH of 7. The mixture was incubated once in the dark and once in light (fluorescence
lamp with 2000 4 200 Lux) for 24 h. An aliquot was measured using UV spectroscopy to
determine the optimum illumination conditions. The influence of the incubation duration
was subsequently estimated by incubating the AgNOj5; and algal extract mixture under
light conditions for 24, 48, and 72 h.

After obtaining the optimum conditions for biosynthesising the Uv@Ag-NPs, the NPs
were synthesised on a large scale (5 L), centrifuged at 12,000 rpm for 15 min, washed at
least thrice with dist. H,O, and lyophilised for 8 h. The powder NPs were weighed and
collected in sterile Eppendorf for further experiments.

3.4. Characterisation of Uv@Ag-NPs
3.4.1. UV Spectroscopy

For each optimum parameter, an aliquot (2 mL) of Uv@Ag-NPs was screened using
UV spectroscopy for a wavelength range of 200-800 nm and a resolution of 1 nm.

3.4.2. Morphological and Elemental Composition Analysis of Uv@Ag-NPs

The shapes, sizes, elemental compositions, and distributions of the Uv@Ag-NPs were
analysed using a high-resolution transmission electron microscope (HR-TEM), TEM, and
SEM combined by an energy dispersive X-Ray analysis (EDx) detector. The Uv@Ag-NPs
were collected by centrifugation at 12,000 rpm for 15 min, washed at least thrice with dist.
H,O and ethanol, and suspended in 1 mL ethanol and sonicated for 15 min. For imaging,
20 uL of the NP suspension was dropped onto the carbon-coated copper grid and air-dried
to be examined by TEM (JEM-1400Flash, Joel, Tokyo, Japan) at 120 kV. Similarly, for SEM,
20 pL of the NP suspension was loaded on a sterile glass attached to a copper stub and
air-dried. The sample was coated with platinum and examined at 15 kV using SEM. On
the other hand, a small amount of powdered Uv@Ag-NPs was loaded onto carbon paste
attached to a copper stub and coated with platinum for 80 sec to be analysed with an EDx
detector (JSMIT500HR, STD-PC80, Joel, Tokyo, Japan) [12].

3.4.3. Fourier Transform Infrared Spectroscopy (FTIR) and Zeta Sizer

The surface chemistry of the Uv@Ag-NPs powders was detected in a range of
400-4000 cm~! using FTIR spectroscopy (Shimadzu, Kyoto, Japan). The potential charges
and hydrodynamic diameter of the Uv@Ag-NPs were determined by sonicating the NP
suspension (500 ug/mL) for 15 min, diluting it 10-fold, sonicating for 1 to 2 min, and
transferring it to Utype tubes at 25 °C for measurement using the zeta sizer (Malvern, U.K.).
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3.5. Anticancer Activity

The antiproliferative activities of Uv@Ag-NPs, Ch@Ag-NPs, and 5-FU (as positive
controls) were screened against four malignant cell lines, namely PC3, MCF-7, MDA-MB-
231, and T47D, and one normal cell line, HFs, using the MTT kit. In brief, a cell density of
5 x 10* cells/mL was seeded onto a 96-well plate and incubated in a 5% CO, incubator for
24 h at 37 °C. At 75% confluency, the cells were subjected to serial dilution of Uv@Ag-NPs
(200, 100, 50, 25, 12.5, 3.1, and 1.6 pug/mL), while the concentrations of both Ch@Ag-NPs
and 5-FU were 1000, 500, 250, 125, 62.5, 31.25, 15.62, 7.81, and 3.90 ug/mL. Uv@Ag-NPs,
Ch@Ag-NPs, and 5-FU were suspended in DMEM media, and the NP suspension was
sonicated for 15 min. The 5-FU mixture was vortexed for 1 min. All mixtures were
filtered using a 0.45 um syringe filter for direct application to cells. The treated plates
were incubated for 24 h in a 5% CO, incubator at 37 °C. After incubation, the media were
discarded and replaced with 100 uL/well fresh media, and 10 puL/well of MTT solution
(5 mg of MTT powder dissolved in 1 mL of sterile PBS, vortexed until dissolution, and
filtered using a syringe filter) was added. The plates were incubated for 4 h, and the media
was removed. Subsequently, 100 uL/well of DMSO was applied, and the plates were
shacked at 400 rpm for 15 min to dissolve the formazan dye crystal. The plates were read
on a Hercules, CA, USA) at 570 nm [3]. Cell viability (%) was estimated according to the
following equation:

(Abs(treated)/(Abs(control)) x 100

The ICsq (half-maximal growth inhibitory concentration) was calculated using a sig-
moidal curve.

3.6. Antibacterial Activity

Escherichia coli ATCC8739, Klebsiella pneumoniae ATCC13883, Bacillus cereus ATCC9634,
and Bacillus subtilis ATCC6633 were cultured in nutrient broth for up to 18 h at 37 °C and
maintained through continuous subculturing in broth and on solid media. The inhibitory
activities of 1 mg/mL of Uv@Ag-NPs, Ch@Ag-NPs, AgNO3, algal extract, and 5 ng/mL
ciprofloxacin were assessed against the tested bacteria using the agar well diffusion method.
In brief, 4 mL of the bacterial strain was suspended in 50 mL of nutrient agar media. The
mixture was poured into sterilised Petri dishes and dried at 37 °C. Four 8 mm wells were
created in the agar plates using a cork borer. Subsequently, 100 pL of Uv@Ag-NPs, Ch@Ag-
NPs, AgNO3, algal extract, and ciprofloxacin suspensions were poured into the 8 mm
wells. The plates were kept in a bacterial incubator at 37 °C for 24 h. Ch@Ag-NPs and
ciprofloxacin were used as positive controls, while dist. HyO was used as a negative control.
The inhibition zone (IZ) was estimated after 24 h using a transparent ruler [65].

3.7. Statistical Analysis

All experiments were performed in triplicate independently, and the data are pre-
sented as mean £ SEM. One-way analysis of variance (ANOVA) was performed to compare
differences between untreated and treated groups using graphPrism version 9.3.1 (Graph-
Pad Software Inc., San Diego, CA, USA); p < 0.05 was considered statistically significant. For
characterisation analysis of Uv@Ag-NDPs, origin 8 (OriginLab Corporation, Northampton,
MA, USA) and Image] (National Institutes of Health, Bethesda, MD, USA) were utilised.

4. Conclusions

These findings provide, for the first time, information about the novel microalgae
unicellular ulvophyte sp. MBIC10591 and their potential for Ag-NP biogenesis. Herein,
we report the morphological appearance of the unicellular ulvophyte sp. MBIC10591; the
cells appeared spherical with cup-shaped spongiomorph chloroplasts with pyrenoids
surrounded by several starch grains. Single cells were dominantly distributed; however,
package cells with parenchyma-like structures containing more daughter cells were also
found. The unicellular ulvophyte sp. MBIC10591 is enriched with various biomolecules,
including vitamins, antioxidants, amino-acid-like compounds, organosulphur compounds,
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fatty acids, hydrocarbons, polysaccharides, phenol, and alcohols and may be a source
of several therapeutic compounds. More investigations are needed to identify several
molecules in different organic extracts of the unicellular ulvophyte sp. MBIC10591. These
biomolecules enable the unicellular ulvophyte sp. MBIC10591 to biosynthesise small Ag-
NPs. The Uv@Ag-NPs have UV-Vis spectra at 409.5 nm with spherical and cubic shapes.
It was found that the optimum conditions for synthesising Uv@Ag-NPs include 1 mM
AgNOg, a ratio of 1:1 for AgNO; and algal extract, temperature of 100 °C for 1 h, and pH of
7 under light conditions for 24 h. The nanosize of these NPs was 5-60 nm with an average
diameter of 12.1 £ 1.2 nm, while their HD and ZP were 178.1 nm with polydispersity
index of 0.38 and —26.7 mV, respectively; these suggest their polydispersity and colloidal
stability. Several functional groups were detected on Ag-NP surfaces. Proteins or/and
polysaccharides or/and alcohols are responsible for reducing Ag-NPs, while fatty acids
or/and hydrocarbons are the stabilising agents responsible for preventing the agglomera-
tion of Ag-NPs. Uv@Ag-NPs exhibited marked anticancer activity against prostate cancer
and multidrug resistance breast cancers with low toxicity against HFs. They also demon-
strated marked inhibitory activity against Gram-negative bacteria; E. coli was the most
susceptible to NPs, while B. subtilis was the most resistant. These antiproliferative activities
and biocidal effects of Uv@Ag-NPs may be attributed to their unique physicochemical
characteristics including their small sizes, large areas, shapes, and surface chemistry, which
allow them to adsorb on cell surfaces, penetrate membranes and increase the permeability
of outside walls or biomolecules such as proteins and enzymes, and interact with cellular
organelles and biomolecules causing cellular dysfunction and cell death. Further study of
the chemistry of the unicellular ulvophyte sp. MBIC10591 is recommended to discover more
metabolites that can serve as drugs. Moreover, more optimisation parameters are needed to
obtain more uniform shapes of Uv@Ag-NPs and assays to explore their biological activities
and mechanisms inside malignant and microbial cells.
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Abstract: This study aims to investigate the effect of magnesium (Mg) doping on the characteristics
and antibacterial properties of copper oxide (CuO) nanoparticles (NPs). The Mg-doped CuO NPs
were fabricated by the co-precipitation method. NPs were characterized by X-ray Powder Diffraction
(XRD), Transmission Electron Microscope (TEM), Energy Dispersive X-ray (EDX) analysis, Fourier
Transform Infrared Spectroscopy (FTIR), and Photoluminescence (PL). Broth microdilution, agar-well
diffusion, and time-kill assays were employed to assess the antibacterial activity of the NPs. XRD
revealed the monoclinic structure of CuO NPs and the successful incorporation of Mg dopant to
the Cu;_,MgyO NPs. TEM revealed the spherical shape of the CuO NPs. Mg doping affected the
morphology of NPs and decreased their agglomeration. EDX patterns confirmed the high purity of
the undoped and Mg-doped CuO NPs. FTIR analysis revealed the shifts in the Cu-O bond induced
by the Mg dopant. The position, width, and intensity of the PL bands were affected as a result of Mg
doping, which is an indication of vacancies. Both undoped and doped CuO NPs exhibited significant
antibacterial capacities. NPs inhibited the growth of Gram-positive and Gram-negative bacteria.
These results highlight the potential use of Mg-doped CuO NPs as an antibacterial agent.

Keywords: CuO nanoparticles; bi-metallic NPs; Mg-dopant; co-precipitation; antibacterial; EDX;
photoluminescence

1. Introduction

Nanoparticles (NPs) revolutionized the industrial world. This revolution is due to
their outstanding performance and remarkable optical, electrical, catalytic, and corro-
sion resistance, in addition to their antibacterial properties [1]. Copper oxide (CuO) has
a vital role in multi-functional applications [2]. CuO is an important inorganic p-type
semiconductor with a band gap of around 1.2-1.8 eV [3,4]. The most stable phases of
copper oxide are cubic cuprous oxide (Cu,O) and monoclinic cupric oxide (CuO) [5]. Its
applicability ranges between catalysis, photovoltaics, an electrode for lithium-ion bat-
teries, solar energy conversion, supercapacitors, corrosion inhibition, antimicrobial, and
anticancer applications [2,5,6].

CuO NPs serve as a good template for multi-functional applications. Its perfor-
mance can be enhanced by implementing dopants into the CuO lattice. Since Mg dopants
have enhanced the structural and antibacterial properties of CuO NPs, and they have
a comparable ionic radius (72 pm) to the ionic radius of Cu?* ions (73 pm) [7], the Mg-
doped CuO NPs may be promising candidates for numerous applications, especially
antibacterial applications [8-10].

Previous studies showed the antibacterial activity of doped CuO NPs. Doped NPs
synthesized by co-precipitation revealed that the doping elements promote the release of
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Cu?* from the doped CuO NPs [8-10]. Furthermore, the doped CuO NPs possess better
antibacterial activity against Gram-positive bacteria than Gram-negative bacteria, especially
against S. aureus. The 5% Mg-doped CuO NPs exhibited bactericidal activity at very low
concentrations and their bacteriostatic rate reached 99.9% [7]. The high antibacterial
activity of doped CuO NPs may be attributed to the inactivation of proteins in the cell
wall of bacteria. This activity may be due to the binding of Cu®* ions to the surface of the
bacterial cell. Numerous previous studies showed the bactericidal action of doped CuO
NPs, especially against E. coli and S. aureus [8-10]. This inhibitory action may be dependent
on the structure of CuO NPs, as reported previously [8].

Doped NPs were shown to exhibit a better inhibitory effect on bacterial growth than
that pure CuO NPs. However, other studies reported that pure NPs exhibited better in-
hibitory effects. The 5%, 7%, and 10% Mg-doped CuO NPs, at low concentrations, exhibited
the same antibacterial activity as that of the pure CuO NPs at higher concentrations [10].
It was reported that the antibacterial activity of CuO NPs is enhanced by Mg?* doping.
The increased release of Cu®* and Mg?* ions from doped CuO with the increase of Mg?*
doping content may explain the inhibition of the growth of bacteria [7]. Besides, undoped
CuO and Mg-doped CuO NPs showed considerable antimicrobial activity versus sev-
eral bacterial pathogens, especially S. aureus, P. aeruginosa, and E. coli [10]. Furthermore,
the doped NPs possess significant antibacterial activity against many bacterial isolates.
Thus, such fabrications may provide a potential alternative to the standard methods of
bacterial inhibition.

In addition, the capping of CuO NPs with Ethylenediamine tetra-acetic acid (EDTA)
was shown to enhance the antibacterial activity. EDTA, which is a water-soluble polymer,
acts by stabilizing the surfaces and modifying the growth (size) during NP synthesis. This
enhances the antibacterial action of NPs, due to the ability of EDTA to reduce the size of
NPs, which in turn increases the action of NPs against bacteria [11].

Here the impact of undoped and Mg-doped CuO NPs was explored on the inhibition
of various bacterial isolates. Previous studies have shown that undoped CuO and Mg-
doped CuO NPs showed considerable antimicrobial activity against several bacterial
pathogens [10]. In this regard, the objective of this study is to investigate the impact of
undoped and Mg-doped CuO NPs capped with EDTA on their structural, morphological,
and inhibition capacities against various bacteria isolated from the Lebanese sewage sludge,
including Gram-positive bacteria (S. aureus and E. faecium) and Gram-negative bacteria
(E. coli and S. maltophilia).

