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Preface

The use of nanomaterials has become increasingly important in recent years due to their
wide range of applications in various sectors ranging from sensor technology to biomedicine and
energy conversion. Nanoparticles with a size of 100 nm or less have garnered great research
attention due to their high surface-to-volume ratio and unique properties. Various methods such
as physical, chemical, biological, and hybrid methods are available for the synthesis of these
nanoparticles. However, the use of reliable, non-toxic, and eco-friendly technologies for the
synthesis of nanoparticles is of utmost importance to expand their biological applications. Several
biological applications of nanoparticles can be listed, e.g., carbohydrate hydrolysis, production of
biofuel, immobilization of enzymes, biotransformation, gene and drug delivery, and the detection of
pathogens and proteins. Recently, various nanocarriers have also been used for the immobilization of
different enzymes to produce nanobiocatalysts (NBCs) which further enhance enzyme performance.

The present Special Issue entitled “Recent Advances on Nano-Catalysts for Biological Processes”
of the journal Catalysts features review articles as well as original research articles on the application
of nanomaterials in various biological processes. The objective of the Special Issue was to highlight
the recent works on this area and make it available to researchers with similar research interests. The
authors’ significant contributions to this Special Issue are appreciated, and we hope that the readers

enjoy the content.

Pritam Kumar Dikshit and Beom Soo Kim
Editors
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We are honored to serve as the Guest Editors of this Special Issue entitled “Recent
Advances on Nano-Catalysts for Biological Processes” for the journal Catalysts. With
the increasing demand for nanoparticles and their applications in various sectors, this
Special Issue focuses primarily on the catalytic application of nanoparticles in various
biological processes such as wastewater treatment, dark fermentation, biofuel production,
biomass pretreatment processes, production of other value-added products, and so forth.
In addition to nanoparticle applications, this Special Issue also covers the green synthesis
of nanoparticles using various biological sources.

This Special Issue includes eleven articles in total, out of which five are research
articles [1-5] and six are reviews [6—11]. The research article by Sharaf Zeebaree et al. [1]
focuses on the colorimetric detection of mercury in water samples using natural gum-
based silver nanoparticles. Natural exudate (almond gum) was used as the reducing and
stabilizing agents for the production of Ag nanoparticles, which were later characterized
using various analytical techniques. Singhvi et al. [2] investigated the hydrolysis of soybean-
extracted glycosides using an acid-functionalized magnetic cobalt ferrite alkyl sulfonic acid
(CoFeyO4-5i-ASA) nanocatalyst for the production of aglycones, i.e., daidzein and genistein.
Higher conversion efficiency was achieved in the presence of nanocatalysts in comparison
to the control experiment containing enzymes. Furthermore, these nanoparticles can be
easily recovered from the reaction mixture using an external magnetic field and can be
reused in subsequent cycle. Tripathi et al. [3] improved the performance of microbial fuel
cells (MFCs) using a modified graphite sheet anode. Modification of the anode was carried
out using iron (I, IIT) oxide (Fe3O4) carbon dots, which enhance the performance of MFC.
The study conducted by Saied et al. [4] focused on the synthesis of MgO nanoparticles
using the Aspergillus terreus fungal strain and its potential as an antimicrobial agent, in
the treatment of tanning effluent, and in chromium ion removal was investigated. In a
similar study, Faisal et al. [5] synthesized MgO using a leaf extract of Mentha arvensis.
The synthesized nanoparticles were shown to possess good antimicrobial and antioxidant
activity. In addition to this, the anti-Alzheimer, anti-cancer, and anti-Helicobacter pylori
activities of the synthesized nanoparticles were studied.

Apart from the original research work of the aforementioned individuals, several
review articles highlighting the current trends in nanoparticle synthesis and its applica-
tions in various sectors are also included in this Special Issue. Green synthesis of various
nanoparticles and its application in antibacterial and antiviral agents [6], in biomedical and
environmental applications [7], dye degradation and heavy metal removal [8], biofuel pro-
duction [9], and its limitations [10] are thoroughly discussed in these reviews. Furthermore,
Goswami et al. [11] reviewed the application of nano-biochar as a catalyst in the process
of anaerobic digestion. In addition to this, the techno-economic analysis and life-cycle
assessment of nano-biochar-aided anaerobic digestion were discussed in detail. Overall,
this Special Issue covers the diverse biological applications of nanoparticles along with
their synthesis methods.
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Abstract: The past decade has witnessed a phenomenal rise in nanotechnology research due to
its broad range of applications in diverse fields including food safety, transportation, sustainable
energy, environmental science, catalysis, and medicine. The distinctive properties of nanomaterials
(nano-sized particles in the range of 1 to 100 nm) make them uniquely suitable for such wide range
of functions. The nanoparticles when manufactured using green synthesis methods are especially
desirable being devoid of harsh operating conditions (high temperature and pressure), hazardous
chemicals, or addition of external stabilizing or capping agents. Numerous plants and microorgan-
isms are being experimented upon for an eco—friendly, cost—effective, and biologically safe process
optimization. This review provides a comprehensive overview on the green synthesis of metallic NPs
using plants and microorganisms, factors affecting the synthesis, and characterization of synthesized
NPs. The potential applications of metal NPs in various sectors have also been highlighted along
with the major challenges involved with respect to toxicity and translational research.

Keywords: green synthesis; metal nanoparticles; wastewater treatment; agriculture; food application

1. Introduction

During the last two decades, nanotechnology has taken massive leaps to become
one of the most researched and booming fields due to its applications in various fields of
human welfare. Nanoparticles (NPs) are naturally occurring or engineered extremely small
sized particles in the range of 1 to 100 nm. They exhibit unique and valuable physical and
chemical properties. At nanoscale, particles display better catalytic, magnetic, electrical,
mechanical, optical, chemical, and biological properties. Due to high surface to volume
ratio, NPs show higher reactivity, mobility, dissolution properties, and strength [1]. NPs
are thought to have been present on earth since its origin in the form of soil, water, volcanic
dust, and minerals. Besides their natural origin, humans have also started synthesizing
NPs through various methods [2]. NPs and their derived nanomaterials are finding wide
application in various sectors such as food, agriculture, cosmetics, medicines, etc. Applica-
tion of NPs in food sector involves food processing and preservation (nanopreservatives,
toxin detection, nanoencapsulated food additives, etc.) and food packaging (nanocoatings,
nanosensors, nanocomposites, edible coating NPs, etc.) In agriculture, nanotechnology is
being utilized for the production of nano-fertilizers, pesticides, herbicides, and sensors.
In medicine, nanotechnology involves production of various antibacterial, antifungal, an-
tiplasmodial, anti-inflammatory, anticancer, antiviral, antidiabetic, and antioxidant agents.
Nanotechnology is also useful for the early detection of life-threatening diseases such
as cancer. Besides, NPs have also been used for bioremediation due to their capacity to
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degrade various pollutants such as organic dyes and chemicals. Given the diverse scope of
nanomaterials, different countries are investing in nanotechnology with USA and China
emerging at the top. In 2019, the global market of different nano products was more than
8 billion US dollars, which is expected to show annual growth rate of around 13% by 2027.

Depending on their chemical composition, four major classes of NPs are described,
such as carbon-based (nanotubes and nanofibers of carbon, etc.), metal and metal ox-
ide based (Ag, Cu, etc.), bio-organic based (liposomes, micelles, etc.), and composite
based [3]. NPs can also be classified as organic and inorganic in nature [4]. Organic NPs
are biodegradable in nature and include polymeric NPs, lipid based nanocarriers, lipo-
somes, carbon-based nanomaterials, and solid lipid NPs, while inorganic NPs are based on
inorganic materials comprising of metals and metal oxides such as silver oxide, zinc oxide,
etc. Among all the synthesized NPs, silver NPs (Ag NPs) are the most widely employed,
showing their dominance in various consumer products (more than 25%) [5]. AgNPs are
majorly used as antibacterial, antifungal, and antiviral agents. With each passing year,
novel varieties of NPs are being developed using state-of-art technology having diverse
applications in various sectors.

The synthesis of NPs can be carried out following two different approaches, viz.,
(i) top-down approach, and (ii) bottom-up approach [6,7]. Furthermore, three different
strategies such as physical, chemical, and biological methods are adopted for the synthesis
of NPs. A schematic representation of various methods adopted for NPs synthesis and its
applications is depicted in Figure 1.

* Ball milling ( Agricultural productivity enhancement
* Thermal evaporation
= Ultrasonication

= Photoirradiation

= Laser ablation

= Spray pyrolysis

Air and water remediation
Cosmetics

Disease diagnosis, treatment, and drug
delivery

= Sol-gel process
* Chemical reduction techniques Chemica]
= Chemical vapor deposition
* Solvothermal
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Electronics

Energy storage, production, and
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Food packaging, preservation, and
packaging

Sports

= Bacteria
= Fungi
= Actinomycetes

* Archaea
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* Viruses

\__ Social-Security

T T
Synthesis Applications

Figure 1. Schematic representation of various methods adopted for NP synthesis and its applications.

The physical methods belong to the category of top-down approach, while the
chemical and biological methods follow the bottom-up approach for the synthesis NPs.
Evaporation-condensation, electrolysis, diffusion, laser ablation, sputter deposition, pyrol-
ysis, plasma arcing, and high energy ball milling are some of the most common physical
methods used for the synthesis of NPs [8]. However, low production rate, expensive opera-
tions, and high energy consumption are the major limitations of these processes. Conversely,
chemical synthesis methods that include chemical reduction, micro-emulsion/colloidal,
electrochemical, and thermal decomposition are the conventional and most widely used
methods for the synthesis of metallic NPs. The chemical reduction of NPs from their respec-
tive metal salt precursors by adding particular reducing agents is one of the most widely
used methods for NPs chemical synthesis due to easy operational and equipment require-
ment. Several reducing agents, such as sodium borohydride (NaBHy) [9], potassium bitar-
trate [10], formaldehyde [11], methoxypolyethylene glycol [12], hydrazine [13], etc., and
stabilizing agents like dodecyl benzyl sulfate [14] and polyvinyl pyrrolidone [15] have been
explored during synthesis. The chemical methods are economical for large-scale production;
however, the use of toxic chemicals and production of harmful by-products cause environ-
mental damage, thereby limiting its clinical and biomedical applications [16,17]. Hence,



Catalysts 2021, 11, 902

there is an increased demand for reliable, nontoxic, high-yielding, and eco-sustainable
techniques for metallic NPs that can replace the conventional methods. The biological
synthesis methods, therefore, provide an attractive alternative to the physicochemical
synthesis methods.

The present article provides a critical overview on the synthesis of metallic NPs using
biological methods and several factors affecting the preparation process. The applications
of NPs in various sectors, such as medicine, wastewater treatment, agricultural sectors,
etc., have been discussed in detail. Current challenges highlighting the toxic effects of
NPs and future perspectives in each section gives us a comprehensive way forward in
the near future.

2. Biological Synthesis of NPs

The biological synthesis of NPs can be carried out using a vast array of resources such
as plants and plant products, algae, fungi, yeast, bacteria, and viruses. The synthesis of
NPs is initiated by the mixing of noble metal salt precursors with biomaterials [18]. The
presence of various compounds, such as proteins, alkaloids, flavonoids, reducing sugars,
polyphenols, etc., in the biomaterials act as reducing and capping agents for the synthesis
of NPs from its metal salt precursors [19]. The reduction of metal salt precursor to its
successive NPs can be initially confirmed by visualizing the color change of the colloidal
solution. Several studies reported the synthesis of Ag, Au, Cu, Pt, Cd, Pt, Pd, Ru, Rh, etc.
using various biological agents in the recent past.

2.1. Plant-Mediated Synthesis of NPs

Figure 2 shows the Scopus search (with keywords “metal nanoparticles” and “plant
extract”) results of the number of research published from last 10 years on biological
synthesis of NPs. An increase in the number of research publications was observed with
each year and approximately 468 publications reported in the year 2020. These data further
corroborate that the research interest in the area of biological NPs using plant extract is
increasing significantly every year.

500

'S

S

=3
1

w

S

=3
1

I~

S

=3
1

Number of research publications

il

T
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Year

Figure 2. Number of research publications on biological synthesis of metallic NPs from last 10 years.
Source: Scopus. * Number of publications reported as on 10 May 2021.

Synthesis of a wide range of metallic NPs has been reported using various plants [6,20,21].
Plant mediated synthesis of NPs can be achieved by three different methods, viz., (i) in-
tracellularly (inside the plant), (ii) extracellularly (using plant extracts), and (iii) using
individual phytochemicals. Several plants have the capability of metal accumulation and
successive conversion of these accumulated metals to NPs intracellularly. The presence of
several biomolecules such as amino acids, alkaloids, aldehydes, flavones, ketones, proteins,
phenolics, polysaccharides, saponins, tannins, terpenoids, and vitamins in the plant plays
a key role in the reduction of metals [22]. The variation in the size, shape, and properties of
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accumulated NPs are observed due to the variation in stabilizing and reducing potential
of biomolecules present in the plant. The formation of gold NPs inside the living plant,
alfalfa was reported by Gardea-Torresdey et al. [23] when the plants were grown in AuCly
rich environment. In a similar kind of study, Bali and Harris [24] observed the ability of
Medicago sativa and Brassica juncea plants to accumulate Au NPs from aqueous solutions of
KAuCly. The NPs were majorly located in the xylem parenchyma cells while some were
also accumulated throughout the epidermis, cortex, and vascular tissue.

However, for the past several years, most of the works have been focused on using
the inactive part of the plants either in powder form or as an extract for the synthesis
of NPs [25]. Table 1 summarizes the green synthesis of various metal NPs using plants.
Various parts of plants such as leaves, steam, flower, fruit, root, latex, seed, and seed coat

are being exploited for the synthesis of metallic NPs.

Table 1. Summary on synthesis of metallic nanoparticles by various plant species.