2. Results
2.1. Characterization of NPs
2.1.1. X-ray Diffraction

The XRD patterns of undoped and Mg-doped CuO NPs (Cu;_,Mg,O NPs) are shown
in Figure 1. The patterns of the undoped CuO NPs show that all the peaks reflect the planes
of monoclinic CuO, which are (110), (002), (111), (112), (202), (112), (020), (202), (113), (022),
(311), (113), (311), and (004). Given that no other secondary phases, relating to impurities or
the Cup O phase are found. Moreover, when CuO is doped with magnesium, the diffraction
peaks of CuO NPs are not altered. To assure this observation, the XRD patterns of all
the samples are refined via the MAUD program (Figure 1). The refinements checked the
possible formation of MgO as a secondary phase. However, all the samples are well fitted to
the pure CuO phase, without any presence of MgO. The obtained patterns for undoped and
Mg-doped CuO NPs are similar to the previously reported literature [7,12,13]. Lv et al. [7]
synthesized Mg?*, Zn>* and Ce**-doped CuO nanoparticles by the hydrothermal method.
They obtained a pure phase of CuO in the XRD patterns with a doping concentration of
less than 7%, indicating the total incorporation of the dopants into the lattice, without the
formation of secondary phases. However, beyond 7%, at 10% doping percentage, MgO,
7Zn0, and CeO, phases were formed in the CuO lattice. This further aligns with the present
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study, as all the prepared Mg-doped CuO NPs formed pure CuO phase, as the doping
percentage ranged between 0.5% (x = 0.005) to 2% (x = 0.020).
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Figure 1. Refinements of the XRD patterns of undoped and Mg-doped CuO NPs (Cu;_,Mg,O NPs).

2.1.2. Transmission Electron Microscope

The morphology and size of the undoped and Mg-doped CuO NPs (Cu;_,Mg,O NPs)
were determined using the Transmission Electron Microscope (TEM) technique. The TEM
images demonstrate spherical NPs for the three selected samples, as shown in Figure 2.
The Mg doping led to some noticeable changes in the NP morphology. The TEM images
showed agglomeration for the undoped CuO NPs (x = 0.000), whereas, with the doping of
Mg at concentrations of x = 0.005 and x = 0.020, the agglomeration of the doped CuO NPs
is reduced, showing more uniform shapes, as depicted in Figure 2. The average particle
sizes of the synthesized samples are determined from the particle size distribution which
is extracted from the TEM images, using Image] software. This distribution is fitted by
a Gaussian function, from which the average particle sizes are determined along with
the standard deviation (SD), as shown in Figure 2. The obtained average particle size for
undoped CuO NPs is 41.31 &= 1.76 nm. Upon Mg doping with x = 0.005, the particle size
decreased to 27.14 £ 6.70 nm and increased slightly to 33.78 £ 8.54 nm with x = 0.020. These
alterations in the average grain sizes with the increase in the concentration of Mg-doping
may be attributed to the dissimilarity in Pauling electronegativity that affected the growth
rate of Mg-doped CuO nanoparticles. The host Cu ions have a Pauling electronegativity of
1.9, which is higher than that of the doped Mg ions (1.31). This dissimilarity proves the
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x=0.000

decrease in the growth rate at low concentrations of Mg-doped CuO NPs [13]. However, at
higher concentrations, the Mg-doped ions may incorporate into the lattice, not only filling
substitutional sites but also occupying interstitial sites, that yield larger grains, as seen in
the sample with x = 0.020.
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Figure 2. TEM images with the grain size distribution of the undoped and Mg-doped CuO NPs
(Cup_xMgyO NPs).

2.1.3. Scanning Electron Microscope and Energy Dispersive X-ray

The morphology of the nanoparticles is further studied by the scanning electron
microscope, as shown in Figure 3. The SEM micrographs assure the nanocrystalline nature
of the undoped and Mg-doped CuO NPs, without agglomeration. It is also noticed that the
average grain size decreased with Mg-doping, re-assuring the TEM analysis. The average
grain size, extracted from the SEM images, is found to be around 25.7 nm for undoped
CuO NPs and 22.5 nm for Mg-doped CuO NPs. The chemical composition was studied
with an energy-dispersive X-ray (EDX) technique. The presence of copper (Cu) and oxygen
(O) elements in the undoped CuO NPs is confirmed by the EDX pattern, shown in Figure 3
(x =0.000). No traces of precursors were detected. The EDX pattern of Mg-doped CuO
NPs with x = 0.020 is exhibited in Figure 3. In addition to Cu and O, Mg is detected in the
pattern, confirming the presence of the Mg-doped in the CuO NPs. The average atomic
percent (at%) of copper and oxygen were microstructures of three different regions of
the samples and demonstrated in the insets of (Figure 3) as pie charts. In undoped CuO
NPs, the ratio between Cu and O is 0.82 while it is equal to 0.97 in Mg-doped CuO NPs
(x = 0.020). This indicates that the stoichiometric nature of the samples is affected by Mg
dopants. These variations may be due to surface crystalline defects [14]. Moreover, the
ratio of the atomic percentage of Mg/Cu for x = 0.020 samples is calculated to be 0.0255,
further confirming the successful synthesis of Mg-doped CuO with matching experimental
and theoretical values.
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Figure 3. SEM and EDX patterns for undoped, and Mg-doped CuO NPs (Cu;_,Mg,O NPs).

2.1.4. Fourier Transform Infrared (FTIR)

The FTIR spectra, represented in Figure 4, of the undoped and Mg-doped CuO NPs,
demonstrated different vibrational bands. A broad absorption band ranged between 3200
and 3600 cm~!. The adsorbed water is present in all spectra. A small peak is detected at
2344-2354 ¢, and a peak centered around 1618-1656 cm ! is observed. The main peaks,
ranging between 700-400 cm !, are displayed in Figure 4. Three peaks are detected, which
are centered around 480-486, 521-530, and 580-584 cm 1.

It is noticed that the peak position is slightly affected by Mg concentration in the
CuO lattice. The peak attributed to the symmetric vibration of Cu—O fluctuated around
483 4 3 cm~! with Mg-doping concentrations. However, Cu-O asymmetric stretching
and wagging peaks of the pure CuO Nps are shifted monotonously to lower wavenum-
ber with the Mg-doping from 530 and 584 cm~! to 521 and 580 cm~! with x = 0.020.
Pramothkumar et al. [15] reported the same pattern of variation upon Mn, Co, and Ni
doping to CuO NPs, and explained these shifts according to the dopant effect, which can
in turn affect the surface area and defects in the samples. Singh et al. [16] reported the
successful doping of Zn to CuO, which led to the increase in Cu-O bond length in the
samples with the increase of Zn dopant concentration.

2.1.5. Photoluminescence (PL)

Figure 5a shows the room temperature photoluminescence (PL) emission spectra
for Cu;_Mg,O NPs with an excitation wavelength of 200 nm. A prominent UV peak
appeared at 310 £ 1 nm in all samples, with the highest intensity, as compared to other
peaks. Furthermore, the visible emissions in the PL spectra are deconvoluted by four Voigt
functions to elucidate the origin of these emissions. The position of the fitted peaks is
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listed in Table 1, along with the position of the UV peak. It is noticed that the increase
in the concentration of the Mg doping in CuO NPs did not affect the position of the
peaks, however, it affects their intensity. This is similar to the reported literature, where
the doping concentration does not affect the position of the peaks in the visible part of
the PL spectra [17-20]. The deconvolution of the PL spectra of Cu;_,Mg,O NPs yielded
violet (391 £ 1 nm), blue (452 & 5.5 nm), green (536 nm), and orange-red (628 £ 5 nm)
emission peaks.
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Figure 4. FTIR spectra of Cu;_,Mg,O NPs, and enlarged view for Cu-O vibrations.

2.2. Antibacterial Activity of the Undoped and Mg-Doped CuO NPs
2.2.1. MIC and MBC

The four bacterial isolates were tested for their susceptibility against the undoped and
Mg-doped CuO NPs. Undoped CuO NPs had a bactericidal effect on Gram-positive bacteria
while having a bacteriostatic effect on Gram-negative bacteria. The most sensitive bacterium
was E. faecium (MIC = 0.375 mg/mL and MBC = 0.75 mg/mL), followed by S. aureus
(MIC = 1.5 mg/mL and MBC = 3 mg/mL). E. coli and S. maltophilin were sensitive at the
highest NP concentration used (3 mg/mL). Similarly, Mg-doped NPs exhibited bactericidal
activity on Gram-positive bacteria and bacteriostatic activity on Gram-negative bacteria.
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E. faecium was the most sensitive bacterium (MIC = 1.5 mg/mL and MBC =3 mg/mL) and
E. coli was the most resistant bacterium. Collectively, undoped and Mg-doped NPs had a
better effect on Gram-positive bacteria than that on Gram-negative bacteria. The MIC and
MBC results are shown in Table 2 and Figures A1-A3 (Appendix A).
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Figure 5. (a) Photoluminescence spectra of Cu;_,Mg;O NPs, and (b—f) their deconvolution for
undoped and Mg-doped CuO NPs.
Table 1. Position of peaks by deconvolution of PL spectra for Cu;_,Mg,O NPs.
Wavelength
Peaks Color avelength (nm)
x =0.000 x =0.005 x =0.010 x =0.015 x =0.020
uv 310 310 311 309 309
Violet 392 390 392 391 392
Blue 457 458 447 455 457
Green 536 536 536 536 536
Red 633 628 631 629 623
Table 2. MIC and MBC of the undoped and Mg-doped (Cu;_,Mg,O) NPs against four bacterial isolates.
MICs and MBCs (mg/mL)
. x =0.000 x = 0.005 x =0.010 x=0.015 x =0.020
Bacterial
Isolat
solates 9 %é MIC o %é MIC < 8 MIC 9 8 MIC S g MIC
S S MBC 3 S MBC S S MBC 3 S MBC 3 S MBC
Gram-positive bacteria
S. aureus 1.5 3 2 1.5 3 2 1.5 3 2 3 >3 nd 1.5 3 2
E. faecium 0375 0.75 2 15 3 2 1.5 3 2 15 3 2 15 3 2
Gram-negative bacteria
E. coli 3 >3 nd 3 >3 nd 3 >3 nd 3 >3 nd 3 >3 nd
S. maltophilia 3 >3 nd 1.5 3 2 15 3 2 15 3 2 3 >3 nd

nd: not determined, MIC: minimum inhibitory concentration, MBC: minimum bactericidal concentration.
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It was reported that when the MBC/MIC ratio < 4, this will reflect a bactericidal ef-
fect [21]. The antibacterial results against the four bacterial isolates shown in Table 2
revealed that the undoped and Mg-doped NPs exhibited bactericidal effects against
S. aureus and E. faecium with MBC/MIC ratio = 2 and a bacteriostatic effect against
E. coli and S. maltophilia.

2.2.2. Agar Well Diffusion

All isolates showed sensitivity to the undoped CuO NP (x = 0.000). E. faecium was the
most sensitive. It showed a sensitivity against the lowest NP concentration (0.1875 mg/mL).
The other three bacteria showed a sensitivity against an NP concentration of 1.5 mg/mL.
Sensitivity was considered positive for ZOI diameters > 7 mm [17]. All the bacterial
isolates were sensitive to the Mg-doped CuO NP with x = 0.005. E. coli and S. maltophilia
showed a sensitivity to the NP at a concentration of 0.75 mg/mL. E. faecium and S. aureus
showed sensitivity against a concentration of 1.5 mg/mL. All investigated bacteria showed
sensitivity to Mg-doped NPs with x = 0.010. S. aureus showed susceptibility against a
concentration of 0.75 mg/mL. E. faecium showed a sensitivity against a concentration
of 1.5 mg/mL. S. aureus, E. coli, and S. maltophilia exhibited a sensitivity at the highest
concentration (3 mg/mL). All isolates were sensitive to the Mg-doped CuO NP with
x = 0.015. E. faecium was the most sensitive. It showed a sensitivity starting from the
lowest concentration (0.1875 mg/mL). S. aureus, E. coli, and S. maltophilia were sensitive at
concentrations starting from 0.375 mg/mL. All isolates were sensitive at the highest NP
concentration (3 mg/mL). For Mg-doped CuO NP with x = 0.020, all bacteria exhibited
sensitivity only at the highest NP concentration (3 mg/mL). The agar well diffusion results
of the undoped and Mg-doped CuO NPs are shown in Table 3 and Figure A4 (Appendix A).
All results were significant with a p-value < 0.05 shown in Table Al (Appendix A).

Table 3. Agar well diffusion of undoped and Mg-doped CuO NPs against four bacterial isolates.

Bacterial Isolates

Nanoparticles Gram-Positive Bacteria Gram-Negative Bacteria
S.aureus  E. faecium E. coli S. maltophilia
Sample Concentration (mg/mL) ZOI + SEM (mm)
0.1875 7+£0.0 7.6+0.2 0£0.0 0£00
0.375 7+0.0 8.6 £0.2 0+0.0 0+£0.0
x =0.000 0.75 7+£0.0 9+£07 0£0.0 0£0.0
15 8+04 123+ 14 19 +£09 14 +04
3 123+02 133+£07 223403 173+ 04
0.1875 7+£0.0 7£0.0 0£0.0 0£0.0
0.375 7+0.0 7+0.0 0+0.0 0+£0.0
x =0.005 0.75 7+£0.0 7£0.0 10+ 0.0 83+0.2
15 9.6 £0.2 8+04 15.6 = 0.7 10.6 £ 0.2
3 13.6+£02 123+£02 20+£04 11.6 £ 0.5
0.1875 7+£0.0 7£0.0 0£0.0 7+£0.0
0.375 7+£0.0 7£0.0 0£0.0 7+£0.0
x=0.010 0.75 7.6 +02 7£0.0 0£0.0 7+£0.0
15 7.6 £0.2 8.6 £0.5 0+0.0 7+0.0
3 10+ 0.9 10.6 £0.7 16.6+£0.7 7+£0.0
0.1875 7+£0.0 7.6+0.2 0£0.0 0£0.0
0.375 7+£0.0 7.6 +0.2 0£0.0 0£0.0
x=0.015 0.75 103 £ 0.2 7.6+0.2 0£0.0 0£00
15 11.3+0.2 7602 11.6+£05 0+£0.0
3 176 £118 76+02 163+£09 10.6 £ 0.5
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Table 3. Cont.