Nanoparticles Plant Species Experimental Conditions Shape and Size References
Silver (Ag) Acalypha indica Linn Temperature: 27 °C; pH: 7.0; duration: 30 min Spherical; 20-30 nm [26]
Chenopodium album leaf Temperature: 20._ 190 G p H: 2.0-10.0; Spherical; 10-30 nm 271
duration: 15 min
Hibiscus rosa sinensis leaf pH:7.2-85 Spherical; 13 nm [28]
Calendula officinalis seed Temperature: 30 and 60 °C; pH: 3.0-9.0 Spherical; 7.5 nm [29]
Allophylus cobbe leaf Temperature: 60 °C; pH: 8.0; duration: 6 h Spherical; 2-10 nm [30]
Cissusquadrangularis leaf Duration: 60 min Spherical and cuboidal [31]
Piper nigrum, Ziziphus Spina—Christi Temperature: ambient; duration: 1 h Spherical; 8—35 nm [32]
and Eucalyptus globulus leaves
Phyllanthus emblica fruit Temperature: 65 °C; duration: 2h Spherical; 16.29 nm [33]
Blumea eriantha DC Temperature: ambient; duration: 2-3 h Spherical; 50 nm [34]
Brillantaisia patula, Crossoptery, x febrifuga Temperature: 70 °C; duration: 24 h Spherical; 45-110 nm [35]
and Senna siamea leaf
Ocimum tenuiflorum leaf Temperature: ambient; duration: 10 min Spherical and ovoid; 7-15 nm [36]
Annona squamosa leaf Temperature: ambient Spherical; 20-100 nm [37]
Aloe leaf Temperature: ambient; duration: 20 min Spherical; 20 nm [38]
Artocarpus h;teegsp fyllus Lam. Temperature: 121 °C; duration: 5 min Irregular; 3-25 nm [39]
Trigonella foenum graecum seed Duration: 5 min Spherical; 17 nm [40]
Andrographis paniculata Temperature: 30-95 °C Spherical; 13-27 nm [41]
Temperature: 20-60 °C; pH: 4.5-10.0; —
Podophyllum hexandrum leaf duration: 30-150 min Spherical; 12-40 nm [42]
Syzygium cumini fruit Temperature: ambient; pH: 7.0-9.0; duration: 2 h Spherical; 5-20 nm [43]
Crassocephalum rubens leaf Temperature: 50 °C; duration: 20 min Spherical and hexagonal; 15-25 nm [44]
o . . Rectangular and triangular;
Gold (Au) Cassia fistula stem bark Temperature: ambient 25.0-98.4 nm [45]
Crassocephalum rubens leaf Temperature: 50 °C; duration: 10 min Spherical; 10-20 nm [44]
Simarouba glauca leaf Duration: 15 min Spherical and prism; <10 nm [46]
. . Temperature: 30-100 °C; pH:2.0-12.0; duration: Spherical, polygonal, rod and
Hygrophila spinosa 15-60 min triangular; 68 nm 1471
Croton Caudatus Geisel leaf Temperature: ambient Spherical; 20-50 nm [48]
Moringa oleifera flower Temperature: ambient; duration: 60 min Triangular, hexa5g;)1r1:1, and spherical; [49]
Illicium verum Temperature: 25~ 59 G PH: 2.0-10.00; Triangular and hexagonal; 20-50 nm [50]
duration: 15 min
Terminalia arjuna leaf Temperature: ambient; duration: 15 min Spherical; 20-50 nm [51]
Lo .. Temperature: 37 and 50 °C; pH: 7.4; L
Zingiber officinale duration: 20 min Spherical; 5-10 nm [52]
Rosa hybrida petal Temperature: ambient; duration: 5 min Spherical, trlanlg(;l iarlr‘; and hexagonal; [53]
Terminalia chebula seed Temperature: ambient; duration: 20 s Trlangular., pentagonal, and [54]
spherical; 6-60 nm
Eucommia ulmoides bark Temperature: 30.769 = PpH:5.0-13.0; Spherical [55]
duration: 30 min
Acorus calamus rhizome Temperature: ambient; pH: 4.0-9.2 Spherical; 10 nm [56]
Curcuma pseudomontana root Temperature: ambient; duration: 30 min Spherical shape; 20 nm [57]
Citrus limon, Citrus reticulata and Citrus Temperature: ambient; duration: 10 min Spherical and triangular; 15-80 nm [58]

sinensis
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Table 1. Cont.

Nanoparticles Plant Species Experimental Conditions Shape and Size References
Palladium Hippophae rhamnoides en o . .
(Pd) Linn leaf Temperature: 80 °C; duration: 25 min 2.5-14 nm [59]
Cinnamom zeylanicum bark extract Temperature: 30 °C; pH: 1.0-11.0; duration: 72 h Spherical; 15-20 nm [60]
Banana peel extract Temperature: 40- 10_0 C; pH: 2.0-5.0; 50 nm [61]
duration: 3 min
Cinnamomum camphora leaf Temperature: ambient; duration: 12 h Quas1—sp};e6ric;a‘19?n(i irregular; [62]
Catharanthus roseus leaf Temperature: 60 °C; duration: 2 h Spherical; 38 nm [63]
Terminalia chebula fruit Temperature: ambient; duration: 40 min - [64]
Rosmarinus officinalis Temperature: ambient; duration: 24 h Semi-spherical; 15-90 nm [65]
Anogeissus latifolia Duration: 30 min Spherical; 2.3-7.5 nm [66]
Rod; diameter—20 nm,
Daucus carota leaves - length—38-48 nm [67]
Camellia sinensis leaves Temperature: 100 °C; duration: 1 h Spherical; 5-8 nm [68]
Pla(t[i)r:)u m Anacardium occidentale leaf Temperature: ambient; pH: 6.0-8.0 Irregular rod shaped [69]
Cacumen platycladi Temperature: 30-90 °C; duration: 25 h Spherical; 2-2.9 nm [70]
Asparagus racenosus root Duration: 5 min 1.0-6.0 nm [71]
Diopyros kaki leaf Temperature: 25-95 °C Spherical and plate; 2-20 nm [72]
Ocimum sanctum leaf Temperature: 100 °C; duration: 1 h Rectangular and triangular; 23 nm [73]
Copper . . N . Spherical and non-regular;
(Cu) Mulberry fruit (Morus alba L.) Temperature: ambient; duration: 5 h 50-200 nm [74]
Crotalaria candicans leaf - Spherical; 30 nm [75]
Ziziphus spinachristi fruit Temperature: 80 °C Spherical; 5-20 nm [76]
Clove (Syzygium aromaticum) buds Temperature: 30 °C; duration: 15 min Spherical; 15-20 nm [77]
Iron (Fe) Tea leaves extract Temperature: 80 °C; duration: 3 h 30-100 nm [78]
Moringa oleifera seeds Temperature: ambient; duration: 30 min Spherical; 2.6-6.2 nm [79]
Trigonella foenum—graecum seed Temperature: 30 °C; duration: 5 min 7-14 nm [80]
Selenium . . . N L Monodispersed and spherical;
(Se) Ocimum tenuiflorum Temperature: ambient; duration: 75 h 15-20 nm [81]
Murraya koenigii - Spherical; 50-150 nm [82]
Zinziber officinale fruit Temperature: ambient; pH: 9.0; duration: 75 h Spherical; 100-150 nm [83]
Nickel (Ni) Calotropis gigantea leaves Temperature: 80 °C; pH: 12.0; duration: 90 min 60 nm [84]
Desmodium gangeticum roots Temperature: 80 °C; duration: 45 min - [85]

In general, the synthesis of NPs is carried out by mixing the plant biomass/extract with
a metal salt solution at a desired temperature and pH. The primary confirmation of NPs
synthesis can be checked by looking at the color change of the solution. The experimental
procedure for the synthesis of NPs using plant biomass is depicted in Figure 3.

Stabilization
and capping

Color change confirms NP formation

Figure 3. Schematic representation for plant-mediated biosynthesis of nanoparticles.

The plant extracts are prepared by using different methods such as hot extraction,
cold extraction, and using Soxhlet apparatus, which were later used in NPs synthesis. This
method of synthesis of NPs is more suitable in comparison to the intracellular method
due to easy scale-up and downstream processing. Additionally, this method is renewable,
non-toxic, biocompatible, and eco-friendly. Due to their biocompatible nature, these
NPs are known to have various biological applications. The synthesis of metal NPs is
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initiated by adding the plant extract to the metal precursor solution containing the salts
of respective metals. Metal precursor solutions such as AgNO3;, HAuCly, PdCl,, H,PtClg,
Cu(NOs3);-3H0, FeCl3-6Hp0, NaySeOs, and (NiNO3),-6H,O are commonly used for the
synthesis of Ag, Au, Pt, Cu, Fe, Se, and Ni NPs. The synthesis of metal NPs using plant
extract mainly occurs in three stages. In the first stage, the reduction of metal ions (M* or
M?*) to metal atoms (M) and successive nucleation of the reduced metal atoms occurs.
While in the second stage, the coalescence of small adjacent NPs into larger size particles
occurs with simultaneous increase in thermodynamic stability. At the final stage, the
termination of the process takes place while giving the final shape to the NPs [86,87]. The
presence of various active biomolecules in the plant extract plays an important role in the
reduction and stabilization of metal ions in the solution. However, due to the presence of
a large number of phytochemicals in the plant extract, it is difficult to ascertain the exact
reducing and stabilizing agents for NPs synthesis.

Salih et al. [32] used plant extract derived from leaves of three different plants, viz.,
Piper nigrum, Ziziphus Spina—Christi and Eucalyptus globulus, for the synthesis of AgNPs.
The average particle size distribution was in the range of 8-35 nm and decreased with
the increase in concentration of plant extract. In a similar kind of study, Dhar et al. [33]
reported the synthesis of AgNPs using fruit extract of Phyllanthus emblica. The fabricated
AgNPs were spherical with an average size of 60-80 nm. The extraction methods also
play an important role which influences the antioxidant properties of Ag and Au NPs
synthesized using leaves extract of Crassocephalum rubens [44]. Figure 4 depicts the size,
shape, and morphological features of C. rubens synthesized AgNPs and AuNPs. The SEM
and TEM images revealed spherical and hexagonal shapes of AgNPs with size 10-15 nm,
whereas the size of AuNPs was in the range of 10-20 nm with spherical shape.

P A PN
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Figure 4. Characterization of AgNPs and AuNPs synthesized from Crassocephalum rubens leaf extract.
TEM images of (A) AgNPs and (B) AuNPs; SEM images of (C) AgNPs and (D) AuNPs. Reprinted
with permission from Reference [44].Copyright 2021 Elsevier.

The biosynthesized Au NPs using aqueous extract of Hygrophila spinosa exhibited
enhanced cytotoxicity against various cancer cell lines compared to H. spinosa aqueous
extract [47]. These green synthesized AuNPs with antioxidant and cytotoxic properties
could provide a new direction for the development of nanomedicine. In addition to Au



Catalysts 2021, 11, 902

and Ag NPs, Pd NPs synthesized using Rosmarinus officinalis leaves extract demonstrated
notable antimicrobial and antifungal activity against different bacteria and fungi [65].
Besides leaves, other plant parts such as root, fruit, flower, petal, seed, peel, bark etc. are
used in the biosynthesis of different NPs [40,49,53,55,61,71,80]. Several previous studies
tried to explain the mechanisms behind the antimicrobial effect of metallic NPs [88-90].
These metal ions could strongly interact with the negatively charged bacterial cell wall
leading to its rupture. The other mechanism states distortion of the helical structure of
bacterial DNA due to the interaction of NPs and interruption of internal and external
cellular mechanisms.

2.2. Microbial Synthesis of NPs

In addition to the plant-mediated synthesis, several microorganisms such as bacteria,
fungi, actinomycetes, and viruses are also reported to synthesize various metal NPs. The
interaction between metals and microorganisms have been exploited in the past for various
biological applications such as biomineralization, bioremediation, bioleaching, and biocor-
rosion [91]. However, recently microbial synthesis of NPs has emerged as a promising field
of research due to certain advantages compared to other methods. The NPs are synthesized
either intracellularly or extracellularly depending on the type of microorganisms [92].
Previous reports on the synthesis of metal NPs using various microorganisms have been
summarized in Table 2.

Table 2. Summary on synthesis of metallic nanoparticles by microorganisms.

Microorganisms Nanoparticles Shape and Size References
Bacteria
Bacillus subtilis Ag Spherical; 3-20 nm [93]
Pseudomonas stutzeri Ag Triangular; 200 nm [94]
Bacillus licheniformis Ag 40 nm [95]
Ochrobactrum anhtropi Ag Spherical; 38-85 nm [96]
Pantoea ananatis Ag Spherical; 8.06-91.31 nm [97]
Actinobacter Ag Spherical; 13.2 nm [98]
Pseudomonas aeruginosa Au 15-30 nm [99]
Rhodopseudomonas capsulata Au Spherical; 10-20 nm [100]
Escherichia coli DH5 o Au Spherical, triangles, and quasi-hexagons; 25 nm [101]
Bacillus subtilis Au Spherical, 20-25 nm [102]
Mycobacterium sp. Au Spherical; 5-55 nm [103]
Shewanella loihica Pt 1-10 nm [104]
Shewanella oneidensis MR-1 Pt 2.83-61.03 nm [105]
Jeotgalicoccus coquinae ZC15 Pt Spherical; 5.74 nm [106]
Shewanella loihica Pd 1-12nm [104]
Shewanella oneidensis MR-1 Pd 10-100 nm [107]
Lysinibacillus sp. ZYM-1 Se Cubic; 100-200 nm [108]
Bacillus subtilis Se Spherical; 50400 nm [109]
Lactobacillus acidophilus Se Spherical; 2-15 nm [110]
Fungi
Rhizopus stolonifer Ag Spherical; 2.86 nm [111]
Candida glabrata Ag Spherical; 2-15 nm [112]
Trametes trogii Ag Spherical and rod; 5-65 nm [113]
Trichoderma longibrachiatum Ag Spherical; 10 nm [114]
Fusarium oxysporum Ag Spherical; 21.3-37 nm [115]
Aspergillus terreus Ag Spherical; 7-23 nm [116]
Ganoderma sessiliforme Ag Spherical; 45 nm [117]
Candida albicans ATCC 10231 Ag Spherical; 10-20 nm [118]
Cladosporium cladosporioides Au 60 nm [119]
Trichoderma harzianum Au Spherical; 26-34 nm [120]
Pleurotus ostreatus Au Spherical; 10-30 nm [121]
Aspergillus sp. Au Spherical; 4-29 nm [122]
Rhizopus oryzae Au Spherical and flower like structure; 16-43 nm [123]
Penicillium chrysogenum Pt Spherical; 5-40 nm [124]
Fusarium oxysporum f. sp. lycopersici Pt Triangle, hexagons, square, and rectangles; 10-50 nm [125]
Fusarium oxysporum Si Quasi-spherical; 5-15 nm [126]
Fusarium oxysporum Ti Spherical; 6-13 nm [126]
Yeast
Rhodotorula sp. ATL72 Ag Spherical and oval; 8-21 nm [127]
Saccharomyces cerevisiae Ag Spherical; 2-20 nm [128]
Cryptococcus laurentii Ag 35-400 nm [129]
Rhodotorula glutinis Ag 15-220 nm [129]
Rhodotorula glutinis Ag Spherical; 15.5 nm [130]
Saccharomyces cerevisiae Au Triangle, truncated triangle, and hexagon [131]
Magnusiomyces ingens LHF1 Au Spherical and pseudo-spherical; 20-28 nm [132]
Saccharomyces cerevisiae Pd Hexagonal; 32 nm [133]
Magnusiomyces ingens LHF1 Se Spherical and quasi-spherical; 70-90 nm [134]

Compared to other microorganisms, bacteria are preferred for the synthesis of NPs due
to their easy maintenance, high yield, and low purification cost. In recent years, cell-free
extract of endophytic bacterium, Pantoea ananatis, was used for the synthesis of AgNPs [97].
These synthesized spherical shaped NPs with an average size ranging from 8.06-91.32 nm
exhibited significant antimicrobial activity against various pathogenic microorganisms.
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In a similar kind of study, Wypij et al. [98] reported maximum antimicrobial activity of
AgNPs synthesized by using acidophilic actinobacterial strain against E. coli, followed
by B. subtilis and S. aureus. Moreover, bacteria species belonging to Pseudomonas stutzeri,
Bacillus licheniformis, Ochrobactrum anhtropi, Bacillus subtilis, and Actinobacter were used for
the synthesis of AgNPs (Table 2). Gold NPs were synthesized by Pseudomonas aeruginosa,
Rhodopseudomonas capsulate, Bacillus subtilis, Escherichia coli DH5x, Mycobacterium sp., etc.
A larger amount of Actinobacter in the medium led to the formation of smaller size with
uniformly distributed spherical AuNPs [135]. Intercellular and extracellular components
of microorganisms play an important role in the synthesis of AuNPs [136]. Intercellular
components such as reducing sugar, fatty acids, and enzymes and extracellular such as
exopolysaccharides help in the reduction of AuNPs [136].

In addition to bacteria, the synthesis of NPs using fungi has received increasing
attention due to various advantages such as easy scale-up and downstream processing,
economic feasibility, and increased surface region due to the presence of mycelia. Different
species of fungi such as Rhizopus stolonifera, Candida glabrata, Trametes trogii, Trichoderma
longibrachiatum, Aspergillus terreus, Fusarium oxysporum, Ganoderma sessiliforme, Candida
albicans ATCC 10231, Cladosporium cladosporioides, Trichoderma harzianum, Pleurotus ostreatus,
Aspergillus sp., Rhizopus oryzae, etc. are used in silver and gold NPs synthesis. Other species
of fungi such as Penicillium chrysogenum and Fusarium oxysporum are used for the synthesis
of Pt, Si, and Ti NPs.

Among the eukaryotic organism, yeast has been used for the synthesis of NPs like
Ag, Au, Pd, Se, etc. Soliman et al. [127] synthesized AgNPs using pink yeast Rhodotorula sp.,
and the characterization revealed the NPs to be spherical and oval in shape with
8.8-21.4 nm size. These biosynthesized AgNPs exhibited significant antimicrobial activity
with complete inhibition to wide range of bacteria (i.e., both Gram positive and Gram
negative) as well as fungi. Similarly, the antifungal activity of biosynthesized AgNPs
using two yeasts: Rhodotorula glutinis and Cryptococcus laurentii was evaluated against the
phytopathogenic fungi [129]. The results of this study revealed that the antifungal activity
of AgNPs from R. glutinis was higher than that from the ones prepared from C. laurentii. In
another study, the morphology and size of AuNPs were controlled by varying the pH of the
medium containing yeast [131]. In this method, various morphologies of gold nanoplates
such as triangle, truncated triangle, and hexagonal nanoplates with uniform size were
synthesized successfully (Figure 5).

(A) (B)

Figure 5. SEM images of gold nanoplates synthesized using yeast extract at different pH conditions. (A) Au nanoplates at

low pH without NaOH, (B) small Au nanoplates synthesized at high pH. Reprinted with permission from Reference [131].

Copyright 2016 Springer Nature.

10



Catalysts 2021, 11, 902

Similarly, the palladium (Pd) and selenium (Se) NPs are synthesized using aqueous
extract of Saccharomyces cerevisiae and cell-free extracts of Magnusiomyces ingens yeast,
respectively [133,134].

The NPs are formed during the microbial synthesis process is due to the oxida-
tion/reduction of metallic ions by secreted biomolecules by microbial cells such as en-
zymes, sugars, carbohydrates, proteins, etc. [137]. However, a complete understanding
of microbial NP synthesis is still unknown as the routes for NPs synthesis varies for each
kind of microorganisms. The reduction of silver for the synthesis of extracellular and
intracellular AgNPs by bacteria is mainly achieved by the action of deoxyribonucleic acid
(DNA) or sulfur-containing proteins, whereas in the case of fungi, the process is carried
out by nitrate-dependent reductase or carboxylic group [138]. The extracellular synthesis
method is preferable due to easy and simpler purification steps. In contrast, the intra-
cellular NPs synthesis method is challenging and expensive due to the involvement of
additional separation and purification processes. Fungal-mediated synthesis of NPs holds
additional advantages compared to algae or bacteria in terms of easier and simpler biomass
handling and downstream processes along with the secretion of large amount protein
that further increases the productivity by several folds. However, the microorganism
mediated NPs synthesis process is extremely intricate and difficult due to the preparation
of inoculum and growth media, isolation of strain, and maintenance of culture medium
and operation conditions (pH, temperature, agitation). Conversely, the use of plant extracts
or broths is simple and convenient, devoid of the complex methods of cell culture and
maintenance. The time required to achieve a complete reduction of NPs using microor-
ganisms is usually 24 to 120 h, while the reduction time is much less in using plant extract
ranging from few hours to 48 h [138]. The reduction rate using the plant is much faster
than microorganisms and in close agreement with the physical and chemical methods. The
use of microorganisms for large-scale biosynthesis of NPs lacks feasibility compared with
plants, which require less time for reaction completion. As reported in the earlier studies,
the plant-mediated biosynthesis of AgNPs demonstrate better production rate, size, and
morphological characteristics compared to other available biological techniques [138].

Hence, the plant-mediated synthesis of NPs proves to be a sustainable alternative
not only to the other biological techniques but also to other synthesis methods such as
physical and chemical. However, in-depth studies are required to understand the detailed
mechanisms of action and to achieve better control over size, morphology, and production
rate for making a plant-mediated synthesis method at par with chemical methods.

2.3. Factors Affecting NPs Synthesis

Adjustment of shape and size of metal NPs further enhances their functionality
for various applications. The morphological parameters of NPs can be manipulated by
changing various experimental parameters such as reaction time, reactant concentration,
pH, temperature, aeration, salt concentration, etc. [139]. Precise control of these parameters
can play a critical role during the optimization of metal NPs synthesis via the biological
route. The size and shape of NPs can be controlled by varying the pH of the medium,
while the acid pH leads to the formation of large-sized NPs [140,141]. During synthesis of
Au NPs using oat (Avena sativa) biomass, Armendariz et al. [142] observed smaller sized
gold NPs at pH 3.0 and 4.0 in comparison to the synthesized NPs at pH 2.0. This is due to
the better accessibility of functional groups present in the extract for nucleation at higher
pH compared to the presence of fewer groups at a lower pH range. In addition to pH, the
concentration of biomolecules in the extract also affects the size and shape of synthesized
NPs. Increase in the concentrations of Aloe vera leaf extract resulted in the synthesis of
higher amount of spherical gold NPs instead of triangular which is due to the presence of
carbonyl compounds in the extract [143]. In addition, the size of the NPs was modulated in
the range of 50 to 350 nm by varying the extract concentration in the solution. The duration
of reaction also plays a crucial role in the reduction of NPs and their size, which is primarily
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confirmed by rapid change in color of the reaction mixture. This duration can range from
few minutes to few days.

A change in particle size of silver NPs was observed in the range of 10-35 nm by
increasing the reaction time from 30 min to 4 h using Azadirachta indica leaf extract. Fur-
thermore, the reaction temperature is one of the important parameters in the biological
synthesis of NPs which also determines the shape, size, and yield of NPs. The average size
of silver NPs decreased from 35 to 10 nm with the increase in reaction temperature from
25 to 60 °C using Citrus sinensis (sweet orange) peel extract [144].

2.4. Characterization of NPs

NPs have attracted significant attention of researchers due to their unique physical,
chemical, and mechanical properties. Therefore, the physicochemical characterization of
synthesized NPs is critically important before its application in various sectors. Analyzing
various characteristics such as size, shape, surface morphology, surface area, structure,
stability, elemental and mineral decomposition, homogeneity, intensity, etc. will provide
important information about the NPs, which subsequently determined their end-use ap-
plications. Additionally, the electrical and thermal conductivity and purity of NPs can
also be obtained by using these techniques. Size and shape of the synthesized NPs are
mainly analyzed using X-Ray Diffraction (XRD), Scanning Electron Microscope (SEM),
Field Emission Scattering Electron Microscopy (FESEM), Transmission Electron Microscopy
(TEM), High-Resolution Transmission Electron Microscopy (HRTEM), Atomic Force Mi-
croscopy (AFM), Dynamic Light Scattering (DLS), Condensation Particle Counter (CPC),
Photon Correlation Spectroscopy (PCS), etc. Among these techniques, XRD, SEM, and
TEM are most commonly used for this purpose. Further, SEM, TEM, AFM, etc. are used
for studying the surface morphology. Superconducting Quantum Interference Device
(SQUID), Vibrating Sample Magnetometer (VSM), Electron paramagnetic resonance (EPR),
etc. are used for the determination of magnetic properties of NPs. More details about NPs
characterization techniques are reviewed by previous authors [145,146].

3. Potential Applications of Metal NPs

These synthesized metallic NPs offer a diverse platform for various applications. Some
of the most important applications of these metallic NPs are summarized in this section.

3.1. Agriculture

Nanotechnology has proven its potential to benefit the agriculture sector by finding
solutions to agricultural and environmental problems in order to increase food production
and security [147].

3.1.1. Effect of Nano Material on Plants

Seed germination and later growth phases benefit from nano-growth stimulants [148,149].
Owing to the small size and large surface area of nanoparticles, these particles are able
to seep into the seed pores eventually activating the phytohormones required for seed
growth and germination [150,151]. For example, the use nano-TiO; and nano-5iO; on
soybean seedlings improved nitrate reductase activity thereby enhancing seed germination.
However, combining both nanomaterials (NMs) was more advantageous [152]. Seed
treatment with 0.25 percent TiO; improved nitrogen assimilation and photosynthesis
rate in spinach (Spinacia oleracea L.), resulting in better growth [153,154]. Watermelon
(Citrullus lanatus) seed soaking in Fe,O3 NPs improved germination and initiated plant
development and fruiting behavior [155]. The use of low-concentration SiO; NPs on
tomato seeds improved germination [156]. Nanomaterials can be used in a variety of ways
in in-vitro cultivation. Zn as a ZnO nanomaterial resulted in an increased calli growth
and physiological parameters in tobacco (Nicotiana tabacum L.). Although nanoparticles
have been widely utilized for promoting plant growth [149,157], NM application may also
be phytotoxic [158]. The positive and negative effects, however, are dependent on the
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dose, size, time, exposure, and make (synthetic/biological) of the NM [158,159]. Over
the past years, application of chemically or physically synthesized NM have proven to be
stimulant of plant growth; however, they pose a greater threat to ecology and environment
(by seeping through the soil) [160]. Utility of green/biological NM in agriculture has
therefore been advantageous due to their safety and feasibility [161]. An increased usage of
biologically synthesized Au, Ag, Ti, Ca, N, Fe nanoparticles either in form of nanofertilizers
or nanopesticides has been employed [161-165].

3.1.2. Application of Nanomaterials in the Field of Agriculture

Over the recent years, application of nanomaterials to boost agriculture has broadly
been in two major forms, either as nanofertilizers, to enhance the agricultural productivity
or in the form of nanopesticides, to eradicate the pest/pathogens/weeds hampering
the growth of crop plants. In this section, we will be discussing the applicability of
nanofertilizers and nanopesticides, in current agricultural practices.

Nanofertilizers

Huge increase in agricultural yields, particularly grain yields, has played an important
role in providing the world’s food demands over the last five decades. In this context,
increased usage of chemical fertilizers acts as one of the key contributors to increased crop
productivity. Although, use of chemical fertilizers has increased productivity of crops, their
poor use efficiency due to volatilization and leaching has led to its excessive usage [147].
On the contrary, nanofertilizers are compounds that are applied in smaller amounts and
can enhance the effect of fertilizers [166]. Enhancing the effect of fertilizers on plants is
usually done by governing the fertilizers in nano form which results in controlled nutrient
release, eventually minimizing the risk of environmental damage [167]. With the recent
advancement in the field of nanobiotechnology, nanofertilizers can be utilized as intelligent
fertilizers which are able to release desired amount of nutrients just when and where they
are needed by plants, thereby limiting the conversion of excess fertilizers to gaseous forms
or leaking downstream [168].

To date, various NPs have been employed in developing fertilizers, some of which
include hydroxyapatite, polyacrylic acid, clay minerals, chitosan, zeolite, and many more.
The small size and large surface area of these NPs give them an advantage over the
conventional fertilizers. For example, strong interactions of hydroxyapatite with urea
lead to release of nitrogen from urea until 60 days as compared to the ammonium nitrate
fertilizer (normal form of urea) which releases nitrogen only until 30 days [169].