Bacterial Isolates

Nanoparticles Gram-Positive Bacteria Gram-Negative Bacteria
S. aureus  E. faecium E. coli S. maltophilia
Sample  Concentration (mg/mL) ZOI £+ SEM (mm)

0.1875 0+£0.0 0+0.0 0+0.0 0+£0.0
0.375 0+£0.0 0+0.0 0+0.0 0+£0.0
x =0.020 0.75 0£00 0+0.0 0+0.0 0+£0.0
1.5 0+£0.0 0+0.0 0+0.0 0+£0.0

3 9.6 £0.7 93+05 13.6+£0.7 7.6 £0.2

Dox 0.25 33.6+07 193+07 276402 34.6 £0.2
Amo 0.25 0+£0.0 0+0.0 0+£0.0 0+£0.0

Dox: Doxycycline, Amo: Amoxicillin, ZOI: zone of inhibition, SEM: standard error of the mean.

2.2.3. Time-Kill Results

The time-kill test was performed using the MICs of the undoped and Mg-doped
CuO NPs against four bacterial isolates to detect the time needed for each NP to exert
its antibacterial effect. All bacterial isolates were sensitive to all tested NPs after 2 h of
incubation. The activities were sustained till 24 h of incubation. The time-kill results for the
different bacterial isolates are shown in Figure 6.
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Figure 6. Time-kill results of the undoped and Mg-doped NPs against four bacterial isolates.

3. Discussion

The peaks of the undoped CuO NPs shown by the XRD correspond to the primary
defining peaks of the monoclinic CuO phase with a space group of C2/c [22]. The absence
of a secondary phase suggests that the samples exhibit a highly single phase [23]. The
refinements indicate the total incorporation of Mg dopant in the Cu;_,Mg,O NPs.

The TEM results demonstrated the change in the morphology and size of the NPs after
doping, indicating that the increase in the doping concentration increases the uniformity of
the NPs and in turn decreases their size.

The composition of the NPs was detected by EDX. The absence of precursors indicates
the purity of the formed CuO NPs. Noting that the emergence of carbon may be due
to the use of carbon tape in the measurements, or some residues from EDTA [24]. In
addition, the ratio between Cu and O in the undoped and Mg-doped NPs indicates that
the stoichiometric nature of the samples is affected by Mg dopants. These variations may
be due to surface crystalline defects [14].
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Infrared spectroscopy can be used as a fingerprint to identify different molecules by
comparing vibration bands. The broad absorption band observed by the FTIR is associated
with the hydroxyl (O-H) stretching vibration mode of the water molecule [25]. The ad-
sorbed water observed is due to the physical adsorption of water from the atmosphere [26].
The small peak observed at 2344-2354 cm ! is related to the vibration of CO; in the air [26]
and the peak centered around 1618-1656 cm ™! is due to H-O-H bending vibrations of
water molecules [25]. The three main peaks are attributed to Cu—O symmetric stretching,
Cu-O asymmetric stretching, and Cu-O wagging, respectively. These peaks validate the
successful formation of CuO NPs [5]. Pramothkumar et al. [15] reported the same pattern
of variation observed upon Mn, Co, and Ni doping to CuO NPs, and explained these shifts
according to the dopant effect, which can in turn affect the surface area and defects in the
samples. Singh et al. [16] reported the successful doping of Zn to CuO, which led to the
increase in Cu—O bond length in the samples with the increase of Zn dopant concentration.

The PL spectra detect the imperfections and defects within the samples, where the
prevalence of the imperfections and surface states varies depending on the synthesizing
circumstances, particle size and shape, types of dopants, and concentrations [27,28]. The
origin of the UV peak is directly related to the recombination of electron-hole pair, near
the band gap transition [17,20]. It is noticed that the position of the UV peak is slightly
invariant with the doping concentration, however, its intensity increased with Mg-doping.
This enhancement of the intensity may be related to the passivation of surface defects
that generate radiative recombination [29]. Additionally, the intensity of the UV peak
is affected by the electron density and the variation of the morphology and size of the
nanoparticles, with the increase of the doping concentration [30]. The visible emissions
are highly sensitive to the change in the synthesis conditions, accounting for the type of
dopant and its concentration, the size of the nanoparticle, and its morphology [18]. The
size of Mg-doped CuO NPs decreased with the increase of the doping concentration, as
noted from TEM and SEM analysis. Hence, the large surface-to-volume ratio stimulates
more surface-defect states, as vacancies and interstitials, creating trap levels that radiate
visible emissions [18]. Mainly, the intensity of the visible emissions is quenched with the
increment of the doping concentration in Cu;_,Mg,O NPs, as can be noticed from the inset
of Figure 5a. This decrement in the intensity may be due to the trapping of the photoexcited
electron from the conduction band of CuO NPs by the formed deep-level centers from Mg
doping [17,30]. The violet and blue emissions are mostly attributed to deep-level defects,
indicating the existence of Cu vacancies in the lattice [17]. The green emission was reported
to originate from the recombination of single ionized electrons with a photogenerated hole
in the valence band, noting the presence of singly ionized oxygen vacancies or dangling
bonds of copper [19]. The orange-red emission ascends from the recombination of an
electron bound to donor and free holes [18].

The reported antibacterial properties of NPs, especially CuO NPs, made their usage
efficient against bacteria [1,2]. In this regard, CuO NPs were used against four bacterial
pathogens isolated from sewage sludge. All bacterial isolates, except S. maltophilia, are
frequently present in Lebanon, especially in the feces of animals. S. maltophilia is a rare
Gram-negative bacterium in Lebanon [21,31,32]. In this investigation, the antibiotic Dox
was used as a reference antibiotic. It belongs to the tetracycline family of antibiotics. It
acts by inhibiting protein synthesis by binding to the 30S ribosomal subunit, leading to
the destruction of the bacterial cells [33-35]. This study showed that the undoped and
Mg-doped CuO NPs exerted antibacterial activities against all bacterial isolates. Using
the agar well diffusion assay, the NPs had better effects on Gram-positive bacteria than
on Gram-negative bacteria. The results are consistent with previous studies that showed
that Gram-negative bacteria are more resistant to NPs, due to the rigidity of their cell
wall [36-38]. This activity depends on the metal oxides present in the NPs. The latter could
penetrate the cell wall of bacteria, leading to cell autolysis [10]. Among the investigated
NPs, the undoped and Mg-doped CuO NPs with x = 0.005 and x = 0.010 were efficient as
antibacterial agents. They were effective at low NPs concentrations against all bacterial
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isolates. In contrast, the Mg-doped CuO NPs with x = 0.015 and x = 0.020 had lower
antibacterial activity against the investigated bacterial isolates. They were effective at
higher concentrations. Regarding bacterial susceptibility, S. aureus and E. faecium were
the most sensitive. Their growth was inhibited by all tested NPs at significantly low
concentrations. These results are consistent with previous studies that have shown the
sensitivity of Gram-positive bacteria, especially S. aureus, to NPs [8,9,39]. On the other hand,
E. coli and S. maltophilia were more resistant. The inhibition of their growth required higher
concentrations of the NPs. This could be attributed to the shape of NPs. Their spherical
shape, demonstrated by the TEM results reflects their significant inhibitory activity against
Gram-positive bacteria [8,40]. Spherical NPs are shown to have good antibacterial activity
due to the sphere prisms that can penetrate easily into the bacterial cell membrane [41].

The MIC results confirmed the results of the agar well diffusion assay. All the inves-
tigated NPs, except the Mg-doped CuO NPs with x = 0.020, had bactericidal activities.
The Mg-doped CuO NP with x = 0.020 had bacteriostatic activity only. The bacteriostatic
and bactericidal effects of NPs depend on their metal oxide content and their morphology,
and the architecture of the bacteria [42,43]. This means that the metal oxides of the tested
NPs can react with the bacterial cell wall through special mechanisms, which are still not
very specific. However, previous studies reported the following mechanisms: disruption
of the bacterial cell wall, generating reactive oxygen species, and binding with specific
cytoplasmic targets and production of metabolites, leading to these bacteriostatic and
bactericidal effects [42,44]. Kumer et al. showed that ZnO NPs exhibited good antibacterial
activity against Gram-positive bacteria. This activity was better than that of Ag-doped
ZnO NPs [45]. In addition, Prakash et al. reported that TiO, NPs with doped antibacterial
activity were better than the undoped TiO, NPs [46]. The bactericidal properties of the
NPs depend on the shape, the surface area of the particle, the type of metal ions, and the
chemically reactive functional groups [8,10,35]. The high bactericidal effect is attributed
to the different shapes (spherical in our case) of the particles, which help them penetrate
the bacterial cell membrane. Moreover, the large surface area permits the production of
reactive oxygen. This induces oxidative stress on bacteria, which interrupts the electron
flow in the inner membrane, thus causing cell damage [35,36]. On the other hand, the
observed bacteriostatic effect could be due to the low number of metal ions coming from
the metal oxides, which prevents the Cu ions from interacting with the bacterial cell wall.
So, the main bactericidal mechanism may rely on the damage of the cell membrane by the
metal oxides [35,37].

Time-kill results have shown that the most frequent inhibition time of the tested NPs
started at 2 h of incubation. NPs can prevent the adaptation and duplication of bacteria [47].
This effect could be attributed to the limiting effect of NPs on the nutrient uptake by the
bacteria, which eventually will lead to cell lysis. This is consistent with previous studies
that showed that NPs affect the metabolic activities and division of bacterial cells. Metal
oxides may lead to nutrient deprivation [8,10,36]. In addition, the size of the particles and
the surface area may specify the time needed for the interaction between the NP and the
bacterial cell wall. When the size of the particle is smaller, the interaction becomes faster,
thus decreasing the time needed for the inhibition of bacterial growth [8,10,36]. This slows
metabolic processes and leads to cell death.

Collectively, previous studies reported that the size of the NPs reflects their antibac-
terial effect [48]. In addition, the variation in the antibacterial activity depends on the
morphology of the NPs. Furthermore, the variation in the intensity of PL accompanied
by the variation in oxygen interferes with the antibacterial activity. So, the shape and the
morphology of NPs play a vital role in the inhibition of bacterial growth.

4. Materials and Methods
4.1. Synthesis of NPs

The undoped and Mg-doped CuO NPs were prepared by the co-precipitation method,
with the chemical formula of Cu;_,Mg,O (x = 0.000, 0.005, 0.010, 0.015, and 0.020). The
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CuO NPs were synthesized using copper (II) chloride dehydrate (Merk), magnesium
chloride hexahydrate (Sigma-Aldrich, >99.0%), and ethylenediamine tetra-acetic acid
(EDTA) (0.1 M). The weighed reagents were prepared with a molarity of 1 M in de-ionized
water and stirred for 15 minutes. The solution was then titrated with sodium hydroxide
NaOH (2 M). NaOH was added slowly under vigorous stirring until pH reached 12. After
that, the precipitate was heated at 60 °C for 2 h, then sonicated for 10 minutes. The black
precipitate obtained was washed with de-ionized water several times until pH reached 7.
Finally, the washed precipitate was dried at 100 °C for 16 h and ground into fine powders.
The powders were sintered at 600 °C for 4 h.

4.2. Characterization of Mg-Doped CuO NPs

The structural properties of both undoped and doped CuO NPs were studied by XRD
using the X-ray Bruker D8 Focus power diffractometer with Cu K, radiation, operated
at 40 kV and 40 mA, in the range 20 < 20° < 80. Material Analysis Using Diffraction
(MAUD) software was then used to check for the presence of CuO and MgO phases in the
resultant NPs using the CIF files downloaded from the Crystallography Open Database
(COD). The morphology of the prepared CuO NPs was investigated using the JEM 100 CX
Transmission Electron microscope (TEM), operated at 80 kV. The main functional groups of
the synthesized samples were detected using the Nicolet iS5 Fourier Transform Infra-Red
(FTIR) spectra after preparing potassium bromide (KBr) pellets mixed with the undoped
and doped CuO NPs (1:100). The purity of the Cu;_,Mg,O NPs was studied using energy
dispersive X-ray (EDX), operated at a voltage of 20 kV with laser power of 5 mW and
magnification objective of 50x. The Photoluminescence (PL) spectra were studied by a
Jasco FP-8600 spectrofluorometer with Xenon (Xe) laser at 200 nm excitation wavelength
for Cu;_,Mg,O nanoparticles, dispersed in ethanol.

4.3. Isolation of Bacteria

Briefly, E. faecium, S. aureus, E. coli, and S. maltophilia were isolated from wastewater
by streaking 100 pL of the samples on different selective media (blood agar, chocolate
agar, MacConkey agar, mannitol salt agar (MSA), eosin methylene blue (EMB) agar, and
cetrimide agar). The plates were incubated at 37 °C for 24 h. After isolation, bacteria were
Gram stained to differentiate between Gram-positive and Gram-negative bacteria. Bacteria
were further identified by VITEK assay.

4.4. Broth Microdilution Assay: Minimum Inhibitory Concentration (MIC) and Minimum
Bactericidal Concentration (MBC)

The MICs of the undoped and Mg-doped CuO NPs were determined against four bac-
teria employing the microwell dilution method. The test was performed in sterile 96-well
microplates by dispensing into each well 90 uL of nutrient broth and 10 uL of bacterial
suspensions adjusted to 0.5 McFarland. Then, 100 puL of each NP (0.1875-3 mg/mL) was
added to the wells. The plates were incubated at 37 °C for 24 h and the optical density
(O.D.) was measured at 595 nm, using an ELISA microtiter plate reader. The MIC is defined
as the lowest concentration of the NPs that inhibits the visible growth of the tested bacteria
in the wells. Doxycycline (Dox) was used as a reference antibiotic. After incubation, 10 uL
of the clear wells was transferred to Muller Hinton agar (MHA) plates and incubated at
37 °C for 24 h to detect the MBC [16]. The MBC is defined as the lowest concentration that
inhibits the visible growth of bacteria on the plates. All experiments were repeated at least
three times.

4.5. Agar Well Diffusion Assay

Agar well diffusion assays were performed in triplicate for the undoped and Mg-
doped CuO NPs on four bacterial isolates using MHA. A standard inoculum was prepared
for each tested bacterial isolate as described in the MIC and MBC broth microdilution
assay. The plates were inoculated with 100 pL of each bacterial suspension, which was
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spread evenly over the entire surface of the agar. Plates were then punched with a 6 mm
cork-borer. A total of 100 pL of each NP (0.1875-3 mg/mL) was pipetted into the wells
and the plates were incubated at 37 °C for 24 h. Dox and Amoxicillin (Amo) were used
as reference antibiotics. For each well, the diameter of the zone of inhibition (ZOI) was
measured. ZOI of diameter > 7 mm was considered a significant inhibitory effect [49].