Nanofertilizers can be broadly classified into three categories: (1) nanoparticulate
nano fertilizers, (2) micronutrient nanofertilizers, and (3) macronutrient nanofertilizers.
Nanoparticulate nanofertilizers include NPs, such as CNTs, TiO,, and SiOj, responsible for
plant growth. In soybean, an amalgamation of TiO, and SiO, results in overall increase
in plant growth with increased nitrogen fixation and improved seed germination [152].
As utility of TiO, nanoparticle in plant growth has been well established, recently several
works have been done for generation of non-toxic, cheap, and environmentally safe green
synthesized TiO, from plant extracts of Syzgium cumini, Moringa oleifera, Cucurbita pepo,
and Trigonella foenum [170-173]. Micronutrients such as molybdenum (Mo), copper (Cu),
iron (Fe), nickel (Ni), manganese (Mn), and Zinc (Zn) packed in NPs serve as micronutrient
nano fertilizers. A mixture of three micronutrients NPs (ZnO, CuO, and B2 O3) has been
successfully established to ameliorate drought stress in soybean plants [174]. Recent studies
on Zea mays have revealed utility of biologically synthesized micronutrient nanofertilizers
(iron oxide nanorods) in better plant growth as compared to the chemically synthesized
NPs [164]. Similar to micronutrients, macronutrient nanofertilizers are composed of a
combination of macroelements (Mg, K, N, Ca, and P) [167]. Foliar application of Mg and
Fe NPs on Vigna unguiculata, resulted in increased seed weight and photosynthesis ability
thereby resulting in an overall improvement in yield [175]. When compared to crops
administered with conventional fertilizer, phosphatic nanofertilizers have been attributed
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a 32 percent rise in growth rate and a 20 percent rise in seed production in soybean
(Glycine max L.) [176]. A recent study on application of green synthesized multinutrient
nanofertilizer (U-NPK) made from calcium phosphate NP doped with potassium and
nitrogen resulted in reduction of 40% of nitrogen requirement of plants when compared
to conventional approach due to slow and gradual release of major micronutrients [165].
Overall, use of nanofertilizer results in reduction in usage of fertilizer amount by allowing
slow-release products.

Nanopesticide

Plants being sessile in nature are prone to various biotic and abiotic stresses such
as pests, pathogens, heat, drought, pollution, etc. These stresses directly or indirectly
affect the total yield of a plant. The ill effect of pathogens on an entire crop leading
to famine like situations has been extensively studied by far, and in order to have a
control over these forms of biotic stress, use of pesticides had been advocated. Utility
of pesticides has been established in eradication of harmful pests and pathogens from
crop field resulting in crop protection [177]. However, it has been found that use of
pesticides leads to deleterious effects on environment and human health. As a result,
numerous pesticides have been prohibited by state or international governments. Thus,
development of effective yet safe pesticides is the need of the hour. Although biopesticides
have emerged as a breakthrough, their use has been limited due to significantly higher cost
of production. However, nanotechnology offers a new and better approach by introduction
of nanopesticides [178].

One of the widely used examples of nanopesticide is nanostructured alumina (NSA).
NSA acts as negatively charged insecticide which interacts with the positively charged bod-
ies of the insects leading to dehydration. The dehydration of insect body results in detach-
ment of insect’s cuticle eventually leading to death [167]. Potent insecticidal activity of sev-
eral other NPs has also been studied over past few years. In the year 2013, Paret et al. [179]
studied the antimicrobial effect of TiO, and ZnO NPs against X. perforans, casual organism
of tomato spot disease. Role of Imidacloprid (IMI) as an effective systemic insecticide
against several sucking insects such as Martianus dermestoides has been established; in
addition, use of the nano-IMI being more photodegradable increases its effectiveness and
environmental safety over the conventional formulation [180]. Another study found that
nanoformulation of permethrin had a higher absorption than the conventional form against
Aedes aegypti. In a recent study, Zhao et al. investigated the insecticidal activity of Cu NPs
which showed potential upregulation of exogenous microbial protein within plant tissue
enhancing resistance against the bollworm, under the effect of at a low dose of Cu NPs [181].
These findings are encouraging for utility of nanopesticides against various crop pests
which could be an important tool in future agricultural pest management practices [147].

3.2. Nanoparticles in Food Industry

NPs in combination with other technologies can bring impactful innovations in the
production, storage, packaging and transportation of food products. Food processing
transforms raw food ingredients into a palatable format with long shelf-life and in turn,
ensure efficient marketing and distribution systems for the enterprise. Fresh foods, on the
other hand, require robust logistics for their transportation from source to consumer. Nan-
otechnology based systems play an important role to maintain the functional properties by
incorporating NP based colloids, emulsions, and biopolymers solutions. Nanotechnology
has provided with a new dimension and ample opportunities to develop NPs for various
applications with deeper knowledge of the material. Application of nanotechnology in
food industry is based on nanostructures which target food ingredients as well as sensors.
Nano-food ingredients cover a wide area of applications starting from processing of food
to its packaging. Nanostructure based application in food processing comprises the use as
antimicrobial agents, nanoadditives, nanocarriers, anticaking agents, and nanocomposites
while in food packaging, they are applied as nano-sensors for monitoring the quality of
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food produced [182]. The nano materials can also serve as enzyme-supports because of
their large surface-to-volume ratio with respect to their conventional macro-sized counter-
parts. Recent nano-carriers have the potential to function as selective and exclusive delivery
systems in order to carry the food additives into the food ingredients without altering the
basic physicochemical properties and morphologies. For delivery of the bioactives to the
target sites, particle size is the most essential factor that affects the delivery rate as the
micro particles cannot be assimilated in some cell lines. A number of researchers have
developed various techniques of encapsulating these bioactives using nano-sized particles
or nano-emulsions resulting in enhancement of their bioavailability due to the increased
surface to volume ratio. Nanoencapsulation using nano-spray-drying is another promising
technique for the development of nanoparticles which can serve the food industry for the
production of bioactive ingredients.

However, challenges related to performance and toxicity of nanomaterials need to be
addressed to induce active development and applications of NPs. Additionally, legislation
for regulating the production, application, and disposal of nanomaterials for food industry
is of utmost importance. Public awareness and acceptance of the novel nano-enabled food
and agriculture products are also needed to be strengthened.

3.2.1. Application of NPs in Food Preservation and Packaging

The utility and global market of NPs have developed manifold in the recent years
and is expected to reach USD 125.7 billion by 2024. In the domain of food packaging, the
market is expected to reach a staggering USD 44.8 billion by 2030 [183]. Nanoceuticals and
Nutrition-by-nanotech are the available commercial names for food nano-supplements.
Nano-sized powders and nanocochleates are used for increasing absorption and delivery
of nutrients without altering the taste, flavor, and color of the food products. For better
absorption of micronutrients, vitamin spray-induced nanodroplets are used. The technique
of nano-encapsulation is involved when probiotics and similar targets are required to
deliver into the human system with the help of Fe and Zn nanostructured capsules. NP
based food supplements are more effective than their common counterparts because they
are able to react more efficiently with the human cells due to their nano-size.

Food preservation systems with antimicrobial packaging provide advanced barrier
properties to the food [184]. NPs or nanocomposite materials such as starch and sorbic acid-
based films are being utilized in various packaging applications for their microbial growth
inhibiting properties. They are effective due to their high surface-to-volume ratio as well
as enhanced surface reactivity of the nano-sized antimicrobial agents which assists in inac-
tivating microorganisms more efficaciously in comparison to micro- or macroscale agents.
Metallic and semiconducting NPs are the commonly used antimicrobial NPs. Metallic NPs
such as Ag with Cu, Au, and Pt demonstrate different degree of efficacies. Among the
semiconducting NPs, TiO,, ZnO, WOj3, and MgO are proven antimicrobial agents. Other
antimicrobial NPs consist of natural biopolymers like chitosan (CTS) and enzymes (perox-
idase, lysozyme), organically modified nanoclay (e.g., quaternary ammonium-modified
MMT, Ag-zeolite), natural antimicrobial agents (e.g., nisin, thymol, carvacrol, isothio-
cyanate, and antibiotics) along with synthetic antimicrobial agents (quaternary ammonium
salts, ethylenediaminetetraacetic acid (EDTA), propionic, benzoic, and sorbic acids) [185].
Hybrid metal-polymer matrices is a new class of materials for diverse applications due
to their distinct properties such as high surface areas, orderly crystalline structures, and
pores with regular size and shape. Sensor composed of graphene oxide-nickel nanopar-
ticle biopolymer films is capable of measuring glucose concentration in the body fluids.
Nevertheless, it can also be employed in food application system because of the use of
biocompatible materials low toxicity of Ni and cost-effective technology [186,187]. The
antibiotic resistance mechanisms are irrelevant to the development of NPs since their mode
of action is only to stay in direct contact of the microbial cell walls without penetrating it.
The barriers that the natural NPs create can control microbial growth and consequently
spoilage of pathogens. Ag-NPs are used in biotexiles, electrical appliances, refrigerators,
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and other kitchen-wares as they act in bulk form and their ions have the ability to inhibit a
wide range of biological processes in bacteria [188]. The incorporation of AgNPs into the
gelatin-based nanocomposite film promisingly enhanced its antimicrobial activity. Further,
it was observed that nanocomposites, thus developed, showed potential antibacterial
properties against both Gram-negative and Gram-positive food-borne pathogens [189].
ZnO NPs have antibacterial nature which increases with decreasing particle size that can
further be stimulated using visible range light to incorporate in various polymers includ-
ing polypropylene [190]. The contamination of Escherichia coli can be inhibited by using
TiO; as a coating in packaging material, and in combination with Ag, it improves various
disinfection processes.

Recent development of smart packaging, viz., oxygen scavengers, moisture absorbers,
and barrier-packaging products, account for 80% of the market share. Bakery and meat
industries significantly use nano-enabled packaging technologies. The food environment
is so enabled that it can continuously sense oxygen content, temperature, and micro-
bial load. Some examples include Ag-NP-incorporated enzymes for microbial detection
and gas sensing and nanofibrils of perylene-based fluorophores for detecting gaseous
amines from fish and meat spoilage. Additionally, ZnO and TiO, nanocomposites are used
for detection of volatile organic compounds. Applications of NPs in the food industry
are relatively recent and have demonstrated rapid developments in this area [191]. The
major developments in this area include texture alteration, components and additives
encapsulation, enhancing sensory acceptance, controlled release of flavor, and enhancing
bioavailability of micronutrients [192]. NPs have also altered the novelty of packaging
materials enhancing their mechanical barrier and antimicrobial efficacy. Hence, the recent
advancements using NPs in food preservation and packaging may be used to overcome the
disadvantages of the biopolymer-based packaging technologies. Nanocomposites exhibit
enhanced barrier and mechanical and thermal properties compared to their polymers and
conventional counterparts.

3.2.2. Applications of NPs in Food Supplements and Value Addition

The applications of nanotechnology and the use of NPs in food science and technol-
ogy appear to have emerged from various sectors viz., pharmaceuticals, cosmetics, and
nutraceuticals. The advent of nanomaterials, which can interact with biological entities
at a near-molecular level makes it a common technology almost for various industries
including the above. Current nanotechnology applications in food industry for develop-
ing nanotextured food constituents as well as the delivery systems for nutrients require
techniques of nanoemulsions, surfactant micelles, emulsion bilayers, and reverse micelles.
The nanotextured food ingredients claim to offer better texture, taste, and overall accept-
ability [193]. Low fat nanotextured spreads, mayonnaise, ice creams, and similar products
claim to be as “creamy” as their full-fat alternatives, while offering a healthier alternative
to the consumers.

Nanocochleates (50 nm in size), known to protect micronutrients and antioxidants
from degradation during processing and storage, are based on a phosphatidylserine carrier
derived from soybean and are generally regarded as safe. The Greek term “cochleate”
means a ‘snail with a spiral shell’. It can be derived by adding calcium ions to small
phosphatidylserine vesicles in order to influence the formation of discs which are then
fused to large sheets of lipid molecules and finally rolled up into nanocrystals.

In another instance, self-assembled nanotubes were developed from a protein namely
lactalbumin which is a natural alternative for nanoencapsulation of pharmaceuticals,
nutrients, and supplements [194]. Nanotechnology comprises another major area, namely
nanoencapsulation, which is effectively used for delivering susceptible food ingredients
and additives. Microencapsulation can be employed to mask the taste and odor of tuna
fish oil for enabling it to be used for supplementation for its rich omega-3 fatty acid content.
Nanoencapsulated food ingredients and additives are used in a range of food products such
as the delivery of live probiotic microbes for healthy metabolic function. Nanoemulsion is

16



Catalysts 2021, 11, 902

another use in food technology to improve the quality of sweeteners, processed foods, and
beverages [195-197]. A summary on application of NPs in various aspects of food science
and technology is given in Table 3.

Table 3. Applications of NPs/Nanotechnologies in various aspects of Food Science and Technology.

Application

NPs/Nanotechnology Function Reference

Food Production

Food preservation and
packaging

Food supplement and value
addition

Antimicrobial, coating in packaging material,

Tio, detection of volatile compounds [198]
Nanoemulsion Quality enhancement of beverages, [195-197]
sweeteners, and processed food
Nanoencapsulation Enhancement of taste, ct?lor, and odor of food [194]
materials
Packaging of meat, fruit, and dairy products
AgNPs, Ag-ZnO NPs by AgNPs—doped nondegradable and edible [199]
polymers and oils; antimicrobial property
Low-den51tyl\};§;?7?rtil(1)};1’elr(1aeofllil;n +Ag ZnO Orange juice, blueberry, strawberry [200-202]
Ethylene vinyl alcohol + AgNPs Chicken, pork, cheese, lettuce, apples, peels, [203]
eggshells
Polyvinylchloride + AgNPs Minced beef [204]
Fresh apples, white sliced bread, fresh carrots,
Polyethylene + Ag, TiO, NPs soft cheese, atmosphere packaging milk [205,206]
powder, fresh orange juice
Meats, cheese, confectionery, cereals,
. boil-in-the-bag foods, extrusion-coatin:
Nanoclay-polymer nanocomposites applications for ffuit juices and dairy prodicts, [207]
bottles for beer and carbonated drinks
Ag-ZnO NPs Nanostorage contair.lers, bakeware, containers, [199]
cutting boards
ZnNPs Preservation and transport [208]
Colloidal metal nanoparticles Enhanced uptake -
Nanopowders Increase absorption of nutrients -
Cellulose nanocrystal composites Drug carrier -
N. Drug delivery, enhancement of taste and color
anocochleates -

of food materials

Various applications of NPs and nanotechnology provide numerous advantages for
food quality and safety. From farm to fork, nanotechnology is proven impactful at every
stage of food manufacturing, enhancing shelf-life, nutrition, quality control, and smart
packaging. However, the unregulated applications of NPs can pose potential risks to
human health and environment. Numerous studies have demonstrated the toxicological
effects of NPs on biological systems. Since food contact materials are already available
in the market in some countries, more data on the safety of such engineered NPs on
human health are necessary to implement regulations for such products. More research on
ecotoxicological effects of NPs will add on to the existing knowledge.