4.6. Time-Kill Test

Time-kill studies were performed to detect the time needed by the undoped and
Mg-doped CuO NPs to inhibit bacterial growth. The test was performed in sterile 96-well
microplates by dispensing into each well 90 uL of nutrient broth and 10 pL of the bacterial
suspensions adjusted to 0.5 McFarland. Then, 100 uL of each NP’s MIC was added to the
wells. The plates were incubated at 37 °C and the O.D. was measured at 595 nm, using an
ELISA microtiter plate reader at different time points (0—24 h) [47]. All experiments were
repeated at least three times.

4.7. Statistical Analysis

All statistical tests were done in Excel software, and graphs were drawn on Origin
software. Statistical significance was determined by t-test. Differences with p-value < 0.05
were considered statistically significant.

5. Conclusions

Pure and Mg-doped CuO NPs were fabricated via the co-precipitation method. The
XRD patterns with their refinements confirmed the total incorporation of Mg dopant in
the Cu;_Mg,O NPs and the production of CuO NPs without any impurities. Besides,
the morphology was changed upon Mg doping, in which the NPs showed a uniform
shape with less agglomeration. FTIR spectra demonstrated the main vibrational modes of
undoped and doped CuO NPs. The Cu-O bond was shifted as the Mg concentration for
doping increased, confirming the incorporation of the dopant and its effect in modifying the
surface area and defects. The EDX patterns further confirmed the purity of CuO NPs and the
inclusion of Mg inside the NPs successfully. PL studies proved the enhancement of visible
emissions of CuO nanoparticles associated with Mg doping. This study showed significant
antibacterial activity of undoped and Mg-doped NPs. The results showed that the NPs
had significant antibacterial activity against different Gram-positive and Gram-negative
bacteria. Thus, the undoped and Mg-doped CuO NPs exhibited a significant impact on
the structural, morphological, and inhibition capacities against S. aureus, E. faecium, E. coli,
and S. maltophilia, isolated from the Lebanese wastewater. These results may provide an
approach to using CuO NPs as antibacterial agents to prevent bacterial contaminations.

Author Contributions: Conceptualization, R.A. and M.LK,; Data curation, RM.A. and M.M.; Formal
analysis, RM.A., M.M. and A.M.A.; Investigation, RM.A., M.M.,, R.A. and M.LK.; Methodology,
RM.A., MM., AM.A., RA. and M.LK,; Resources, R.A. and M.L.LK.; Software, M.M. and A.M.A_;
Supervision, R.A. and M.LLK,; Validation, R.A. and M.ILK.; Writing—original draft, RM.A. and M.M.;
Writing—review & editing, RM.A., M.M., R.A. and M.LK. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the reported results are available with the corre-
sponding author and will be provided upon request.

Conflicts of Interest: The authors declare no conflict of interest.

161



Molecules 2023, 28, 103

1.08 4
0.81
0.54
0.27

0.96 4
072
0.48 4

E 024

S 092

B 069

O 046

0234

09+

0.6 4

0.3 4
1.20
0.96

0.72 4
0.48

0.24

Appendix A
E. coli S. maltophilia E. faecium S. aureus
1.10
X=0.020| 1.10 1.26 X=0.020 I X=0.020
T i =0.020 - 0.88 4 L L4 g
I 'Frendll-ne 0.88 - Trendlme 1051 N\ @ . —Trendline | 5 . ——Trendline o
= 0.66 | 0844 0.44 o]
; D44 ede) o‘zz r Z
T " X=0015 1.05 0015 1.00 4 % . _ ' ‘ x:omls 5 e ‘ I X= 0.01;’: @)
1 l Trendline| o.54 Trendlme o 2 Trendline 0.92 4 Trendline =
I T 08 ] 0so] 069 O
_ . e ::: Eoas{ v e — ; : r 2B
e T x:o,om x=0010 0 1159 u | X=0010 [ ° I X=0.010
™ i 0.85 : T i 0 & T 5
'\ l Trendline § ol \ — Trendiine 2 092 \! I Trendline g g';: 1 i — Trendline 8‘
\‘\; Q 051 51227 \ = Q g ) I o
J ey ; B3 =]
. 1 0.34 045 . ; > O : r T
X=0.005 i) x=0.00 0684 ® ] X=0005 | (g4 . X-0.005 E
Jrendling Trendlme 0514 Trendling Trendii
. . 0.63 - X 0.56 4 : rendline
. 0.42 034 58] :
— - - 0.214 0174 . : ' 000 .
X=0000 | 47 oo | 108 g X=0000| 1041 X=0000 2 %
I . Trendline e Trendllne 0.81 4 ! Trendline 76| Trendline "8 o
1 1 I 0.45 sl 052 | =]
} 0.30 0274 026 | - O
3

1 2
Concentration (mg/mL)

Concentration (mglml.)

P

1 2
Concentration (mg/mL)

Concentration (mg/mL)

Figure A1. MICs of the undoped and Mg-doped NPs against four bacterial isolates.
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Figure A3. MBC results of the undoped and Mg-doped CuO NPs against four bacterial isolates.
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Figure A4. Agar well diffusion results of the undoped and Mg-doped CuO NPs against four
bacterial isolates.
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Table Al. Calculated p-value and significance levels of the agar well diffusion results of the undoped
and Mg-doped CuO NPs.

Bacterial Isolates

Gram-Positive Bacteria Gram-Negative Bacteria

Nanoparticles @ ::d g § ;‘j % qé

S g 3 g 3 3 B g

2 & Q =) Q = = =)

s ‘g £ E X ki E g

%) 20 i o0 20 g o0

»n n »n 5 n

S (mg/mL) p-Values (vs. Dox)
0.1875 0.005 #* 0.003 #* <0.001 o <0.001 wx
0.375 0.005 > 0.006 ** <0.001 e <0.001 e
x =0.000 0.75 0.005 * 0.004 ** <0.001 e <0.001 o
1.5 0.01 ** 0.010 ** 0.01 ** 0.001 wx
3 0.007 > 0.007 ** 0.02 * <0.001 et
0.1875 0.001 o 0.005 #* <0.001 o <0.001 wx
0.375 0.001 o 0.005 ** <0.001 e <0.001 e
x =0.005 0.75 0.001 e 0.005 ** <0.001 e <0.001 R
1.5 <0.001 o 0.010 ** 0.002 ** <0.001 wx
3 <0.001 e 0.006 ** 0.001 ek 0.001 e
0.1875 0.001 o 0.005 #* <0.001 o <0.001 wx
0.375 0.001 o 0.005 ** <0.001 e <0.001 e
x =0.010 0.75 0.001 e 0.005 ** 0.030 * <0.001 e
1.5 0.001 o 0.010 ** 0.040 * <0.001 wx
3 0.002 > 0.020 * 0.002 > <0.001 e
0.1875 0.001 o 0.003 #* <0.001 o <0.001 wx
0.375 0.001 o 0.003 ** <0.001 e <0.001 e
x =0.015 0.75 0.002 o 0.003 ** <0.001 e <0.001 e
1.5 <0.001 o 0.003 ** 0.003 ** <0.001 wx
3 0.001 ek 0.003 ** 0.006 > 0.001 e
0.1875 <0.001 o 0.002 #* <0.001 o <0.001 wx
0.375 <0.001 ok 0.002 ** <0.001 e <0.001 e
x =0.020 0.75 <0.001 . 0.002 #* <0.001 . <0.001 R
1.5 <0.001 o 0.002 ** <0.001 o <0.001 wx
3 0.002 * 0.02 * 0.001 ek <0.001 e
S: samples. p-values were calculated such that: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Abstract: Antimicrobial resistance has posed a serious health concern worldwide, which is mainly
due to the excessive use of antibiotics. In this study, gold nanoparticles synthesized from the
plant Tinospora cordifolia were used against multidrug-resistant Pseudomonas aeruginosa. The active
components involved in the reduction and stabilization of gold nanoparticles were revealed by gas
chromatography-mass spectrophotometry(GC-MS) of the stem extract of Tinospora cordifolia. Gold
nanoparticles (TG-AuNPs) were effective against P. aeruginosa at different concentrations (50,100, and
150 pg/mL). TG-AuNPs effectively reduced the pyocyanin level by 63.1% in PAO1 and by 68.7% in
clinical isolates at 150 pg/mL; similarly, swarming and swimming motilities decreased by 53.1% and
53.8% for PAO1 and 66.6% and 52.8% in clinical isolates, respectively. Biofilm production was also
reduced, and at a maximum concentration of 150 pug/mL of TG-AuNPs a 59.09% reduction inPAO1
and 64.7% reduction in clinical isolates were observed. Lower concentrations of TG-AuNPs (100
and 50 pg/mL) also reduced the pyocyanin, biofilm, swarming, and swimming. Phenotypically, the
downregulation of exopolysaccharide secretion from P. aeruginosa due to TG-AuNPs was observed
on Congo red agar plates

Keywords: biofilm; GC-MS; gold nanoparticles; Pseudomonas aeruginosa; pyocyanin

1. Introduction

The emergence of antimicrobial resistance has become a serious health concern world-
wide since the multidrug resistance in microorganisms has increased the morbidity and
mortality rates worldwide [1-4]. The major problem with antibiotic therapy is that mi-
croorganisms develop resistance against antibiotics within a short span both in hospital- as
well as in community-acquired infections. [5]. The resistance developed in microorganisms
against the antibiotics poses a serious health challenge to treat infectious diseases, resulting
in increased mortality [6]. Moreover, it is challenging to develop new antimicrobials or
alternative therapeutics within a short span of time to treat pathogens [7-9]. Pseudomonas
aeruginosa is one such kind of pathogen which develops resistance to antimicrobials and has
been included in the list of ESKAPE pathogens, i.e., those pathogens which even surpass
antibiotic treatment, therefore listed as critical priority pathogens [10,11]. A statistical
survey report of 2019 from the United States Center for Disease Control and Prevention
(CDC) states 32,600 cases and 2700 deaths from multidrug-resistant P. aeruginosa [12]

P. aeruginosa spreads its pathogenesis through different virulence factors such as py-
ocyanin, biofilm formation, and motility (pili and flagella).These virulence factors are
responsible for attachment, colonization, and invasion into the host tissue, resulting in
life threatening infection [13]. Pyocyanin cytotoxicity has already been reported, which
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involves pro-inflammation and free radical production, which cause cellular damage and
necrosis [14-16]. The motility helps the microorganism to strive better in harsh environmen-
tal conditions, and it is an important virulence factor since it is necessary for proliferation,
colonization, and infection [17]. Swarming and swimming in P. aeruginosa are different
types of motilities [18]. Another virulence factor associated with P. aeruginosa is biofilm.
A report from the United States National Institute of Health states that 80% of microbial
infections are caused due to biofilm in the human body [19]. Biofilm can be formed on
the respiratory system, reproductive organs, medical devices, etc. [20,21]. Exopolysaccha-
ride (EPS) plays a crucial role in the development of biofilm; the EPS production allows
irreversible attachment of P. aeruginosa on the surface, and it also allows social interac-
tion, enhances gene transfer, and provides protection against antimicrobials [22]. Biofilm
provides protection to microorganisms from harsh external environment, making them
resistant. The main function of biofilm is to protect the microorganisms present within it
from the harsh external environment and make them resistant [23].

Nanotechnology is an emerging field that is currently not only confined to physics
or chemistry but has shown its promising applications in the field of medicine, specifi-
cally against microbial resistance. Nanomaterials are small-sized particles that have alarge
surface area to volume ratio. Due to the large surface area to volume ratio, metal nanopar-
ticles possess unique properties, some of which are of human interest, viz., treatment
against bacterial infection [24]; some other biomedical applications include diagnostics,
photothermal therapy, and electrical and optical sensing [25]. Gold nanoparticles are
less toxic in nature and possess good compatibility with human cells in addition tobeing
antimicrobial in nature [26]. Anticancer properties of gold nanoparticles have also been re-
ported [27]. Enzymes such as acetylcholinesterase and butyrlcholinesterase when released
in excess block the function of acetylcholine, which results in dementia. Some studies
have claimed that gold nanoparticles downregulate the enzymes acetylcholinesterase and
butyrlcholinesterase [28,29]. There are different methods of synthesis of nanoparticles,
but the green method is preferred over chemical methods since chemical processes use
harmful chemicals for reduction as well as for stabilization; moreover, the chemicals used
pose a serious threat to the environment [30]. On the other hand, green synthesis, which
uses green plants or parts of the plants, is an eco-friendly synthesis that does not use any
chemicals [31]. The phytoconstituents from the plants act as reducing and stabilizing agents.
Moreover, the use of plants does not pose any serious challenge, since their availability is
abundant without any harmful effects.

Tinospora cordifolia (Willd.) Miers is a medicinal plant. The plant has been used
traditionally for the treatment of fever, jaundice, chronic diarrhea, cancer, etc. [32].The
stem of T. cordifolia has antidiabetic effects, since it regulates the blood glucose level in the
body [33]. The extract from the roots of T. cordifolia possesses the ability to scavenge free
radicals which are generated during aflatoxicosis [34].

Green synthesized nanoparticles (silver, zinc, etc.) from different plants possessing
antibacterial, antivirulence, and antibiofilm potential have been well documented [35-39].
The synergistic effect of metal /metal oxide nanoparticles showing antibiosis has also been
reported [40].

In view of the beneficial role of plants and medicinal properties of the stem of Tinospora
cordifolia, we synthesized gold nanoparticles from the stem of Tinospora cordifolia plant [41]
and further checked for antimicrobial activity and antivirulence against P. aeruginosa.

2. Result

The formation of gold nanoparticles from the stem extract of Tinopora cordifolia is
represented by the equation below. The formation of gold nanoparticles in detailed view is
shown as a flowchart diagram and attached as Supplementary Figure S1.