3.3. Drug and Medicine

Nanotechnology-based drugs have attracted a lot of attention in the last decade. The
unique properties of NPs, viz., small size, ability to travel through fine blood capillaries,
vessels, junctions, and barriers, have made them one of the most researched and studied
domains [209]. They have great advantages in terms of improvement of bioavailability
of drugs, solubility, toxicity safeguard, pharmacological activities, distribution, and pre-
vention from chemical and physical degradation and increased stability of drugs inside
the body [210]. Nanomedicines have shown higher capacity to bind with biomolecules
as well as reduction of inflammation/oxidative stress in tissues. Thousands of different
nanomedicines have been designed over the years; they have various applications in differ-
ent types of diseases. Few are approved for clinical use, and many more are in the phase of
clinical trials.

The use of nanomaterials as drugs and medicine implies nanotechnologies for medical
application with highly advanced medical intervention at molecular levels to cure diseases.
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It provides a platform for the discovery of therapeutic nanomaterials or nanomedicines.
The growth in nanomedicines has introduced numerous possibilities in medical sciences,
specifically in the drug delivery mechanisms. Their structural characteristics make them an
excellent mode for targeting at specific sites and quick penetration inside the cell/diseased
sites [211]. Depending on their application and origin, various types of NPs were discov-
ered based on therapeutic need. Liposomal, polymeric protein, metal based, and iron oxide
NPs have emerged as top-notcher. In this review, our discussion is mainly focused on the
application of metal NPs.

3.3.1. Silver NPs (AgNPs)

Silver NPs are considered ideal because of their unique properties like catalytic activity
and stability. They also contain anti-viral, anti-bacterial, and anti-fungal properties. One of
the applications of AgNPs is used in the antibacterial nanodevices, because of its Ag* ion
effect. They can be positively used as anti-cancer agents due to their anti-proliferative effect
and ability to induce cell death [212]. AgNPs can be loaded/coated to reduce their toxicity
and improve their biological retention time which allows specific targeting of cancerous
cells. AgNPs from Andrographis echioides have been shown to inhibit the growth of MCF-2
cells and are widely used in human breast adenocarcinoma cell lines [213]. The viability of
tumor cells declines with increase in AgNPs concentration. Allium sativum AgNPs have
shown positive outcome in gastrointestinal carcinoma [214].

3.3.2. Gold NPs (AuNPs)

Gold NPs have anti-cancer properties and induce oxidative stress. They absorb
photons and convert those incident photons to heat that destroys cancerous cells. Cationic
gold NPs (2 nm diameter) are toxic at some dose [215]. Gold NPs exist in non-oxidized state.
Smaller NPs had less protein-to-protein ratio as compared to larger ones. Reports show that
gold NPs treated with Hela cervical carcinoma demonstrated increased reactive oxygen
species (ROS), leading to oxidation of lipid, proteins, and other several molecules [216].
AuNPs of 10 nm size were widely distributed in organs whereas 50-250 nm (large) NPs
were found to be distributed in liver, spleen, and blood when intravenously injected.

3.3.3. Iron Oxide NPs

Iron oxide NPs size lies between 1 and 100 nm in diameter. Their two main forms
are magnetite (Fe;O3) and maghemite (y-Fe,O3). Iron oxide NPs were synthesized by
the process of precipitation in isobutanol (acting as surfactant) along with ammonium
hydroxide and sodium hydroxide [217]. Iron oxide NPs are unstable in aqueous media
without any surface coating; they aggregate and precipitate in vivo. The aggregates that
are formed by unstable iron NPs inside the blood are sequestered by macrophages. Iron
oxide NPs must be coated with different moieties to minimize the aggregation in certain
conditions. Iron oxide magnetic NPs have many applications in anti-cancer strategy
called hyperthermia; they destroy tissues nearby by generating heat. Iron oxide NPs have
many properties like high solubility, stability, distribution, biocompatibility, and prolonged
circulation time [218]. To increase the in vivo tumor imaging sensitivity, it is important to
deliver large concentration of NPs in both tumor cells and in tumor mass. In a study, it was
found that iron oxide NPs cause significant cellular morphological modifications, inducing
apoptosis and necrosis in MCF-7 cell lines [219].

However, there is a need for restraint on the use and applications of these nanomateri-
als as drugs. A detailed understanding on possible hazards and toxicological impact of
NPs on the environment as well as human health is needed prior to its application. Under-
standing the mechanisms of NPs access into the body, their function at cellular level, and
their influences on public health is the call of the hour. Nanomaterial’s characterization and
understanding their surface functionality inside living systems are critical to understand
their possible toxicological effects. All these parameters need more detailed studies before
the approval of nanomaterial-based drugs for human usage.
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3.4. Wastewater Treatment Process

The increase in population growth rate, industrialization, and excessive use of chemi-
cals has contaminated the aquatic environment by releasing wastewater to the environment.
The water from natural resources is not suitable for consumption due to the presence of or-
ganic (dyes, pesticides, surfactants, etc.), inorganic (fluoride, arsenic, copper, mercury, etc.),
biological (algae, bacteria, viruses, etc.), and radiological contaminants (cesium, plutonium,
uranium, etc.) [220,221]. Figure 6A depicts some of the common contaminants found in
water. Several techniques such as physical, chemical, and biological have been adopted for
the treatment of wastewater. However, search for new efficient technologies to improve
water purification at low-cost is the current research focus. Currently, nanotechnology
provides a new strategy for the removal of contaminants from wastewater with high effi-
ciency. Several approaches have been developed in combination with various NPs for the
successful removal of contaminants from wastewater as shown in Figure 6B.
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Figure 6. Common pollutants found in water and the treatment processes. (A) Common pollutants present in water.

(B) Treatment approaches used for wastewater using nanoparticles.

The adsorption process is defined as the attachment of gaseous or liquid molecules
over the surface of the solid and forms a layer or film of molecules. This process is
mainly limited to the surface of the adsorbent where the adsorbate accumulates. The
adsorption process could be physisorption or chemisorption depending upon the nature
of bonding between the adsorbate and adsorbent i.e., van der Waals forces, covalent
bonding, or electrostatic attraction. Adsorption is the most commonly used technique for
the removal of contaminants from water due to its low-cost, easy operation, and absence
of secondary pollutants formation [146]. Due to the development of nanotechnology
and its wide applications in the past few decades, several nanostructured materials have
been explored as adsorbent for their potential application in the treatment of industrial
effluents, surface water, groundwater, and drinking water [222,223]. Nanoadsorbents
exhibit higher efficiency and faster adsorption rate compared to the conventional adsorbent
due to their small size, high porosity, and large active surface area [224]. Additionally,
these nanoadsorbents show high reactivity and catalytic efficiency. Nanomaterials such as
carbon nanotubes (CNTs), ferric oxide (Fe3Oy), graphene, titanium oxide (TiO;), manganese
oxide (MnQy,), zinc oxide (ZnO), and magnesium oxide (MgO) are successfully used as
adsorbent for the removal of contaminants such as heavy metals, azo dyes, etc. from
the water [223,225]. Several nanosized metal oxide adsorbents including ferric oxide,
aluminum oxides, manganese oxides, titanium oxides, magnesium oxides, and cerium
oxides are proved to be promising for the removal of pollutants from water [226,227].
Furthermore, different metal oxide NPs are superparamagnetic which allows the easy
separation of these adsorbents from the reaction mixture with the application of an external
magnetic field. Das et al. [228] reported the removal of methylene blue dye, Cu(Il), and
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Co(Il) from aqueous solution using green synthesized magnetite NPs from crude latex
of Jatropha curcas and leaf extract of Cinnamomum tamala. The removal of Cd(Il) from
contaminated solution was studied by using silver NPs prepared using leaf extract of Ficus
tree (Ficus Benjamina) [229]. In a similar type of study, the removal of cadmium ions from
contaminated solution was carried out using iron oxide NPs prepared by co-precipitation
method with tangerine peel extract [230]. Maximum removal efficiency 90% achieved
at pH 4.0 and adsorbent dose of 0.4 g/100 mL. Zinc oxide NPs synthesized from Aloe
vera and Cassava starch used as copper ion adsorbent and higher removal efficiency was
observed for Aloe vera synthesized NPs with the increase in adsorbate concentration [231].
These nanoadsorbents demonstrate remarkable efficiency in the removal of pollutants from
wastewater; however, the toxicity of residual NPs in the wastewater and reduced potential
activity due to the use of a huge number of NPs in the treatment process to minimize the
process duration are the major shortcomings of this process [232].

Filtration of contaminated water or wastewater through membranes is another way
to remove the pollutants from the water. Nanofiltration is efficient and effective for the
removal of different types of contaminants (organic, heavy metals, pathogens, etc.) from
wastewater, and the removal efficiency is mainly dependent upon the pore size and charge
characteristics of the membrane [233]. Numerous studies have focused on the development
and use of a composite membrane, prepared by the introduction of NPs into the polymeric
or inorganic membranes for the treatment of water. The incorporation of metal oxide
NPs like silica [234], alumina [235,236], zeolite [237], and TiO; [161,238] into polymeric
membrane improved the membrane hydrophobicity and permeability. In addition to this,
the incorporation of antimicrobial NPs like silver NPs into membrane matrix hinders
bacterial attachment and biofilm formation [239,240].

Metal NPs are extensively used as nano-catalysts in water treatment due to their high
surface-to-volume ratio and surface catalytic activity. These nano-catalysts improve the
quality of water by degrading various contaminants, viz. dyes, pesticides, herbicides,
polychlorinated biphenyls, nitro aromatics, etc. [241]. Various kinds of nano-catalysts such
as electrocatalysts, photocatalysts, and Fenton-based catalysts are employed in the wastew-
ater treatment process [220]. The mechanism behind photocatalysis is the photoexcitation
of electron present in the catalysts. The light irradiation causes the generation of holes (h*)
and exited electrons (e ™). Further, the generated holes (h*) are trapped by water molecules
(H,O) in aqueous media that subsequently form the hydroxyl radicals (*OH) [242]. These
hydroxyl radicals are highly reactive and powerful oxidizing agents which oxidize the or-
ganic pollutants leading to the formation of water and gaseous degradation products [242].
Numerous studies reported photocatalytic activity of green synthesized Ag, Au, Pt, and Pd
NPs in degradation of different dyes [63,243-247]. Additionally, various metal oxide NPs
such as ZnO, CuO, FeO, SnO,, TiO;, NiO, CeO,, etc. exhibited excellent photocatalytic
activity for the degradation of different organic pollutants [248].

3.5. Antimicrobial Activity

In the past decade, application of nanomaterials to control microbial proliferation has
garnered much interest from scientists worldwide [249,250]. The increase in resistance of
microorganisms to antimicrobial agents, including antibiotics, has led to a spike in health-
related complications. A vast body of work has revealed that by combining three forces
of material science, nanotechnology, and the inherent antimicrobial activity possessed by
certain metals, innovative applications for metal NPs can be identified [251]. Previous
studies have reported that metal and their counterpart metal oxide nanoparticles have
displayed toxicity towards numerous microorganisms [209,250]. These NPs may be used
successfully to stop the growth of various bacterial species.

The surge in development of multi-drug resistant pathogens is presenting itself as a
grave problem to public health, and thus, several studies have been conducted at improving
the prevailing antimicrobial treatments [251]. It has been identified that approximately 70%
of bacterial infections have developed resistance to one or more of the first- and second-line

20



Catalysts 2021, 11, 902

drugs that have been traditionally used to treat the infection [252]. The development of
resistance in bacteria to commonly used chemical antibacterial agents may occur due to
the lengthy production-consumption cycle, thus leading to reduction in efficacy. Moreover,
the rampant use of poor quality or over-the-counter medicines in developing countries has
led to a steep rise in antimicrobial resistance [253]. The need of the hour is to speed up
the research and development and the synthesis of novel antimicrobial agents which are
effective as well. NPs as antibacterial agents have turned out to be an emerging technology
against this challenge, which have the ability to establish an effective nanostructure, which
may be used to deliver the antibacterial agents, hence targeting the bacterial growth locally
and more efficiently. In addition, nanoparticles have proved to have the potency that it
leaves the pathogens with little device to develop resistance against them. Most of the
available metal oxide NPs have zero toxicity for mammalian cells at the concentrations
that have been used to kill bacterial cells, which in turn is an advantage for using them at a
larger scale [254].

Metals like gold (Au), silver (Ag), titanium (Ti), copper (Cu), and zinc (Zn) are known
to have their own properties and potency and display differential activity against microor-
ganisms. This information has been understood and utilized across various cultures for
centuries [255]. Numerous kinds of nanoparticles and their derivatives have been explored
for their potential antimicrobial effects against several microorganisms. Metal nanoparticles
such as gold (Au), silver (Ag), silicon (5i), silver oxide (Ag0), titanium dioxide (TiOy), zinc
oxide (ZnO), copper oxide (CuO), calcium oxide (CaO), and magnesium oxide (MgO) have
been recognized to display antimicrobial activity. In vitro studies have suggested that metal
nanoparticles have the potential to inhibit several microbial species, like Escherichia coli,
Staphylococcus aureus, Bacillus subtilis, Pseudomonas aeruginosa, etc. [256—265].