TinosporaCordifolia stem Extract + 1 mM AuCl; After 24 b, Gold Nanoparticles (1)
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2.1. SEM, TEM, and XRD Analyses

The TG-AuNPs as analyzed by SEM were poly dispersed and were of varying shape,
but the majority of particles seemed to be spherical, whereas TEM analysis indicated the
average particle size to be 16.25 nm(Figures 1 and 2).
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Figure 2. (A) TEM image of TG-AuNPs; (B) Particle size distribution of TG-AuNPs.
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XRD analysis confirmed the crystalline nature of the gold nanoparticles. The respective
diffraction peaks at 38.2°, 44.5°, 64.74°, and 77.6°, relating to (111), (200), (220), and (311)
facets of the face-centered cubic (FCC) crystal lattice, correspond to pure gold (Figure 3)
(JCPDS card no. 04-0784).
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Figure 3. XRD of TG-AuNPs.

2.2. GC-MS of Tinospora Cordifolia Stem Extract

The GC-MS of the methanolic stem extract of Tinospora cordifolia revealed 7-Tetradecanal
(12.95%) n-Hexadecanoic acid (11.32%),9-120ctadecadienoic acid (10.39%), Benzene (5.97%),
Pregna-5,16-dien-20-one,3-(acetyloxy)-16-methyle (3.85%), and Octadecanoic acid (3.40%)
as the major components. The detailed analysis of GC-MS along with other compounds
is shown in Table 1. The chromatogram reflecting different peaks obtained in the GC-MS
analysis is shown in Figure 4.

Table 1. Major components of GC-MS analysis of Tinospora cordifolia stem extract.

Peak R. Time Area Area% Name
1 23.767 27437724 12.95 7-Tetradecenal, (Z)-
2 21.652 23992314 11.32 n-Hexadecanoic acid, methyl ester
3 23.692 22020115 10.39 9,12-octadecadienoic acid (Z,Z)-

BENZENE, (2-ETHYL-4-METHYLE-

4 32.034 12640436 5.97 1,3-PENTADIENYL)-
Pregna-5,16-dien-20-one,

> 31137 8164505 385 3-(acetyloxy)-16-methyle-, (3.beta.)
24.007 7197068 3.40 Octadecanoic acid

7 33.871 6441213 3.04 Octacosanol

8 38.278 6350228 3.00 .gamma.-Sitosterol

1,4-METHANOAZULENE,
9 37.853 5967832 2.82 DECAHYDRO-4 8 8- TRIMET
10 17.570 5954103 2.81 Inositol, 1-deoxy-
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Figure 4. Representative GC-MS chromatogram of stem extract of Tinospora cordifolia.

2.3. Antibiotic Profile

P. aeruginosa (n = 10) were resistant to different antibiotics, and the details of antibi-
otics are the following: tobramycin (Tob, 10 ug,), piperacillin (Pi, 100 pg), nitrofurantoin
(Nit, 300 pg), piperacillin-tazobactam (Pit, 100/10 png), cefepime (Cpm, 30 pg),imipenem
(Ipm, 10 pg), amikacin (Ak, 30 ug),ceftazidime (Caz, 30 ug),levofloxacin (Le, 5 ug), and
sparfloxacin (Spx, 5 pg)
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2.4. MIC of TG-AuNPs

The MIC of PAO1 was found to be 1000 pg/mL, whereas for all 10 clinical isolates the
MICs varied:20% of the isolates showed an MIC of 1000 pug/mL, 50% of isolates showed
an MIC of 1500 png/mL; and 30% of isolates showed an MIC of 1800 pg/mL (Table 2).
Three different concentrations, viz., 150,100, and 50 ng/mL, were considered for further
antivirulence approaches.

Table 2. MIC of PAOL1 and clinical isolates of P. aeruginosa.

Standard (N =1) Clinical Isolate (N = 10)
Isolate MIC (ugmL-1) Isolates MIC (ugmL—1)
PAO1 1000 20% 1000
50% 1500
30% 1800

2.4.1. Effect of TG-AuNPs on Pyocyanin of P. aeruginosa

Gold nanoparticles (TG-AuNPs) effectively downregulated the virulence of P. aerugi-
nosa. In PAO1, a 63.1% reduction in the level of pyocyanin was observed at 150 pg/mL,
whereas a similar concentration (150 pg/mL) of TG-AuNPs decreased the level of py-
ocyanin from 57.1% to 68.7% in clinical isolates. The lower concentration of 100 ug/mL
caused a 43.9% reduction and 41.6% to 55.3% reduction in the level of pyocyanin for PAO1
and clinical isolates, respectively. The lowest concentration, i.e., 50 pug/mL of TG-AuNDPs,
caused 23.5% and 41.7% to 28.3% reductions in pyocyanin level for PAO1 and clinical
isolates, respectively(Figures 5A and 6).
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Figure 5. Representative of treated and untreated culture of PAO1 with TG-AuNPs: (A) pyocyanin;
(B) biofilm; (C) motility (swarm and swim). For pyocyanin and biofilm 50, 100, and 150 ug/mL con-
centrations of TG-AuNPs were considered, whereas for motility only a 150 ug/mL of concentration
of TG-AuNP was considered. Pyocyanin expressed as pig/mL. Absorbance measured at 595 nm.
Swarm and Swim expressed as zone size in mm.
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Figure 6. Bar graphs representative of level of pyocyanin after treatment of clinical isolates of P.
aeruginosa with TG-AuNPs at 50, 100 and 150 ug/mL, along with control (untreated). Pyocyanin
expressed as pg/mL.

2.4.2. Effect of TG-AuNPs on Swarming and Swimming Motilities

The swarming and swimming motilities were also affected by the TG-AuNPs. Swarm-
ing and swimming motilities of PAO1 were reduced by 53.1% and 53.8% in the case of
TG-AuNPs at 150 pg/mL (Figure 5C). Similar observations were also recorded for the
clinical isolates. The reductions from 50% to 66.6% in swarming and 41.5 to 52.8% in
swimming were observed at 150 pug/mL (Figures 7-9).
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Figure 7. Bar graphs representative of swarm and swim after treatment of clinical isolates of P.
aeruginosa with TG-AuNPsat150 pug/mL, along with control (untreated). Swarm and Swim expressed
as zone size in mm.
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Figure 8. Representative of swarming of P. aeruginosa. (A) Swarm of PAOL. (B) Swarm of PAOL1 after
treatment with 150 pg/mL of TG-AuNPs. (C) Swarm of clinical isolate of P. aeruginosa. (D) Swarm of
clinical isolate of P. aeruginosa after treatment with 150 ug/mL of TG-AuNPs.

Figure 9. Representative of swimming of P. aeruginosa. (A) Swim of PAOL. (B) Swim of PAOL1 after
treatment with 150 ug/mL of TG-AuNPs. (C) Swim of clinical isolate of P. aeruginosa. (D) Swim of
clinical isolate of P. aeruginosa after treatment with 150 ug/mL of TG-AuNPs.
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2.4.3. Effect of TG-AuNPs on the Biofilm by Crystal Violet Assay

Biofilm formation was also reduced at all three concentrations for PAO1, as well as
for clinical isolates of P. aeruginosa. In PAO1, a 59.09% reduction in biofilm was observed
at 150 pg/mL of TG-AuNPs, whereas a 49.1% to 64.7% reduction in biofilm formation
was observed for clinical isolates of P. aeruginosa (Fig 5B). A lower concentration, i.e.,
100 pg/mL, caused 36.3% and 29.9% to 47.1% reductions in biofilm formation forPAO1 and
clinical isolates, respectively. Further, the lowest concentration, i.e., 50 nug/mL, effectively
reduced the biofilm by 27.2% and 14.6% to 35.1% in PAO1 and clinical isolates, respectively
(Figure 10).

H Control
B 50pg/ml
® 100pg/ml
® 150pg/ml

P3 P4 P5 P& P7 P8 P9 P10
Number of Isolates

Figure 10. Bar graphs representative of biofilm after treatment of clinical isolates of P. aeruginosa
with TG-AuNPs at 50,100, and 150 pug/mL, along with control (untreated). Absorbance measured at
595 nm.

2.4.4. Effect of TG-AuNPs Using Congo Red Agar (CRA) Method

TG-AuNPs at 150 pg/mL effectively reduced the exopolysaccharide production, which
can be observed by the loss of black consistencies in colonies on Congo red agar plates
amended with TG-AuNPs. The loss of black consistencies in PAO1 and clinical isolates of P.
aeruginosa can be clearly seen when compared with the control (plates without TG-AuNPs)
(Figure 11).
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Figure 11. Representative of biofilm of P. aeruginosa on Congo red agar. Black coloration represents
production of exopolysaccharide. (A) Biofilm of PAO1. (B) Biofilm of PAO1 after treatment with
150 pg/mL of TG-AuNPs. (C) Biofilm of clinical isolate of P. aeruginosa. (D) Biofilm of clinical isolate
of P. aeruginosa after treatment with 150 pug/mL of TG-AuNPs.

3. Discussion

The SEM analysis revealed that particles were polydispersed and not agglomerated.
Since we can observe the surface morphology of nanoparticles through SEM, in order
to better understand the size of nanoparticles TEM was performed, and it revealed the
average particle size to be 16.25 nm. The histogram in Figure 2B represents the particle size
distribution, which shows the varying size of nanoparticles. The methanolic stem extract of
Tinospora cordifolia further revealed the presence of 7-Tetradecanal (12.95%), followed by n
—Hexadecanoic acid (11.32%), 9,12-octadecadienoic acid (Z,Z) (10.39%), Benzene (5.97%),
and Pregna-5,16-dien-20-one (3.85%). Some of the major components are shown in Table 1.
We are of the opinion that 7 Tetradecanal and n-Hexadecanoic acid could be the major
components responsible for the reduction inprecursor salt and stabilization of nanoparticles,
although other components could also be responsible for the reduction and stabilization.
Phytochemicals present in the plants reduce the metal ions, and the reduced metal ions are
linked using atmospheric oxygen or from degrading phytochemicals. The phytochemicals
also prevent the agglomeration of metal nanoparticles [42,43].

In our study, three different concentrations of TG-AuNPs (50, 100 and 150 pg/mL)
were considered, which were lower than the MIC for PAOL1 as well as for multidrug-
resistant clinical isolates.
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Pyocyanin, a major component involved in the pathogenesis of P. aeruginosa, allows
the P. aeruginosa to coordinate and respond according to the change in environmental
conditions [44]. In our study, the pyocyanin level was decreased for both PAO1 and
multidrug-resistant clinical isolates. The maximum reductions of 63.1% for PAO1 and
57.1-68.7% for clinical isolates of P. aeruginosa for pyocyanin were observed at 150 pg/mL
of TG-AuNPs. Lower concentrations, i.e., 100 and 50 pg/mL of TG-AuNPs, also caused
reductions in the level of pyocyanin. Our results are in agreement with the previous studies,
where 40-88% and 20-82% reductions were observed for the pyocyanin level at 1/2 and 1/4
MIC of gold nanoparticles [45].

Swarming is a movement of bacteria (motility) that helps in colonization on the surface
and helps in biofilm formation [46]. In addition to representing muotility, the differentiation
of swarm cells results in the alteration of metabolic bias and gene expression, indicating
complex lifestyle adaptation [47,48]. When motility is regarding an aqueous solution, it is
called swimming. The decrease in swarming and swimming motilities were also observed
at 150 pg/mL. The decrease in the swarming and swimming motilities of P. aeruginosa
both in PAO1 and clinical isolates are clearly observed in Figures 8 and 9. In the plates
without TG-AulNPs, more movement was observed in both swarm and swim, but in
plates with TG-AuNPs restricted movement was seen. Swarming and swimming motility
decreased by 53.1% and 53.8% for PAO1, whereas 50-66.6% and 41.5-52.8% reductions
in swarming and swimming motility were observed for clinical isolates, respectively. At
lower concentrations of 100 and 50 pg/mL of TG-AuNPs, zones of swarm and swim were
not easy to measure, since they were equivalent to the control (untreated); therefore, we
included only the 150 pug/mL concentration. Our results are supported by previous studies,
where a complete reduction in swimming and approximately 30% and 50% reductions in
swarming at 32 and 256 ng/mL of TG-AuNPs were observed [49]

One of the most important aspects of pathogenesis in P. aeruginosa is the formation
of biofilm, through which the bacteria avoid the host immune response [50,51]. Biofilm is
the aggregation of microbial communities and the site for the spread of infection. Further,
the exopolysaccharide secretion forms the mask and does not allow the antimicrobial to
penetrate [52].

Biofilm formation of PAO1 reduced by 59.09%, whereas a 49.1% to 64.7% reduction
was observed for clinical isolates of P aeruginosa at 150 pg/mL. Lower concentrations of
100 and 50 pg/mL also caused a reduction in biofilm, both in PAO1 and clinical isolates.
Our results are also in agreement with the previous studies of Elshaer and shaaban [45],
where they have shown the downregulation of biofilm formation by 26-68% and 21-37%
at 1/2 and 1/4 MIC levels of gold nanoparticles. The loss of black consistency on the
Congo red agar plate is the benchmark showing the decrease in EPS production. Our
results showed the decrease in black consistency on Congo red agar plates amended with
150 pg/mL of TG-AuNPs both for PAO1 and for clinical isolates of P. aeruginosa, which is
an indication of the loss of exopolysaccharide secretion (Figure 11). Our results are also in
agreement with the previous studies, where baicalein fabricated nanoparticles reduced the
exopolysaccharide secretion on Congo red agar plates [53]. Similar results showing the loss
of exopolysaccharide production have been shown by Qais et al. [54].

4. Materials and Methods
All chemicals used are of ‘AR’ grade

4.1. Materials Used with Specification

Stem of Tinospora cordifoli=—for obtaining extract.

Gold chloride (AuCls), Sigma Aldrich (Germany)—salt for preparing gold nanoparticles.
Methanol, Merck (Germany)—solvent used for extraction during GC-MS.

Nutrient broth, Hi media (India)—liquid media for growth of bacteria.

Nutrient agar, Hi media (India)—solid media for growth of bacteria.

Chloroform, Merck (Germany)—used in pyocyanin extraction.
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Hydrochloric acid (HCI), Rankem (India)—used in pyocyanin extraction.

Glucose, Rankem (India)—inoculated with nutrient media for swarming and swim-
ming assay.

Bacteriological agar, Hi media (India)—for solidifying liquid media.

Crystal violet, Merck (Germany)—used in biofilm assay.

Brain heart infusion, Hi media (India)—media used in Congo red biofilm assay.
Sucrose, Rankem (India)—for analyzing biofilm using Congo red assay, since sucrose
provides extra nutrients for growth of microorganisms.

e Congo red, Merck (Germany)—dye used in biofilm assay.