The type of materials used in formulating the nanoparticles along with their particle
size are the two most significant parameters, which can have an effect on the effectiveness
of antimicrobial activity. It is well established that nanoparticles tend to possess different
characteristics when compared to the same material having significantly greater dimen-
sions. This is because the surface to volume ratio of the NPs considerably increases with
a decrease in the particle size [266]. Certainly, in dimensions of nanoscale, the fraction
of the molecule surface noticeably increases, which in turn can lead in improvement of
some of the properties of the particles. For example, it may be mass transfer, heat treat-
ment, catalytic activity, or the dissolution rate [267]. Additionally, the morphology and
physicochemical properties of NPs have also been demonstrated to wield an effect on their
level of germicidal activities. Literature survey has pointed that the particle size plays
a role as vital parameter that can determine the effectiveness of antimicrobial activity of
the metal nanoparticles [268,269]. The use of combination therapy with metal nanoparti-
cles has the potential to be a strategy that can help tide over the emergence of bacterial
resistance to multiple antibacterial agents [270,271]. More studies need to be developed
to understand if green synthesized nanoparticles have better efficacy over traditionally
synthesized nanoparticles. Current studies have displayed the same level of antimicrobial
effects [272,273].

The shape of nanoparticles also has major influence on their antimicrobial effects [268].
Several research studies have investigated these shape-dependent characteristics of nanopar-
ticles. A study described antibacterial activity of Ag NPs in three dissimilar shapes, namely,
spherical, rod-shaped, and truncated triangular. It came to the conclusion that the truncated
triangular NPs were more inclined to be reactive owing to their high atom density surfaces
and consequently displayed greater antimicrobial activity [274]. In another study, the
size and shape-dependent antimicrobial activity of fluorescent Ag nanoparticles (1-5 nm)
was studied against some selected Gram-positive and Gram-negative bacteria [275]. They
highlighted that the size and shape of the particles generated an effect on its activity. These
investigations reported that the smaller the particles size, the easier they breach the cell
wall exhibiting heightened antimicrobial activity. Furthermore, the authors proposed that
these AgNPs could be used for multiple diverse procedures such as wound dressing,
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biofilms, bio-adhesives, and coating of certain biomedical materials. It was also found
that antimicrobial property of TiO, is related to the size, shape, and structure of its crys-
tal [252]. It is proposed in this particular study that the generation of ROS, ultimately
leading to development of oxidative stress in the cells, may be a significant mechanism for
TiO, nanoparticles to show its germicidal activity. It is well known then that ROS has the
capability to cause site specific DNA damage, ultimately leading to the death of the cell.

The exact mechanisms in which nanometals present the antibacterial effect are still an
area of active investigation. However, two common options have been proposed in this
aspect. Firstly, toxicity associated with free metal ions can arise due to the dissolution of
the metals from the surface of NPs. Secondly, oxidative stress could be triggered through
the production of reactive oxygen species (ROS) on the surface of the NPs. Based on
literature review, there are some intrinsic factors that can have an influence on the ability
of nanomaterials in reducing the number of cells or completely eliminating the cells [255].

NPs are a promising technology, and owing to its vast application, understanding
nanotoxicity and its consequences is of utmost importance. For decades, the pharmaceu-
tical industry has used NPs as a tool to reduce toxicity and side effects of drugs [276];
nonetheless, one needs to be careful when using NPs, as certain safety concerns still exist.
Several reports have identified damage to neurological and respiratory organs issues in
the circulatory system. In addition, other yet unknown toxic effects of NPs are few of the
foremost apprehensions in using NPs as part of a systemic therapy. Undeniably, numerous
NPs seem non-toxic, and a few of them are reduced to having non-toxic properties, which
ultimately has beneficial effects on health [209,277-279]. Nevertheless, further studies need
to be executed focusing on minimizing the toxicity of metal and metal oxide NPs, that
will eventually be applied in therapy as a proper substitute to disinfectants and antibi-
otics especially in biomedical applications. Moreover, current research should make the
application of antimicrobial activity of NPs in eradication of microbial infections as one of
their priorities.

4. Toxicity of Metal Nanoparticles

NPs have wide applicability in different sectors such as electronics, agriculture, chem-
icals, pharmaceutical, food, etc. due to their unique physicochemical properties [280].
The most commonly used NPs by various sectors include metal oxide NPs such as
silicon oxide (SiOy), titanium dioxide (TiO,), zinc oxide (ZnO), aluminum hydroxide
[Al(OH)3], cerium oxide (CeO), copper oxide (CuO), silver (Ag), nanoclays, carbon nan-
otubes, nanocellulose, etc. [281,282]. However, massive release of NPs into the environment
(air, water, and soil) by various industries is resulting in production of nanowaste and
proving to be dangerous for the living organisms and causing threat to ecosystem balance.
Various characteristics of NPs affecting their toxicity are size, nature, reactivity, mobility,
stability, surface chemistry, aggregation, storage time, etc. NPs cause adverse consequences
on human health and animals. Use of NPs has intensified the risk of various diseases in
humans such as diabetes, cancer, bronchial asthma, allergies, inflammation, etc. [3]. The
animal reproductive system has also been shown to be affected due to toxicity of various
NPs such as Au, TiO,, etc. [283,284]. NPs enter the animal body through ingestion and
inhalation and get absorbed by the cells through the processes of phagocytosis and endocy-
tosis and induce the generation of reactive oxygen species (ROS), ultimately resulting into
lipid peroxidation, mitochondrial damage, etc. Different NPs such as Ag, Cu, ZnO, Nj, etc.
have also reduced the enzymatic activity of various microorganisms. In addition, excessive
production of NPs is also affecting the food web of the ecosystem [285]. Toxicity effects of
NPs over plants, animals, and microorganisms are shown in Figure 7.
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Figure 7. Toxicity effects of NPs on microbes, plants, and animals.

4.1. Impact of Nanoparticle Toxicity on Plants

Plants are of high fundamental significance as they perform photosynthesis and
release oxygen in the atmosphere. As all the plant parts (roots, shoots, and leaves) are
in direct contact with environmental matrices (air, water, and soil), they may get affected
more by the NPs contamination as compared to the other living beings. NPs present in the
atmosphere can enter into the plant body through the stomatal openings on leaves [286],
while those present in soil and water can be selectively up taken by the plant roots [287].

NPs proved to be toxic to plants and hamper their growth and development. The
toxicity in plants is mainly due to ROS production, causing lipid peroxidation and ulti-
mately leading to DNA damage, reduction in photosynthetic pigments, plant biomass,
soluble protein content reduction, etc. [288]. However, plants have a defensive system
against oxidative stress in the form of enzymatic and non-enzymatic antioxidants, which
may become inefficient under higher oxygen concentrations [289].

Assessment of NPs Phytotoxic and Genotoxic Effects on the Plants

While phytotoxic effects of NPs on the plant can be assessed by analyzing morpholog-
ical and physiological changes, genotoxicity can be observed by observing DNA damage
in the plant cell. By evaluating various physiological parameters such as germination,
biomass production, leaf number, photosynthetic ability, root and shoot length, etc., phy-
totoxicity levels of NPs on the plants can be assessed. To observe genotoxic effects on
the plant, assessment of cytology of plant roots for the determination of mitotic index,
chromosomal abnormalities, etc. is the simplest approach [290].

5iO, NPs are among the top metal oxide NPs produced by various industries such
as cosmetics, pharmaceuticals, food, etc. due to their worldwide demand. Positive effects
of SiO, NPs on various plants such as Oryza sativa, V. faba, S. lycopersicum, Medicago sativa,
etc. have been shown in different studies [291-294]. Toxic effects of 5iO, NPs on plants
have been investigated by Slomberg and Schoenfisch [295] in Arabidopsis thaliana, Karimi
and Mohsenzadeh [296] in Triticum aestivum, and Silva and Monteiro [297] in A. cepa, etc.
Regarding TiO, NPs, negative effects have been shown in Z. mays and Vicia narbonensis [298],
V. narbonensis [299], V. faba [300,301], etc. ZnO NPs are majorly used in agriculture sector
(as pesticides, fertilizers, etc.) [302].

In green algae, Chlorella vulgaris and Dunaliella tertiolecta, AgNPs proved to be in-
hibitory for their growth and displayed higher ROS production and lipid peroxidation [303].
AgNPs also proved to be toxic for the growth and development of green algae,
Pithophora oedogonia and Chara vulgaris [304].

4.2. Toxicity of Nanoparticle-Based Drugs

The commercial applications of NPs as therapeutics for treatment of diseases is a
double-edged sword. Even though many studies are being done worldwide to analyze the
toxic effects of NM exposure, the possible mechanism of NMs interactions with biological
systems and their consequences are still unknown. Research has shown that NPs can travel
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through the bloodstream and easily cross membrane barriers. This in turn can adversely
affect tissues and organs at molecular and cellular levels [305]. NPs have demonstrated
the capacity to cross the blood-brain barrier (BBB) and gain access to the brain [306].
Small size, large surface area to mass ratio (SA/MR), and surface characteristics determine
nanoparticle’s interaction with biological milieu and the resultant toxic effects that ensue.
The unique nature of the NMs allow them to easily pass-through cell and tissue membranes
and cellular compartments to cause cellular damage. The large SA /MR of NPs also remains
open for active chemical interactions with cellular macromolecules. Increase in surface
area of the identical chemical further enhances adsorption properties, surface reactivity,
and potential toxicity [305].

NPs have the tendency to translocate across cell barriers from the entry point i.e., the
respiratory tract to secondary organs, reach the cells by various mechanisms and start
interacting with subcellular structures. These properties make NPs uniquely suitable for
therapeutic and diagnostic uses. NPs are transported neuronally, involving retrograde
and anterograde movement in axons and dendrites as well as perineural translocations.
The target organs such as the central nervous system (CNS), however, bear the brunt of
potential adverse effects (e.g., oxidative stress) [306]. The size of NPs has an important
role in renal clearance and in avoiding immune activation, enhancing the efficacy and
circulation time of the drug inside systemic circulation [209]. In case of nickel NPs, small
particle sizes (less than 200 nm) are preferable for entering into epithelial cells, whereas
larger NPs are phagocytosed by macrophages present. Another issue is surface charge
which restraints the fate of NPs. Positively charged surface NPs with amorphous nature
do not enter inside the cells, whereas, negatively charged crystalline nickel sulphide and
sub-sulphide particles can enter cells by phagocytosis. Inhalation of MnO, NPs leads to
the formation of ROS causing oxidative stress in brain [210].

Silver NPs of different sizes, i.e., 20 or 40 nm (Ag20Pep and Ag40Pep) were analyzed in
THP-1-derived human macrophages through their cellular uptake. Results demonstrated
a majority of the AgNPs spread throughout the cells. Formation of protein carbonyls or
induction of heme oxygenase I are some of the associated responses due to oxidative stress
are also observed. The charged Au NPs sized 15 nm cause cell death by apoptosis, whereas
neutral Au NPs cause necrosis in HaCaT (human epidermal keratinocyte) cell lines [307].
Several NPs can penetrate inside the nuclear envelop, and they play an important role
in inducing genotoxicity. Silver NPs have been found to be more toxic than gold NPs.
TiO, NPs are considered as biological inert material in vitro and in vivo, while TiO, NPs
larger than 15 um are highly toxic, generating ROS. TiO is toxic to PC12 cells [308]. It was
reported that toxicity of NPs increases with increasing surface charges, i.e., lower positive
charge NPs have less electrostatic interaction with the cells. Positive ZnO NPs have more
cytotoxic effect in A549 cells as compared to same sized and shaped negatively charged
Zn0 [309]. Rod shaped Fe;O3 NPs produce high cytotoxic responses compared to spherical
Fe;O3 NPs in RAW 264.7 (murine macrophage) cell lines [310]. Rod-shaped CeO, NPs cause
more toxic effects and produce LDH and necrosis factor-« in RAW 264.7 cells [209]. NPs
cytotoxicity depends on assay, cell line, and physical and chemical properties. Copper oxide
NPs have been found to produce toxic side effects in liver and kidneys when examined
on lab animals; after oral administration and interaction with gastric juice, they form
reactive ionic copper. It was reported that silver NPs and iron oxide NPs can penetrate
and cross the blood-brain barrier [306]. Iron oxide has the capacity to accumulate inside
liver, spleen, lungs, and brain and has the capacity to cross the BBB after inhalation [305].
Iron oxide shows less cytotoxic effects at high concentration (300-500 kg/mL, 6 h) than
in low concentration (25-200 ug/mL). At low concentration, it generates Reactive oxygen
species (ROS), DNA damage, and causes lipid peroxidation. Silica based NPs of size 70 nm
at 30 mg/kg concentration have been found to alter biochemical parameters [210]. Hence,
a number of studies show evidence of NPs causing DNA and membrane damage, protein
misfolding, and mitochondrial damage.
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In a clinical scenario, several factors need to be addressed, viz., bioavailability, adverse
reactions, cellular interactions, biodistribution, biodegradation, etc. The successful clinical
translation of nanomedicines is therefore a long and onerous process of weighing the
benefits against risks of toxicity involved. Scientists must proceed with caution and refrain
from premature launch of nanomedicines without assessing the adverse effects involved.

Compared to physio-chemical methods, biologically synthesized NPs have been
proved to be non-toxic/less toxic due to non-use of external stabilizing agents and haz-
ardous chemicals/solvents during the synthesis process. Hasan et al. [164] compared the
morphological, physiological, and biochemical responses of biologically and chemically
synthesized iron oxide NPs in Zea mays. The biological synthesized FeO NPs promoted
better plant growth as compared to the chemically derived NPs. The chemically synthe-
sized NPs proved toxic and hampered the plant growth even at lower concentrations. In
a similar kind of study, Anna et al. [311] observed better growth of green algae P. kessleri
while using biologically synthesized NPs compared to chemical synthesized NPs.

5. Major Challenges and Future Perspective

In the recent past, research on NPs and their potential applications have progressed
by leaps and bounds. Numerous studies have reported the green synthesis of metallic NPs
using various biological sources such as plants, bacteria, fungi, and yeast. However, several
challenges persist, which limit its large-scale production and consequent applications. Some
of the major challenges observed during the synthesis are summarized below:

e  Detailed optimization studies on reactants (plant extract, microorganism inoculum,
fermentation medium composition, etc.) and process parameters (temperature, pH,
rotational speed, etc.) are required to control the size and shape of the NPs.

e  Studies also need to be focused on enhancing various physicochemical characteristics
of NPs for specific applications.

e The involvement of each metabolite of plant extract and cellular components of
microorganism in the synthesis of NPs should be completely analyzed.

e  Scale-up of NPs production for commercial purposes using green synthesis methods
needs to be prioritized.

e Improvement of NPs yield and stability with reduced reaction time is needed by
optimizing various reaction parameters.

Addressing these challenges could make the green synthesis methods cost-effective
and comparable to the conventional methods for the large-scale production of NPs. Ad-
ditionally, the separation and purification of NPs from the reaction mixture is another
important aspect that need to be explored. A detailed toxicological study of the NPs on
plants and animals is necessary for expanding its application in diverse fields. In addition to
wild type strains, genetically modified microorganisms with the ability to produce greater
quantity of enzymes, proteins, and biomolecules could further enhance the biosynthesis as
well as the stabilization of NPs. Further, enhancement of metal accumulation capacity and
tolerance of genetically modified microorganisms could provide a futuristic approach for
the production and application of metal NPs using the green synthesis method.

6. Conclusions

The present review focuses on the green synthesis of metal NPs derived from plants
and microorganism and their applications. Green synthesis methods provide a clean,
non-toxic, and eco-friendly approach for the synthesis of metal NPs compared to other
conventional techniques like physical and chemical methods. A wide range of plant
materials including leave extract, fruit extract, seed, fruit, bark, etc. and microorganism
such as bacteria, fungi, actinomycetes, etc. have shown potential for synthesis of various
metal and metal oxide NPs (viz., Au, Ag, Pt, Pd, Ni, Se, Cu, CuO, and TiO,). The size and
shape of NPs and the reaction rate strongly depend on various experimental parameters
such as reaction time, reactant concentration, pH, temperature, aeration, salt concentration,
etc. Different characterization techniques such as UV-VIS spectroscopy, FTIR, XRD, SEM,
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TEM, EDX, and AFM have been used to determine the shape, size, and morphology of
biosynthesized NPs. However, in terms of translational research, several factors, viz.,
bioavailability, adverse reactions, cellular interactions, biodistribution, and biodegradation,
need to be addressed. The accumulation of these NPs in the environment and their
uptake by biological systems can lead to disastrous consequences as a number of studies
show evidence of NPs causing DNA and membrane damage, protein misfolding, and
mitochondrial damage. Although numerous studies reported the biological synthesis of
metal NPs, a thorough investigation is the need of the hour for widening their applications
and successful commercialization.
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for its application as an anode in microbial fuel cells (MFC). Fe30,@PSA-C was synthesized using a
hydrothermal-assisted probe sonication method. Nanoparticles were characterized with XRD, SEM,
FTIR, and RAMAN Spectroscopy. Different concentrations of Fe3O4- carbon dots (0.25, 0.5, 0.75, and
1mg/ cm?) were coated onto the graphite sheets (Fe30,@PSA-C), and their performance in MFC
was evaluated. Cyclic voltammetry (CV) of Fe;O4@PSA-C (1 mg/ cm?) modified anode indicated
oxidation peaks at —0.26 mV and +0.16 mV, respectively, with peak currents of 7.7 mA and 8.1 mA.

the Performance of Microbial Fuel The fluxes of these anodes were much higher than those of other low-concentration Fe3O4@PSA-C
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observed in MFC with a 1 mg/cm? concentration of Fe;04@PSA-C was 440.01 mW /m?, 1.54 times
higher than MFCs using bare graphite sheet anode (285.01 mW/ m?2). The elevated interaction
area of carbon dots permits pervasive Fe3Oy crystallization providing enhanced cell attachment
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1. Introduction

Bioelectricity generated by electrochemically active bacteria (EAB) has gained much
attention, with promising significance for renewable energy generation, wastewater reme-
diation, and metallic nanoparticle fabrication [1,2]. In such fuel cells, waste disposal can be
converted to electricity with the aid of EAB that colonizes on the anode surface. On the
surface of the anode, biodegradable waste is oxidized and generates electrons, protons,
and other by-products, protons pass through the cation exchange membrane from anode to
Attribution (CC BY) license (https://  cathode, and electrons via an outer circuit, electrons, and protons combined with oxygen at
creativecommons.org/licenses/by/ the cathode to complete the reaction [3]. Anode plays a major role in determining the power
40/). output of the MFC [4]. However, sluggish EAB biofilm growth impedes the development
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of the anode half-cell potential and causes voltage loss; consequently, the MFC productivity
has not achieved its full potential, resulting in decreased power output [5]. MFC power in-
terruptions occur due to undesirable physicochemical conditions for bacterial consortiums
and system architecture [6,7]. The anode composition has the largest impact on energy
output in MFCs because it combines microbiology and electrochemistry. The anode’s con-
ductance and biocatalytic efficiency must be improved to reduce potential losses. In MFCs,
graphite disc anodes are treated with Au and Pd nanoparticles, for example, outperformed
untreated anodes in biocompatibility and power generation [8]. As a result, changing the
anode makeup might be a good technique for dealing with overpotential problems [9].
Anode remodeling alters the physical and chemical characteristics of the anode, allowing
for improved microbial adhesion by increasing the electrochemically specific surface area
and enhancing electron transport due to the increased permeability of the anode [10].

Interesting and informative research has been conducted in order to bring about
positive changes in MFC anodes [11]. For example, a carbon cloth anode treated with
formic acid boosted the ideal power density of a single-chambered MFC by 38.1 percent
(from 611.56 mW /m? to 877.935 mW /m?) [12]. Likewise, electrolysis of the carbon fiber
anode in nitric acid followed by rinsing in aqueous ammonia gave a noteworthy power
density of 3.20 4 0.05 W /m? for two-chambered MFCs [13]. Chaetoceros phytoplankton
and lauric acid were used as methanotrophic inhibitors in MFCs implanted with mixed
fermented sludge in the anodic compartment [14]. Rajesh et al. found 45.18% and 11.6% op-
timum coulombic efficiency, respectively [15]. Spontaneous elimination of AQS diazonium
cations generated in situ immobilized an electron transfer accelerator, anthraquinone-2-
sulfonic acid (AQS), onto the surface of a graphite sheet anode [16]. They used AQS in
MFC, which showed a maximum power density increasing from 967 + 33 mW/m? to
1872 4 42 mW/m?.

Entities including neutral red [17] and lignin [18] have also been used to improve the
bio-catalytic effectiveness of the anode in MFCs. Anode characteristics like transmittance
and the percentage surface area available for bacterial attachment are crucial, and both can
be improved using graphene to improve electronic conductivity. A family of adaptable
nanomaterials called carbon quantum dots (C-dots) has not yet been described in MFCs.
Prior attempts at creating C-dots from coconut shell were said to include surface functional
groups for hydroxyl and carboxyl. The C-dots’ capacity to absorb and transport electrons
was made possible by the existence of these ligands on a composite. C-dots were added
as a suspension to the anode compartment of an MFC, which increased maximum power
density by 22.5 percent. Compared to methylene blue, a common electron shuttle used
in MFCs, C-dots demonstrated superior efficiency as electron shuttles [19]. Most of the
EABs are metal reducing in natural condition. One of the primary limiting phases of
MFC performance that requires attention is the sluggish exocellular electron transfer (EET)
process in the anode. Most of the time, EET is improved by employing a modified anode.
Anodes in MFCs are often made of biocompatible conductive carbon paper/cloth, graphite,
and stainless steel. These materials, however, lack electrochemical activity for anode
microbial processes. As a result, it is critical to create appropriate anode materials for
efficient bacterial adhesion and electron collecting capabilities for better EET. The electron
transfer efficiency of the outermost cytochromes (Omcs) [Omc C and Omc A] may be
increased in the presence of redox-active biocompatible metal oxides and/or hydroxides.
However, there have been relatively few reports on the C-dots metal oxides modified anode
in MFC to date. As a result, the incorporation of C-dots and Iron oxide might address the
shortcomings of the electrode materials, i.e., non-capacitive anode.

In the present research work, Fe30,@PSA-C (0.25 mg/cm?, 0.5 mg/cm?, 0.75 mg/cm?,
and 1 mg/cm?) were used to change graphite sheet anodes. Fe30,@PSA-C assigned for
Iron oxide @ sodium poly-acrylate-Carbon dot where Iron oxide (Fe30y4) is synthesized with
sono- chemical method in presence of sodium poly-acrylate and after chemical sonication
process with C-dots, finally we got Fe;0,@PSA-C-dots nanocomposite. The performance
of MFCs using these anodes was compared to that of MFCs using a raw graphite sheet
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as an anode. Higher amount of Fe;0,@PSA-C like 1.25 mg/cm? was showing minute
increase/ no increase in power density as compared to 1 mg/cm? which can be neglected
hence the amount of Fe304@PSA-C was taken till the highest power density observed. This
study aimed to examine if changing the anode to Fe30,@PSA-C may enhance MFC power
density (PD) at a fair cost to create a replacement anode composition that could improve
MEC performance.

2. Results and Discussion
2.1. Structural Properties
2.1.1. X-ray Diffraction

The phase composition and crystallite size were determined using an X-ray Diffraction
(XRD) technique to find the structure of nanoparticles. Figure 1 shows the XRD pattern
of the as-synthesized nanoparticles, which shows the typical diffraction peaks for the
synthesized nanocomposites as a pure phase with no secondary phases. Figure 1a depicts
the XRD diffraction peak for C-dots at 28 value 18° consist of (002) plane. Figure 1b
reveals the XRD peaks for Fe304@PSA-C and Fe30,@PSA samples. The XRD pattern of
the nanoparticles synthesized by the sonication process was identical to the XRD pattern of
the functionalized Fe304@PSA nanoparticles. The diffraction peaks may be assigned to
magnetite Fe;O, (JCPDS 19-0629). The intense diffracted peaks were recorded at 26 = 18.21;
30.19; 35.58; 43.16; 53.45; 57.00; 62.75; 71.19; 74.24, 75.96 and 78.77, indicating the presence of
magnetite as a phase pure with a spherical structure for (111), (220), (311), (400), (422), (511),
(440), (620), (622) and (444) planes, which validate the presence of Fe30; in Fe;O4@PSA
synthesized sample [20].
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Figure 1. XRD patterns for (a) C-dots (b) Fe30,@PSA-C and Fe30,@PSA nanoparticles.

The assigned XRD peaks for Fe304@PSA-C functionalized hetero-structure nanopar-
ticles were confirmed to have the presence of all validated positions of Fe;O4@PSA and
C-dots as given in Figure 2b [20,21]. The calculated dimension of the magnetic nanoparticle
crystallites at room temperature using the Debye Scherrer equation, based on the broaden-
ing of the most intense peak (311-35.58), was recorded in the XRD graph (Figure 1). The
average crystallite size of the produced nanoparticles is 10 nm computed using the Debye-
Scherrer equation [22,23].
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Figure 2. SEM graph for (a) Fe30,@PSA, (b) Fe304@PSA-C nanoparticles, (¢) EDX mapping of
Fe304@PSA and (d) EDX mapping of Fe304@PSA-C, (e) SEM images of Fe304@PSA-C nanoparticles
with grain size nanoparticles.

2.1.2. Scanning Electron Microscopy (SEM)

Figure 2a—-d shows the SEM images of Fe;O4@PSA and Fe304@PSA-C nanoparticles
with their energy dispersive X-ray (EDX) elemental mapping. The SEM micrograph results
show that synthesized samples are spherical agglomerated structures due to the compo-
sition of numerous small nanoparticles and their particle size in the range of 10 nm to
30 nm. The particle size decreased due to sodium polyacrylate (C3H3NaO;) n as CA, which
chelates the Fe ions during the sonochemical process. The compositions of Fe304@PSA and
Fe;04@PSA-C nanocomposite was determined by X-ray energy-dispersive spectroscopy
(EDS), as shown in Figure 2c,d. The EDS analysis of the Fe30,@PSA samples showed peaks
with weight percentages for Fe (67.65%), O (28.43%) and C (3.92%). The EDS analysis of the
Fe304,@PSA-C composite showed peaks for Fe (54.17%), O (29.08%) and C (16.75%), which
reveal the implantation of the C-dots in the Fe;O4@PSA nanoparticles. The carbon- dots
agglomerated over the Fe304@PSA surface.

2.1.3. Fourier Transform Infrared Spectroscopy (FTIR)

The chemical bond and function of FesO4@PSA, C-dots, and Fe;0,@PSA-Cdots
nanoparticles have been identified by FTIR analysis in Figure 3. The presence of the Fe-O
bond in tetrahedral and octahedral positions can be seen in the bands around 450-700 cm .
The peaks at 1440-1550 cm ™! represent the coordination between COO-group vibration
and Fe-cations. The absorption bands around 2900-3600 cm ! have been supported by
the presence of O-H and C-H bonds [24]. Cow milk-based carbon dots contain various
chemical compositions with polarities [25].
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Figure 3. FTIR spectra of C-dots; Fe304,@PSA-C and Fe304@PSA nanoparticles.

The band between 3100-3600 cm~! shows the presence of O-H and N-H bonds,
whereas the bands around 2800 and 2900 cm ! are attributed to the C-H bond. The peaks at
1400 cm~1,1550 cm ™!, and 1630 cm ™! were assigned to C=C, N-H, and C=0 starch bonds
with m-7* and n-nt* transitions. The FTIR spectra peaks of Fe;0,@PSA-C nanocomposite
represent the slightly shifted band at 1400 cm~!,1550 cm~! and 1630 cm ™! ascribed to
C=C, N-H, and C=0 bonds due to the surface interaction between the functional moieties
of nanocomposites. The peaks at 1100 cm~! and 1300 cm ™! show the interaction between
Fe-O bonds in Fe;04@PSA and the carbonyl group present in C-dots. All such results
confirm the hetero-structure nanocomposite of Fe;O;@PSA-C [26].

2.1.4. RAMAN Spectroscopy

In Figure 4, the Raman spectroscopy technique was used to identify the modes
of C-dots, Fe304@PSA-C and Fe;04@PSA nanoparticles. The cation distribution, non-
stoichiometry, and defect conditions influence the results of Raman modes. The estimated
values of polarized intensities also help to identify the Fe3O,@PSA Raman modes. The
weak anti-stokes spectrum is present in the Fe;0;@PSA Raman band around 195 cm~!.
The ascribed vibrational spectrum of the observed modes was based on polarization in-
duced due to the orientation of Fe304 nanoparticles like T2g at 193 em~ L Tluat 201 em™%;
390 cm~! and 450 cm™1; Eg at 296 cm™ 1, T2g at 500 cm ! and 590 cm~! whereas, Alg at
660 cm~! as shown in Figure 5. The bands around 1340 cm~! and 1600 cm~! in Raman
spectra were assigned to D-band and G-bands for C-dots. The presence of sp3 and sp2
hybridized carbon atoms shows C-dots nanoparticles” graphitic nature. In Fe304@PSA-C
spectra, the presence of T2g, T1u, Eg, T2g, Alg, D, and G vibrational modes with a modest
frequency shift, shows that the Fe304 and C-dots were well coupled in the hetero-structure
nanomaterial [27].
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Figure 4. Raman spectra of C-dots; Fe304@PSA-Cdots and Fe304@PSA nanoparticles.
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Figure 5. The plot (cchv)? vs. hv represents the energy bandgap (Eg) of the Fe304 and Fe30,@PSA-C

nanoparticles.