4.2. Synthesis of AuNPs

The gold nanoparticles were synthesized as previously described [41]. The part of the
plant, i.e., stem, was collected from the nearby area of Aligarh, Uttar Pradesh, India. The
stem consists of an outer husk, which was removed and sun-dried for few days until it
became hard. The stem was then ground into powder form; the powder (10 gm) was then
mixed with water (100 mL) and purified using filter paper. Furthermore, the centrifugation
at 1200 rpm for 5 min allowed the removal of heavy biomaterials. The aqueous extract
(10 mL) was mixed with 90 mL AuCljz and left for 24 h.

4.3. Characterization of Nanoparticles
4.3.1. Scanning Electron Microscopy (SEM)

The green synthesized gold nanoparticles (TG-AuNPs) were characterized using SEM
(JSM 6510 LV) for analyzing morphology, as described by Ali et al. [41]. In brief, a drop
of green synthesized gold nanoparticles (TG-AuNPs) was initially placed on the glass
coverslip. The drop was allowed to dry on the glass coverslip at room temperature. After
drying, the samples were placed under SEM and analyzed at an accelerating voltage of
15 kv and viewed on the screen attached to the SEM.

4.3.2. Transmission Electron Microscopy (TEM)

TEM was used to analyze the size of TG-AuNDPs, as previously described [41]. Briefly,
a drop of gold nanoparticles (TG-AuNPs) was placed on a copper grid and left at room
temperature for drying. After drying, the sample was placed in the TEM. Before viewing
the vacuum was created, and the sample was illuminated with electronic radiations inside
the TEM. The beam of the electron transmitted in the TEM allowed the detection of the
sample on screen.

4.3.3. X-ray Diffraction (XRD)

Gold nanoparticles were examined for crystalline or amorphous nature using XRD
(Rigaku, Pittsburg, PA, USA) with a scanning 2 theta angle from 20° to 80° at 40 KeV.

4.4. GC-MS for Bioactive Compounds in Plant Extract

The GC-MS for bioactive compounds in plant extract was performed using a Shimadzu
GC-MS-QP 2010 Plus fitted with an RTX-5 capillary column (60 m x 0.25 mm x 0.25 um).
Helium gas was used at 40.9 cm/s linear velocity. The oven temperature which was
programmed at 90 °C was increased to 280 °C with a ramp rate of 10 °C/min. The total
running time of GC was 50 min. The electron impact ionization method was applied with
the ion source set at 230 °C. Methanol was the solvent used.

4.5. Bacterial Isolates

P. aeruginosa (n = 10) were isolated from the routine patient samples received in the
Department of Microbiology ] N Medical College & Hospital and were further identified
using biochemical tests. The isolates were further tested for antibiotic sensitivity follow-
ing the Clinical and Laboratory Standards institute guideline [55]. PAO1 was used as a
control sample.
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4.6. Determination of Minimum Inhibitory Concentration (MIC)

MIC was determined using the broth dilution method as previously described [56]. Briefly,
overnight grown cultures of P. aeruginosa (PAO1 and clinical isolates) (2 x 10° CFU/mL) were
allowed to inoculate the nutrient broth with or without different concentrations of nanopar-
ticles and were incubated at 37 °C for 24 h.

4.6.1. Effect of TG-AuNDPs on Pyocyanin

P. aeruginosa were inoculated with 5 mL nutrient broth in presence or absence of
varying concentrations of TG-AulNPs at 150 rpm at 37 °C for 16 h in shaking incubator.
Pyocyanin from P. aeruginosa treated or untreated with TG-AuNPs was extracted using 3 mL
chloroform and then further re-extracted into 1 mL 0.2 NHCI until the color of the solution
turned pink to deep red. Optical density at 520 nm multiplied by 17.070 determined the
pyocyanin/mL of culture supernatant [57].

4.6.2. Effect of TG-AuNPs on the Swarming Motility

Swarming of P. aeruginosa was analyzed by the procedure described by Chelvam
et al. [58]. Semi-solid agar plates were prepared using nutrient broth and glucose (0.5%)
mixed with bacteriological agar (0.5%). Before the pouring of media into plates, TG-AuNPs
were added to the cooled media. Plates without TG-AuNPs were considered as control.
After drying the plates, P. aeruginosa was spot inoculated on both the plates (with or without
nanoparticles) and further incubated at 37 °C for 24 h.

4.6.3. Effect of TG-AuNPs on Swimming Motility

Swimming was also checked by the procedure described by Chelvam et al. [58]. Semi-
solid agar media constituting nutrient broth along with 0.25% bacteriological agar and
0.5% glucose were mixed, then autoclaved and cooled. TG-AuNPs were added before the
pouring of media into the plates, and control plates were without TG-AuNPs. After drying,
the spot inoculation of overnight grown P. aeruginosa was completed on the semi-solid agar
plates including the plate without TG-AuNPs and incubated at 37 °C for 24 h.

4.7. Antibiofilm Potential of TG-AuNPs
4.7.1. Effect of TG-AuNPs Using Crystal Violet Assay

Biofilm formation of P. aeruginosa by crystal violet assay was evaluated as previously
described [59]. Briefly, 100uL (1 x 107 CFU/mL) of mid-exponential P. aeruginosa culture
was used to inoculate the tubes (2 mL) with or without TG-AuNPs. After inoculation, tubes
were incubated at 70 rev/min for 24 h in shaking incubator. Tubes were then washed and
stained with 0.1% w/v crystal violet for 30 min and then again washed three times, and
finally filled with absolute ethanol and absorbance was recorded at 595 nm.

4.7.2. Effect of TG-AuNPs Using Congo Red Assay

Antibiofilm efficacy of TG-AuNPs was observed by the method as described [38].
Briefly, brain heart infusion broth (37 g/L), sucrose (50 g/L), and bacteriological agar
(10 g/L) were mixed and autoclaved, whereas Congo red agar solution (0.8 g/L) was
autoclaved separately. After autoclaving and cooling, the Congo red agar solution was
mixed with the brain heart infusion solution along with the desired concentration of TG-
AuNPs and poured into the plates. Control plates were not amended with TG-AuNPs.
P. aeruginosa was streaked on the control plates as well as on the plates amended with
TG-AuNPs and incubated at 37 °C for 24 h.

5. Conclusions

In this paper, the green synthesized gold nanoparticles were used to target the vir-
ulence of multidrug-resistant P aeruginosa. The TG-AuNPs at very low concentrations
(50,100, and 150pg/mL) were effective against the virulence factors of P. aeruginosa, viz.,
pyocyanin, swarming, swimming, and biofilm. The TG-AuNPs downregulated the py-
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ocyanin production, along with the decrease in swarming and swimming motilities. The
TG-AuNPs also lowered the biofilm formation, since it decreased the EPS production, which
is a necessary requirement for biofilm. Finally, the GC-MS analysis of the plant extract
showed the active component involved in the reduction and stabilization of TG-AuNPs.
Finally, we are of the opinion that gold nanoparticles can be used as an alternative therapy
at a very low concentration against multidrug-resistant microorganisms. Although the gold
nanoparticles have shown their antivirulence effect at very low concentrations, extensive
research on the toxicological aspect still needs to be conducted to better understand the
effect of nanoparticles on different organs before they can be used inhuman applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27248685/5s1, Figure S1: Flowchart for stepwise formation
of gold nanoparticles.

Author Contributions: Conceptualization, S.G.A., M.]. and H.A.; Methodology, writing-original
draft preparation, visualization, investigation, S.G.A., A.A. and H.M.K.; Writing Reviewing and
Editing, M.B.A., A.A., K.U. and H.A ; Software, formal analysis, S.G.A., H.A. and K.U.; Supervision
K.U. and HM.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We appreciate the support of Prince Sattam bin Abdulaziz University, Al-Kharj,
Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References

1. Founou, R.C.; Founou, L.L.; Essack, S.Y. Clinical and economic impact of antibiotic resistance in developing countries: A
systematic review and meta-analysis. PLoS ONE 2017, 12, e0189621. [CrossRef] [PubMed]

2. Tillotson, G.S.; Zinner, S.H. Burden of antimicrobial resistance in an era of decreasing susceptibility. Expert Rev. Anti-Infect. Ther.
2017, 15, 663—-676. [CrossRef] [PubMed]

3. Abadi, A.-T.B.; Rizvanov, A.A.; Haertlé, T.; Blatt, N.L. World Health Organization report: Current crisis of antibiotic resistance.
BioNanoScience 2019, 9, 778-788. [CrossRef]

4. De Oliveira, D.M.; Forde, B.M.; Kidd, T.J.; Harris, PN.; Schembri, M.A.; Beatson, S.A.; Paterson, D.L.; Walker, M.]. Antimicrobial
resistance in ESKAPE pathogens. Clin. Microbiol. Rev. 2020, 33, €00181-19. [CrossRef]

5.  Ventola, C.L. The antibiotic resistance crisis: Part 1: Causes and threats. Pharm. Ther. 2015, 40, 277-283.

6.  Marston, H.D.; Dixon, D.M.; Knisely, ].M.; Palmore, T.N.; Fauci, A.S.J.]. Antimicrobial resistance. JAMA 2016, 316, 1193-1204.
[CrossRef]

7. Mizar, P; Arya, R.; Kim, T; Cha, S.; Ryu, K.-S.; Yeo, W.-S.; Bae, T.; Kim, D.W.; Park, K.H.; Kim, K.K,; et al. Total Synthesis of
Xanthoangelol B and Its Various Fragments: Toward Inhibition of Virulence Factor Production of Staphylococcus aureus. . Med.
Chem. 2018, 61, 10473-10487. [CrossRef]

8. Yeo, W.-S.; Arya, R.; Kim, K.K,; Jeong, H.; Cho, K.H.; Bae, T. The FDA-approved anti-cancer drugs, streptozotocin and floxuridine,
reduce the virulence of Staphylococcus aureus. Sci. Rep. 2018, 8, 2521. [CrossRef]

9. Imdad, S.; Chaurasia, A.K.; Kim, K.K. Identification and validation of an antivirulence agent targeting HlyU-regulated virulence
in Vibrio vulnificus. Front. Cell Infect. Microbiol. 2018, 8, 152. [CrossRef]

10. Rice, L.B. Federal Funding for the Study of Antimicrobial Resistance in Nosocomial Pathogens: No ESKAPE; The University of Chicago
Press: Chicago, IL, USA, 2008; Volume 197, pp. 1079-1081.

11.  Tacconelli, E.; Magrini, N.; Kahlmeter, G.; Singh, N. Global Priority List of Antibiotic-Resistant Bacteria to Guide Research, Discovery,
and Development of New Antibiotics; World Health Organization: Geneva, Switzerland, 2017; Volume 27, pp. 318-327.

12.  CDC. Antibiotic Resistance Threats in the United States; Department of Health and Human Services; CDC: Atlanta, GA, USA, 2019;
pp- 1-150.

13. Rajkowska, K.; Otlewska, A.; Guiamet, P.S.; Wrzosek, H.; Machnowski, W. Pre-Columbian Archeological Textiles: A Source of

Pseudomonas aeruginosa with Virulence Attributes. Appl. Sci. 2020, 10, 116. [CrossRef]

180



Molecules 2022, 27, 8685

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Britigan, B.E.; Roeder, T.L.; Rasmussen, G.T.; Shasby, D.M.; McCormick, M.L.; Cox, C.D. Interaction of the Pseudomonas aeruginosa
secretory products pyocyanin and pyochelin generates hydroxyl radical and causes synergistic damage to endothelial cells.
Implications for Pseudomonas-associated tissue injury. J. Clin. Investig. 1992, 90, 2187-2196. [CrossRef] [PubMed]

Denning, G.M.; Wollenweber, L.A.; Railsback, M.A.; Cox, C.D.; Stoll, L.L.; Britigan, B.E. Pseudomonas pyocyanin increases
interleukin-8 expression by human airway epithelial cells. Infect. Immun. 1998, 66, 5777-5784. [CrossRef] [PubMed]

Lau, G.W.; Ran, H.; Kong, F.; Hassett, D.J.; Mavrodi, D. Pseudomonas aeruginosa pyocyanin is critical for lung infection in mice.
Infect. Immun. 2004, 72, 4275-4278. [CrossRef] [PubMed]

Behzadi, P; Barath, Z.; Gajdacs, M. It’s Not Easy Being Green: A Narrative Review on the Microbiology, Virulence and Therapeutic
Prospects of Multidrug-Resistant Pseudomonas aeruginosa. Antibiotics 2021, 10, 42. [CrossRef] [PubMed]

Khan, F; Pham, D.T.N.; Oloketuyi, S.E; Kim, Y.-M. Regulation and controlling the motility properties of Pseudomonas aeruginosa.
Appl. Microbiol. Biotechnol. 2020, 104, 33—-49. [CrossRef] [PubMed]

Khatoon, Z.; McTiernan, C.D.; Suuronen, E.J.; Mah, T.-F.; Alarcon, E.I. Bacterial Biofilm Formation on Implantable Devices and
Approaches to its Treatment and Prevention. Heliyon 2018, 4, e01067. [CrossRef] [PubMed]

Ramage, G.; Williams, C. The Clinical Importance of Fungal Biofilms. Adv. Appl. Microbiol. 2013, 84, 27-83. [CrossRef]
Shakibaie, M.R. Bacterial Biofilm and its Clinical Implications. Ann. Microbiol. Res. 2018, 2, 45-50. [CrossRef]

Flemming, H.-C.; Wingender, J.; Szewzyk, U.; Steinberg, P; Rice, S.A.; Kjelleberg, S. Biofilms: An emergent form of bacterial life.
Nat. Rev. Microbiol. 2016, 14, 563-575. [CrossRef]

Yin, W.; Wang, Y.; Liu, L.; He, J. Biofilms: The Microbial “Protective Clothing” in Extreme Environments. Int. J. Mol. Sci. 2019,
20, 3423. [CrossRef]

Huh, A.J.; Kwon, Y.J. “Nanoantibiotics”: A new paradigm for treating infectious diseases using nanomaterials in the antibiotics
resistant era. J. Control. Release 2011, 156, 128-145. [CrossRef] [PubMed]

Bhardwaj, V.; Kaushik, A. Biomedical Applications of Nanotechnology and Nanomaterials. Micromachines 2017, 8, 298. [CrossRef]
[PubMed]

Suriyakala, G.; Sathiyaraj, S.; Babujanarthanam, R.; Alarjani, K.M.; Hussein, D.S.; Rasheed, R.A.; Kanimozhi, K. Green Synthesis
of Gold Nanoparticles Using Jatropha s Jacq. Flower Extract and Their Antibacterial Activity. J. King Saud. Univ. Sci. 2022, 34,
101830. [CrossRef]

Botteon, C.E.A; Silva, L.B.; Ccana-Ccapatinta, G.V,; Silva, T.S.; Ambrosio, S.R.; Veneziani, R.C.S.; Bastos, ]J.K.; Marcato, P.D.
Biosynthesis and characterization of gold nanoparticles using Brazilian red propolis and evaluation of its antimicrobial and
anticancer activities. Sci. Rep. 2021, 11, 1974. [CrossRef]

Zainab; Saeed, K.; Ammara; Ahmad, S.; Ahmad, H.; Ullah, F; Sadiq, A.; Uddin, A.; Khan, I.; Ahmad, M. Green Synthesis,
Characterization and Cholinesterase Inhibitory Potential of Gold Nanoparticles. . Mex. Chem. Soc. 2021, 65, 416—-423.

Ahmad, S.; Zainab; Ahmad, H.; Khan, I.; Alghamdi, S.; Almehmadi, M.; Ali, M.; Ullah, A.; Hussain, H.; Khan, N.M.; et al. Green
synthesis of gold nanaoparticles using Delphinium Chitralense tuber extracts, their characterization and enzyme inhibitory
potential. Braz. |. Biol. 2022, 82, €257622. [CrossRef] [PubMed]

Tagad, C.K.; Dugasani, S.R.; Aiyer, R.; Park, S.; Kulkarni, A.; Sabharwal, S. Green Synthesis of Silver Nanoparticles and Their
Application for the Development of Optical Fiber Based Hydrogen Peroxide Sensors. Sens. Actuators B Chem. 2013, 183, 144-149.
[CrossRef]

Abdel-Halim, E.S.; El-Rafie, M.H.; Al-Deyab, S.S. Polyacrylamide/Guar Gum Graft Copolymer for Preparation of Silver
Nanoparticles. Carbohydr. Polym. 2011, 85, 692—697. [CrossRef]

Parthipan, M.; Aravindhan, V.; Rajendran, A. Medico-botanical study of Yercaud hills in the eastern Ghats of Tamil Nadu, India.
Anc. Sci Life. 2011, 30, 104-109.

Sangeetha, M.K,; Raghavendran, H.R.B.; Gayathri, V.; Vasanthi, H.R. Tinospora cordifolia attenuates oxidative stress and distorted
carbohydrate metabolism in experimentally induced type 2 diabetes in rats. |. Nat. Med. 2011, 65, 544-550. [CrossRef]

Gupta, R.; Sharma, V. Ameliorative effects of Tinospora cordifolia root extract on histopathological and biochemical changes
induced by aflatoxin-b (1) in mice kidney. Toxicol. Int. 2011, 18, 94-98. [PubMed]

Ali, S.G.; Ansari, M.A.; Khan, HM.; Jalal, M.; Mahdi, A.A.; Cameotra, S.S. Crataeva nurvala nanoparticles inhibit virulence factors
and biofilm formation in clinical isolates of Pseudomonas aeruginosa. J. Basic Microbiol. 2017, 57, 193-203. [CrossRef] [PubMed]
Ali, S.G.; Ansari, M.A.; Khan, HM.; Jalal, M.; Mahdi, A.A.; Cameotra, S.S. Antibacterial and antibiofilm potential of green
synthesized silver nanoparticles against imipenem resistant clinical isolates of P. aeruginosa. BionanoScience 2018, 8, 544-553.
[CrossRef]

Jalal, M.; Ansari, M.A.; Alzohairy, M.A ; Ali, S.G.; Khan, H.M.; Almatroudi, A.; Siddiqui, M.I. Anticandidal activity of biosynthe-
sized silver nanoparticles: Effect on growth, cell morphology, and key virulence attributes of Candida species. Int. ]. Nanomed.
2019, 14, 4667-4679. [CrossRef]| [PubMed]

Ali, S.G.; Ansari, M.A.; Jamal, Q.M.S.; Almatroudi, A.; Alzohairy, M.A.; Alomary, M.N.; Al-Warthan, A. Butea Monosperma Seed
Extract Mediated Biosynthesis of ZnO NPs and Their Antibacterial, Antibiofilm and AntiQuorum Sensing Potentialities. Arab. J.
Chem. 2021, 14, 103044. [CrossRef]

Islam, R.; Sun, L.M.; Zhang, L.B. Biomedical Applications of Chinese Herb-Synthesized Silver Nanoparticles by Phytonanotech-
nology. Nanomaterials 2021, 11, 2757. [CrossRef]

181



Molecules 2022, 27, 8685

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Hu, F; Song, B.; Wang, X.; Bao, S.; Shang, S.; Lv, S.; Fan, B.; Zhan, R.; Li, J. Green rapid synthesis of Cu20/ Ag heterojunctions
exerting synergistic antibiosis. Chin. Chem. Chem. Lett. 2022, 33, 308-313. [CrossRef]

Ali, S.G.; Ansari, M.A.; Alzohairy, M.A.; Alomary, M.N.; AlYahya, S.; Jalal, M.; Khan, H.M.; Asiri, SM.M.; Ahmad, W,;
Mahdi, A.A.; et al. Biogenic gold nanoparticles as potent antibacterial and antibiofilm nano-antibiotics against Pseudomonas
aeruginosa. Antibiotics 2020, 9, 100. [CrossRef]

El Shafey, A.M. Green synthesis of metal and metal oxide nanoparticles from plant leaf extracts and their applications: A review.
Green Process. Synth. 2020, 9, 304-339. [CrossRef]

Ahmed, S.; Ahmad, M.; Swami, B.L.; Ikram, S. A review on plants extract mediated synthesis of silver nanoparticles for
antimicrobial applications: A green expertise. J. Adv. Res. 2016, 7, 17-28. [CrossRef]

Jayaseelan, S.; Ramaswamy, D.; Dharmaraj, S. Pyocyanin: Production, applications, challenges and new insights. World .
Microbiol. Biotechnol. 2014, 30, 1159-1168. [CrossRef]

Elshaer, S.L.; Shaaban, M.I. Inhibition of quorum sensing and virulence factors of Pseudomonas aeruginosa by biologically
synthesized gold and selenium nanoparticles. Antibiotics 2021, 10, 1461. [CrossRef] [PubMed]

Donlan, R.M. Biofilms: Microbial life on surfaces. Emerg. Infect. Dis. 2002, 8, 881-890. [CrossRef]

Harshey, R.M. Bacterial motility on a surface: Many ways to a common goal. Annu. Rev. Microbiol. 2003, 57, 249-273. [CrossRef]
[PubMed]

Rather, PN. Swarmer cell differentiation in Proteus mirabilis. Environ. Microbiol. 2005, 7, 1065-1073. [CrossRef] [PubMed]

Khan, F; Manivasagan, P; Lee, ].-W.; Pham, D.T.N.; Oh, J.; Kim, Y.-M. Fucoidan-stabilized gold nanoparticle-mediated biofilm
inhibition, attenuation of virulence and motility properties in Pseudomonas aeruginosa PAOL. Mar. Drugs 2019, 17, 208. [CrossRef]
[PubMed]

Allesen-Holm, M.; Barken, K.B.; Yang, L.; Klausen, M.; Webb, ].S.; Kjelleberg, S.; Molin, S.; Givskov, M.; Tolker-Nielsen, T. A
characterization of DNA release in Pseudomonas aeruginosa cultures and biofilms. Mol. Microbiol. 2006, 59, 1114-1128. [CrossRef]
Ciofu, O.; Tolker-Nielsen, T. Tolerance and resistance of Pseudomonas aeruginosa biofilms to antimicrobial agents-How P. aeruginosa
can escape antibiotics. Front. Microbiol. 2019, 10, 913. [CrossRef]

Hall, C.W.; Mah, T.F. Molecular mechanisms of biofilm-based antibiotic resistance and tolerance in pathogenic bacteria. FEMS
Microbiol. Rev. 2017, 41, 276-301. [CrossRef]

Rajkumari, J.; Busi, S.; Vasu, A.C.; Reddy, P. Facile green synthesis of baicalein fabricated gold nanoparticles and their antibiofilm
activity against Pseudomonas aeruginosa PAO1. Microb. Pathog. 2017, 107, 261-269. [CrossRef]

Qais, FA.; Ahmad, I; Altaf, M.; Alotaibi, S.H. Biofabrication of Gold Nanoparticles Using Capsicum annuum Extract and
Its Antiquorum Sensing and Antibiofilm Activity against Bacterial Pathogens. ACS Omega 2021, 6, 16670-16682. [CrossRef]
[PubMed]

Clinical Laboratory Standards Institute. Performance Standards for Antimicrobial Susceptibility Testing, 22nd ed.; Informational
Supplement Document M100-522; Clinical Laboratory Standards Institute: Wayne, PA, USA, 2012.

Ansari, M.A.; Khan, HM.; Alzohairy, M.A ; Jalal, M.; Ali, S.G.; Pal, R.; Musarrat, J. Green synthesis of AI203 nanoparticles and
their bactericidal potential against clinical isolates of multi-drug resistant Pseudomonas aeruginosa. World . Microbiol. Biotechnol.
2015, 31, 153-164. [CrossRef] [PubMed]

Essar, D.W.; Eberly, L.; Hadero, A.; Crawford, I.P. Identification and characterization of genes for a second anthranilate synthase
in Pseudomonas aeruginosa: Interchangeability of the two anthranilate synthases and evolutionary implications. J. Bacteriol. 1990,
172, 884-900. [CrossRef]

Chelvam, K.K.; Chai, L.C.; Thong, K.L. Variations in motility and biofilm formation of Salmonella enterica serovar Typhi. Gut
Pathog. 2014, 6, 2. [CrossRef]

O’Toole, G.A.; Kolter, R. Initiation of biofilm formation in Pseudomnionas fluorescens WCS365 proceedsvia multiple, convergent
signalling pathways: A genetic analysis. Mol. Microbiol. 1998, 28, 449-461. [CrossRef]

182



molecules

Article

Investigations into the Antifungal, Photocatalytic, and
Physicochemical Properties of Sol-Gel-Produced Tin
Dioxide Nanoparticles

Sirajul Haq *@©, Nadia Shahzad 2, Muhammad Imran Shahzad 3, Khaled Elmnasri 4, Manel Ben Ali ®,

Alaa Baazeem >0, Amor Hedfi °

Citation: Haq, S.; Shahzad, N.;
Shahzad, M.I.; Elmnasri, K.; Ali, M.B.;
Baazeem, A.; Hedfi, A.; Ehsan, R.
Investigations into the Antifungal,
Photocatalytic, and Physicochemical
Properties of Sol-Gel-Produced Tin
Dioxide Nanoparticles. Molecules
2022, 27, 6750. https://doi.org/
10.3390/molecules27196750

Academic Editors: Nagaraj
Basavegowda and

Kwang-Hyun Baek

Received: 17 September 2022
Accepted: 30 September 2022
Published: 10 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Rimsha Ehsan !

Department of Chemistry, University of Azad Jammu and Kashmir, Muazaffabad 13100, Pakistan

US-Pakistan Centre for Advance Studies in Energy, National University of Science and Technology (NUST),

Islamabad 44000, Pakistan

Nanoscience and Nanotechnology Department, National Centre for Physics (NCP), Islamabad 44000, Pakistan

4 Higher institute of Biotechnology, University of Manouba, ISBST, BVBGR-LR11ES31, Biotechpole Sidi Thabet,
Ariana 2010, Tunisia

5 Department of Biology, College of Science, Taif University, P.O. Box 11099, Taif 21944, Saudi Arabia

*  Correspondence: cii_raj@yahoo.com

Abstract: Transmission electron microscopy (TEM), atomic force microscopy (AFM), X-ray diffraction
(XRD), energy dispersive X-ray (EDX), scanning electron microscopy (SEM), diffuse reflectance
spectroscopy (DRS), and Fourier transform infrared (FTIR) spectroscopy were applied to evaluate the
tin dioxide nanoparticles (SnO, NPs) amalgamated by the sol-gel process. XRD was used to examine
the tetragonal-shaped crystallite with an average size of 26.95 (1) nm, whereas the average particle
size estimated from the TEM micrograph is 20.59 (+2) nm. A dose-dependent antifun3al activity was
performed against two fungal species, and the activity was observed to be increased with an increase
in the concentration of SnO,; NPs. The photocatalytic activity of SnO, NPs in aqueous media was
tested using Rhodamine 6G (Rh-6G) under solar light illumination. The Rh-6G was degraded at a
rate of 0.96 x 102 min for a total of 94.18 percent in 350 min.

Keywords: antifungal activity; tin dioxide; sol-gel; tetragonal; photocatalysis; solar-light

1. Introduction

The fungi are the heterotrophic eukaryotes that are unable to make their own food.
These multicellular eukaryotes are ubiquitous, thus fungal infections are common through-
out the world. In humans, fungal infections are mostly caused when a fungus attacks over
the low immunity area of the body that is adaptive to it. Fungi can live in plants, soil,
air, water and in human body naturally [1]. Like other microbial organisms, some fungi
are harmful, while some are useful. When a harmful fungus attacks the human body the
victim complains of itching, swelling and redness depending on the attacked area of the
body. Fungi cause both surface and systemic infections and can have lethal outcomes if
diagnosed at the later stages [2].

The attack of pathogens, especially fungi, has put the food security at risk and, ac-
cording to a rough estimate, almost one-third of annual crops are lost due to the attack
and invasion of these harmful pathogens [3]. Economically valuable crops are harmed
by pathogenic fungi at pre-harvest or post-harvest stages. The fungicides used for their
control are imparting a damaging effect on both humans and the environment. Thus, silver
nanoparticles have been reported for the control of phytopathogenic fungi as these NPs
cause growth restriction of such fungi without disturbing the environment [4]. Solvo-
thermally synthesized gold NPs have also been advertised for antifungal activity against
the candida species [5]. The ZnO NPs synthesized by biological methods using extracts like
Allium cepa, garlic, parsley, Dolichos lablab L. and Sphingomonas paucimobilis have also been
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reported in the literature showing affective fungal growth inhibition, mostly of candida
species [6].

The reduction of organic dyes from water reservoirs are a major concern in this in-
dustrial world and the damages related to the presence of organic substances in aquatic
environments is unmeasurable. Rhodamine 6G is a heterocyclic cationic polar dye belong-
ing to the Xanthene family and has strong absorption in the visible region [7]. Rhodamine
6G in used in the field of hydraulics as fluorescent tracer to visualize flow patterns and also
is commonly used also as a sensitizer. The discharge of rhodamine 6G into the aqueous
medium is harmful for humans and longer term exposure results in multiple health issues
such as vomiting, increase in heart rate, lung cancer, skin cancer and, in some cases, delay
in physiological development. Therefore, it is highly necessary to degrade organic sub-
stances from waste water before they accumulate in the environment causing irreversible
damage [8]. Photocatalysis involves the production of the hydroxyl radical and superoxide
anion, which are generated by absorption of radiation by the catalyst. SnO, is widely used
due to its nontoxic effect, stability and strong oxidizing properties [9].

SnO; is one of the best semiconductors, having shape dependent properties and a band
gap of 3.6 eV [10]. The SnO, NPs have potential to degrade organic dye and help in the
protection of the environment [11]. At the nano-scale, SnO, exhibits exceptional properties
owing to its high surface area to volume ratio, which makes it a unique photocatalyst [12].
The nano-sized SnO; is an efficient catalyst for oxidation of organic compounds due to the
presence of a high number of surface active groups [13]. The large surface area of SnO,
NPs having a size below 10 nm has more reaction sites, which increases the photocatalytic
efficacy, which might also be attributed to the large electron-hole pair separation [14]. The
Sol-gel synthesis of SnO, NPs is preferred over other methods, because it is easy to handle,
provides better control over the particle size and is economic [15].

The current research concerns the sol-gel synthesis of SnO, NPs for antifungal activity
and photodegradation of rhodamine 6G. The as-manufactured SnO, NPs were charac-
terized by manipulating SEM, XRD, EDX, AFM, TEM, DRS and FTIR spectroscopy. The
antifungal activity was performed against the selected fungus species using the Agar well
diffusion method. The selection of fungi is purely based on the availability of the fungal
strain and its toxicity. The degradation of rhodamine 6G was brought under solar light irra-
diation and the reaction parameters were determined by a set of mathematical equations.

2. Results
2.1. XRD Analysis

The XRD pattern of SnO, NPs exhibited in Figure 1 shows the characteristic peaks
along with corresponding hkl values for SnO; at 26 26.34 (110), 33.68 (101), 38.06 (200), 52.00
(211) and 65.21 (301), which harmonized with the diffraction bands listed in the JCPDS
card no. 01-077-0449 assigned to the cubic geometry of crystals. The noisy XRD pattern
with broad diffraction band suggests the presence of both amorphous and crystalline phase
in the sample [16]. The sharpness of diffraction bands suggest that some portion of the
synthesized material is highly crystalline while the varied width and intensity shows a wide
range distribution of crystallite size. The average crystallite size for SnO, NPs enumerated
by Debye-Scherrer equation is 26.95 nm with 0.39% imperfection, found in the crystal.

2.2. EDX Analysis

In the EDX spectrum of SnO, NPs (Figure 2), O is responsible for the peak at 0.3 keV,
while Sn is responsible for a series of sharp bands in the 3.5-4 keV range, as well as a
very tiny signal at 2.6 due to the presence of Cl. According to the EDX analysis, the
synthesized SnO, NPs have a stoichiometric composition of Sn and O, with a trace of Cl as
an impurity. According to EDX statistics, Sn, O, and Cl have weight percentages of 78.7,
20.2 and 1.1 percent, respectively.
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Figure 2. EDX pattern of SnOp NPs.

2.3. SEM Analysis

The structural analysis of SnO, NPs was carried out via SEM as shown in the low and
high magnified micrographs (Figure 3a,b). The images reveal that flat shaped particles of
different size are formed by the aggregation of small particles. Each flat shaped particle
constitutes 2 to 9 small particles depending upon the size, and the cracks observed in the
flat shaped particles are actually the boundaries of the aggregated particles. The size of the
flat shaped particles predicted from SEM micrographs range from 78 to 114 nm with an
average size of 98.56 nm.
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CRLUOF

Figure 3. SEM micrographs of SnO, NPs. (a) x10,000; (b) x60,000.

2.4. TEM Analysis

The TEM micrograph SnO; NPs shown in Figure 4, exhibits two portions; one portion
is formed due to the accumulation of the particles over one another forming a dark structure,
whereas in the other portion the particles are somewhat evenly distributed and are closely
connected with each other, leading to the formation of network structure. Although the
shape of the particles are not uniform, many of the particles possess nearly spherical shape.
It is also seen that the surface of the particles are smooth and have a wide range of size
distribution. The particles’ size measured by Image]J software ranges from 13.24 nm to
30.88 nm with an average size of 20.59 nm.

Figure 4. TEM micrograph of SnO, NPs.

2.5. AFM Analysis

The distribution of SnO,; NPs of various sizes and shapes was analyzed via AFM
in both 2-dimensions and 3-dimensions as shown in Figure 5. It is seen that the small
particles are fused together, leading to the formation of bunch like structures. However,
many tiny individual particles are also seen in the micrographs. The density of the particle
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is 0.920/um? whereas the height of the particles ranges from 7.93 to 41.44 nm with average
height of 23.95 nm. The particles’ diameters, i.e., between 55.09 and 101.60 nm, with an
average diameter of 72.73 nm.

(b)

Darter | Mt | Aven |

Fice Dasier Tatge

100 150 200 20 300 10 wn

Parameter Mean | Minimum 1 k4 axirnum
Total Count 23.000 23.000 23.000
Density 0.920 (fpm?*) 0.920 (/pm*) 0.920 (fpm?)
Height 23.948 (nm) 7.927 (nm) 41.438 (nm)
Area 4221.045 (nm?) 2384.186 (nm?) 8106.221 (nm?)
Diameter 72.367 (nm) 55.097 (nm) 101.593 (nm)

(d)

Height 3.0 um 3 . O Mm

Figure 5. Selected area (a), histogram (b), 2-D (c), and 3-D (d) AFM micrographs of SnO, NPs.

2.6. DRS Analysis

The DRS spectrum of SnO, NPs (inset: Figure 6) shows greater absorbance in the UV
range and a clear decrease was seen in absorbance with increasing wavelength, except for a
depth occurring in the boundary line UV and visible region, which might be due to some
structural defects. The Tauc plot (Figure 4) was drawn to calculate the band gap energy
and was noted to be 3.65 eV, almost similar to that reported in the literature [17].
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Figure 6. Tauc plot (inset: DRS spectrum) of SnO, NPs.

2.7. FTIR Analysis

The stretching and bending vibrations of the hydroxyl group are responsible for a
broad band centered at 3248 cm ! and another peak at 1627.90 cm ! in the FTIR spectrum
of SnO, NPs (Figure 7) [18]. The signal at 1383.31 cm ™! confirmed the existence of NO3
in the sample, which might be attributable to the use of Sn(NOj3); as a precursor in the
synthesis. The peaks at 1140.44 and 1015.11 cm~! are caused by Sn-OH crystal lattice
vibrations [19]. The wide band in the range from 761-513 cm ! is formed by the fusion
of two bands at 692 and 601 cm~?!, which are ascribed to Sn-O-Sn and Sn-O vibrations,

respectively [10].
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Figure 7. FTIR spectrum of SnO, NPs.
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2.8. Antifungal Study

The antifungal activity of SnO, NPs was scrutinized against the selected fungi at differ-
ent concentrations as shown in Figure 8 and the obtained data is tabulated in Table 1. The
results shows that the activity of SnO, NPs increased along with increase in concentration
in the well. At 40 pg/mL, no activity was shown against both fungi, but onward increase
in concentration significantly inhibits fungus growth and the highest activity was found at
100 ug/mL. However, the activity of SnO, NPs was found to be less than the activity of
the positive control, 6.1 mm and 6.3 mm for both species, respectively. The solvent was
utilized as negative control and has no effect on the activity of SnO, NPs and positive
control. The increase in the activity with increasing concentration is attributed to the larger
number of particles present in the suspension, that provide more binding sites to interact
with the fungi. It has been reported that most of the antifungal agents act in a non-specific
way, either changing the permeability of the cell wall and cell membrane or disturbing the
cytoplasmic composition/leakage of cytoplasmic fluid. They also act as enzyme inhibitors
altering the biochemical nature, which leads to the death of organisms [20].

Figure 8. Experimental photographs of antifungal activity of SnO, NPs against selected fungi at
different concentrations.

Table 1. Antifungal activity of SnO, NPs against the selected fungi and statistical analysis.

Concentration Inhibition Variance Standard Pearson
Species (ug/mL) Zone PS NC (S2) Deviation Constant
He (mm) () (<0.05)
40 0
C. Albi 60 2 6.1 0 1.72 1.3 0.0054
. Albicans 80 34 . . . .
100 49
40 0
. 60 2.2
A. Niger 80 31 6.3 0 1.5 12 0.0055
100 4.6

2.9. Photocatalytic Study

In the presence of SnO, NPs, the solar light induced degradation of Rh-6G was carried
out in aqueous medium, and the visual deterioration was monitored by the fading hue
of the dye solution over time. The degradation process was investigated experimentally
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using a double beam spectrophotometer, where a decrease in the absorbance maxima at
526 nm was noted as time passed, and the results are presented in Figure 9a [21]. The
percentage degradation of Rh-6G was calculated using Equation (1), and the result was
94.18 percent in 330 min (Figure 9b, which was greater than previously reported [22]. The
Langmuir-Hinshelwood kinetic model (Equation (2)) was manipulated to investigate the
photocatalytic reaction kinetics, where the initial and end concentrations of Rh-6G are C,
and Ce, respectively, and k and f are the apparent constants [23]. The straight line produced
by plotting InC,/C, versus time (Figure 9c) with r? values of 0.844 suggests that the
photocatalytic process is pseudo-first order. The photo-degradation rate constants for Rh-

6G via SnO, NPs are enumerated from the slope of linear plots and are 0.999 x 1072 min~!.
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Figure 9. Photocatalytic parameters including, (a) = degradation profile, (b) = percentage degradation,
(c) = kinetic plot and (d) = electron excitation and hole creation mechanism.

When light with an energy equal to or greater than the SnO, NPs band gap reaches the
surface, the outermost electron is excited to the conduction band (CB), leaving a positive
hole in the valence band (VB), as illustrated in Figure 9d. The positive holes interact with
the water/hydroxyl group to produce hydroxyl radicals, which are powerful oxidizers
that convert Rh-6G to H,O and CO, [23]. The super oxide radicals, on the other hand, are
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produced by the interaction of an excited electron with absorbed oxygen, providing an
additional source of hydroxyl radical and speeding up the oxidation of Rh-6G [24].

3. Materials and Methods
3.1. Materials

Sigma-Aldrich provided analytical grade chemicals such as Sn (NO3),, hydrochlo-
ric acid and Co;HsOH, which were utilized without any further purification. Deionized
water was utilized to make all of the working solutions, and 15% nitric acid solution was
manipulated to clean all the glassware before being bathed with the deionized water.

3.2. Synthesis of SnO, NPs

A 10 mM solution of Sn(NO3), was produced on dissolving 1.21 g in 500 mL deionized
water, and 80 mL from this solution was combined with 20 mL of ethanol for the fabrication
of SnO, NPs. The reaction mixture was stirred (250 rpm) and heated at 50 °C for 40 min
at pH 2.5 by adding HCl solution. After forming a white gel and ageing it for 24 h, it was
washed using deionized water and dried at 150 °C. For later usage, the white powder was
kept in an airtight plastic bottle.

3.3. Characterization

The Panalytical X-Pert Pro X-ray diffraction model was used to investigate the crystal
property, with XRD analysis in the 20°-80° 2-theta range and the Debye-Scherrer equation
used to compute crystallite size. For morphological examination, a scanning electron
microscope model JEOL 5910 (Japan) was utilized, and the particle size was determined
using Image] software. At 20 keV, the energy dispersive X-ray model INCA 200 (UK) was
utilized to assess the percentage composition and purity. The band gap energies were
calculated for a reflectance spectrum collected using the diffuse reflectance spectroscopy
model lambda 950 with a desegregating sphere in the wavelength range of 200-2500 nm. For
the identification of surface functional groups, FTIR spectra in the region of 4000-400 cm !
were acquired using a Nicolet 6700 (USA) spectrometer.

3.4. Antifungal Assay

The antifungal screening of SnO, NPs against Aspergillus niger (ATCC#16404) and
Candida albicans (ATCC#10231) was carried out using the Agar well diffusion method. Four
SnO; NPs suspensions was prepared by ultrasonic dispersion of 40, 60, 80 and 100 pg in
1 mL. The well was bored in the media using a sterile borer and each well individually was
equipped with 100 pL of each suspension and was incubated at room temperature. The
zone of inhibition was computed in millimeters (mm) after 7 days as the activity of SnO,
NPs against the fungal species. The statistical analysis was carried out with 95% confidence
interval using Microsoft Excel 2013 (Las Vegas, NV, USA).

3.5. Photocatalytic Assay

The experiment was carried out in a double-walled Pyrex reactor with a water input
and exit under solar light. To avoid sun contact, 50 mL of Rh-6G solution (15 ppm) and
20 mg of catalyst (0.4 g/L) were added to the reactor for each reaction, and the reactor was
enclosed in aluminum foil. After exposing the reaction to sunlight for a while, 3 mL of the
sample was subjected to centrifugation for 4 min at 4000 rpm and examined with a double
beam spectrophotometer (Thermo Spectronic UV 500). There was a decrease in absorbance
maxima as the time passed.

4. Conclusions

A facile and single-step sol-gel process was operated for the fabrication of SnO;
NPs, which was found to be more economical and time saving, with no use of toxic and
expensive templates. Different methods were used to investigate the physicochemical
characteristics, which revealed the development of a well-crystalline cubic-shaped crys-
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tallite in the nano-metric range. The different shapes and morphology of SnO, NPs were
seen in microstructural analysis. The larger grain size might be due to the aggregation of
various small particles. The EDX analysis confirmed the desired composition SnO, NPs
and the presence of Cl as impurity in the sample might be due to the improper washing
process. A significant antifungal activity was shown by the SnO, NPs against both the
fungal species at higher concentrations. The 94.18 percent Rh-6G degraded in 330 min at
a rate of 0.999 x 10~2 per min. The SnO, NPs’ improved photocatalytic activity against
Rh-6G was due to their tiny size and porous structure, as revealed by XRD, AFM and
TEM analyses.
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