2.2. Optical Properties
The optical properties of functionalized nanoparticles depend on their electronic
characteristics and energy bandgaps (Eg). These optical properties of pristine samples were
analyzed by the UV-Visible absorption spectra shown in Figure 6. The energy bandgap (Eg)
was calculated using “Tauc’s relation.”
) /hv

o= (A )]

where A refers to constant, hv for photon energy, Eg for band gap, and « for absorption
coefficient [22].

N|—
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Figure 6. (a) Cyclic Voltammetry analysis of all five MFCs; (b) Nyquist plot of operational MFCs.

The bandgap was determined from the («hv)? vs. hv curve by drawing an extrapola-
tion of the data point to the photon energy axis where (ahv)? = 0, giving the optical band
gap Eg. Figure 3 shows the energy bandgap (Eg) values for Fe;O4@PSA and Fe;04@PSA-C
synthesized materials. The Eg values for Fe3O4,@PSA were estimated to be around 2.4 eV
and 2.25 eV for Fe304,@PSA-C nanocomposite [24]. The bandgap was reduced after the
composition of C-dots due to the agglomerated particle size and functionalization of the
surface of the composite nanomaterial. The composition of C-dots results in a charge
imbalance, which triggers the presence of oxygen vacancies in prepared samples. The
variation in the angle of Fe-O-Fe towards 180° also affects their electronic structure and
creates an impurity band. This impurity band enhances charge transfer between the carriers
by alteration of the energy bandgap. The substitution of C-dots in pristine Fe304@PSA
shows lower energy band gap values, which resulted in improved optical properties of the
Fe304@PSA-C nanocomposite.

2.3. Microbial Electrochemical Study

MECs having anode with different concentrations of Fe304@PSA were operated in
a fed-batch mode. Following the biofilm development throughout the ninth batch ro-
tation, the anode’s electrochemical kinetics were studied in operational MFCs. The CV
approach has been widely utilized to evaluate the biocompatibility of anode components
for electro-catalyzing substrates using microbes as biocatalysts [28]. In this study, the
functionalization of anodes enhanced with various components like raw graphite sheet
and different amounts of Fe;0,@PSA-C mixture was assessed only based on the MFCs’
electrochemical properties. Five MFC system were built and named; for instance, MFC
having raw graphite as anode was named as MFC-1, followed by MFC with increasing
amount of Fe304@PSA-C 0.25 mg/cm?, 0.50 mg/cm?, 0.75 mg/cm? and 1 mg/cm? as
MFC-2, MFC-3, MFC-4 and MFC-5, respectively (Table 1). Figure 6a summarizes the output
of the cyclic voltammetry (CV) evaluation of the various anode components employed in
these tests. By using a linearly cycled potential sweep among two or more preset values,
cyclic voltammetry is an electrochemical method for determining how much current flows
through a redox-active solution. The rates of electronic-transfer events, the energy levels of
the analyte, and the thermodynamics of redox reactions can all be easily ascertained using
this method. The Fe30,@PSA-C (1 mg/cm?) composite exhibited separate redox maxima,
which were determined to be greater than the Fe;04,@PSA-C (0.25 mg/cm?, 0.5 mg/cm?,
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and 0.75 mg/cm?) and reference anode, as per CV. During the oxidative examination of CV,
two oxidation maxima at —0.26 mV and +0.16 mV at current values of 7.7 mA and 8.1 mA
were recorded in MFC utilizing Fe;04@PSA-C (1 mg/mL).

Table 1. Comparison of different quantities of Fe304@PSA-C (0.25, 0.50, 0.75, and 1 mg/cm?) in the
anode with the standard graphite sheet.

. Charge Transfer
MEC Serial Anode OCV (mV) PD 2 Resistance, Rt
No. (mW/m*)
(Ohm)

MEFC-1 Raw graphite sheet 701 285.01 230
Fe304,@PSA-C modified

MEC-2 anode (0.25 mg/cm?) 726 334.41 164.46
Fe304@PSA-C modified

MEFC-3 anode (0.50 mg/cmz) 746 379.56 103.14
Fe3;0,@PSA-C modified

MEFC-4 anode (0.75 mg /sz) 765 420.33 52.96

MFC-5 Fe;0,@PSA-C modified 771 440.01 3345

anode (1 mg/cm?)

Similarly, MFC having Fe;O4,@PSA-C (0.75 mg/ cm?) also reported two oxidation
peaks at —0.40 mV and +0.02 mV at current values of 5.7 mA and 6.8 mA. A single
oxidation spike was observed at —0.12 mV with a current of 3.7 mA in the case of MFC
having Fe30,@PSA-C 0.5 mg/cm? and —0.2 mV with a current of 4.8 mA in the case of
MFC having Fe- 0.25 mg/cm?, respectively. Still, the reference anode showed no enhanced
oxidation spike, perhaps because of poor anode kinematics.

The oxidation of essential metabolites may have caused the initial oxidation spike at
—0.26 mV. Furthermore, electroactive enhancers such as Fe30,@PSA-C-treated electrodes
have been discovered to boost the electronic conductivity of the electroactive species,
resulting in greater signal responsiveness [29]. FCDMA, for instance, had several oxidation
spikes that were not hazy, while other anodes had crushed maxima. Moreover, the oxidation
potential in the Fe304@PSA-C-modified anode was substantially greater than in the control
anode, which might be attributable to decreased oxidation overpotential failure due to
the FCDMA anode’s super-hydrophilicity. In contrast, as opposed to the control, the
Fe304@PSA-C (0.25 mg/cm? and 0.5 mg/cm?) had greater efficacy and generated more
oxidative potential.

Solution resistance (Rs), charge transfer resistance of the electrode (R¢), and diffusion
resistance (R4) have all been demonstrated to be effective in assessing anodic impedance in
MECs using EIS [30]. The dielectric characteristics of materials, and the complex resistance
are determined through electrochemical impedance spectroscopy (EIS). This is determined
by the interaction of the external field with the specific sample’s dipole moment, which is
often expressed by the permittivity. Additionally, it is thought of as an experimental method
for describing electrochemical systems. With this technique, system impedance is measured
across a range of frequencies. As a result, a frequency response involving energy storage
and dissipation characteristics is provided. The majority of the time, Nyquist plots are used
to visually represent the data obtained by electrochemical impedance spectroscopy. The
EC-Lab V11.36 tool was used to create the EIS evaluation findings. A calculated Nyquist
plot of hypothetical impedance vs. real impedance is shown in Figure 6b. The width of
the semi-largest circle may be used to compute Rt readings. Any electrode’s Rt score is a
statistic that represents the electrode’s oxidation or reduction activation energy. A higher
Rt value suggests a larger potential barrier for redox processes and vice versa. As a result,
a change in R¢t’s value might impact anode dynamics. Improved electrochemical rates
resulted in a lower Rt of 52.96 and 33.45 for electron transport in MFCs using Fe3O4@PSA-
C (0.75 mg/cm? and 1 mg/cm?), approximately 6.9-fold lower than the control anode
(230 ). The Rt of the Fe30,@PSA-C (0.25 mg/ cm? and 0.5 mg/ cm?) was 164.46 and
103.14, respectively, 2.22 times lower than the control anode.
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In the investigation, Fe304,@PSA-C (0.75mg/cm? and 1 mg/cm?) has been transformed
into highly conductive oxide in the anode during MFC operation, enhancing extracellular
electron transport [31]. Furthermore, the magnitudes of the Fe30,@PSA-C—0.25 mg/cm?,
0.5mg/cm?, 0.75 mg/cm?, and 1 mg/mL Rs were found to be almost equivalent (~18 ohm),
showing that the mixture should be conceptually similar.

2.4. Power Generation

The power output reached a stable state after two fed-batch periods. At infinite
impedance, the maximum OCV improved from 701 £ 23 mV in MFC-1 to 726 4+ 20 mV
in MFC-2, 746 £ 22 mV in MFC-3, 765 £ 25 mV in MFC-4, and 771 £ 28 mV in MFC-5
(reported as open-circuit voltage, OCV). Stronger electrogenic biofilm formation on the
anode in MFCs using Fe;O4@PSA-C and other assessed MFCs resulted in enhanced OV
and OCV, leading to enhanced electrogenic yield.

When the entire anodic chamber volume and actual anode surface area were nor-
malized, polarisation experiments were performed to establish the appropriate power
density. Figure 7a shows that MFC-1 with an unmodified anode had a lower power den-
sity of 285.01 & 10 mW /m?, compared to MFC-2 (0.25 mg/ cm? Fe304@PSA-C)which
had a power density of 334.41 + 6 mW/m? (4.86 + 0.8 W/m3), MFC-3 (0.50 mg/cm?
Fe30,@PSA-C) with 379.56 + 8 (5.52 + 0.5 W/m?), MFC-4 (0.75 mg/cm? Fe30,@PSA-C
with 420.33 & 12 mW/m? (6.11 + 0.3 W/m?) and MFC-5 (1 mg/cm? Fe30,@PSA-C) with
440 + 7 mW/m? (6.40 & 0.4 W/m?).

These results were superior to those previously reported for single-chambered MFCs
with various anode promoters. Despite this, the MFC-2 and MFC-3 with lower Fe;O,@PSA-
C altered anode had a lower inbuilt impedance than the MFC-1, which might be due to the
reduced carbon dots’ lower charge transmission obstacle. Because Fe;0,@PSA-C on the
anode side worked as a final electron acceptor for extracellular electron transport, reduced
the internal impedance, and decreased the anode’s conductance (Table 1).
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Figure 7. (a) Polarization study of unaltered and Fe;O4@PSA-C altered anode; the power density and
voltage data points are presented as solid and open symbols, respectively. (b) Anode and cathode
half-cell analysis to understand the variation in anode after modification with Fe304@PSA-C. Open
and solid symbols represent cathode and anode half-cell voltages, respectively.

The existence of rapid energy losses in MFC-1, MFC-2, and MFC-3 instead of a gradual
current decline in MFC-4 and MFC-5 indicates that MFC-1, MFC-2, and MFC-3 have a larger
activation rate (Figure 7a). The anode potential in MFC-4 (—322 mV) and MFC-5 (—332 mV)
was found to be the lowest when compared to MFC-1 (—262 mV), MFC-2 (—287 mV) and
MFC-3 (—307 mV), as shown in Figure 7b. Using carbon dots in conjunction with Fe3* can
increase the anode’s surface area on a micro/nanoscale, allowing additional cell adhesion
and catalytic regions. The Fe3O4-carbon dot modified anode-based MFC’s increased cell
adhesion and catalytic regions were combined with increased energy output. Moreover,
because most electricigens employ hydrophilic redox messengers, the interface between the
anode contacts region and the biofilm impacts the MFC'’s energy output [32,33]. Increased
microbe adhesion to the anode elevated anode voltage, resulting in improved electrogenic
productivity in MFCs using Fe304@PSA-C modified anode (FCDMA).

3. Materials and Methods
3.1. Synthesis of Fe-Carbon Dots

Materials Required: Iron Chloride (FeCl3-6H,0); Iron Sulphate (FeSO,-7H,0); Am-
monium Hydroxide (NH4OH); Tri-Sodium Citrate (NazCgH507) as capping agent (CA)
and Cow milk. All chemicals were purchased from Sigma Aldrich. The Fe;O4@PSA-C
hetero-structure was synthesized by the hydrothermal-assisted probe sonication method.
The C-dots synthesis process was performed using the hydrothermal method, whereas
further Fe;O4@PSA-C nanoparticle synthesis was done using the sonochemical method
(Probe Sonicator), as shown in Figure 8.

Synthesis of C-dots: For the synthesis of C-dots, a fixed amount of cow milk was taken
for the hydrothermal treatment at 120 °C for 4 h in a 100 mL stainless steel autoclave [25].
After cooling at room temperature, the sample was filtered and washed continuously
using double distilled water until it reached pH-7. The C-dots filtered particles were dried
at 60 °C, and the prepared C-dots nanoparticles became ready for characterization and
participated in the Fe-C-dot synthesis process. For the synthesis of C-dots, we have used
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Chemical
Sonication
method

the cow milk. The Amul cow milk was purchased from the local market. The specifications
and content of the Amul cow milk are given below (Table 2).

Solution A(FeCh.6H,0 +
FeSO, 7H,0 +NH,OH)

Sotution B[TriSodium Citrate
NzCeHs07)]

Figure 8. The synthesis process of C-dots; Fes04@PSA-C and Fe;O4@PSA samples using the Hy-
drothermal assisted chemical sonication method.

Table 2. Specification and content of Amul cow milk.

Packaging Type Poly Packet
Brand Amul
Serving Size 200 mL/100 mL
Amount per 100 mL/100 mL
Energy 62 Kcal/100 mL
Energy from FAT 32 Kcal/100 mL
Total FAT 3.5g/100 mL
Saturated FAT 2.3 g/100 mL
Cholesterol 8 mg/100 mL
Total Carbohydrate 4.7 /100 mL
Pack Size 500 mL

The C-dots were synthesized using the Amul cow milk many times in our lab; further
the XRD, FTIR, and Raman measurements were performed. The results are reproducible.

Synthesis of Fe304@PSA-C: The whole sonication synthesis process was divided into
three steps, and the prepared solutions in different steps were marked as solution A,
Solution B, and F-Cdots. A certain amount of FeCl;-6H,O and FeSO,4-7H,O (1:1 ratio)
were dissolved in 15 mL of DD water to prepare solution A. The prepared solution was
kept in the probe sonicator system (Labman Pro650, Labman Scientific Instruments Pvt.
Ltd., Chennai, India) with frequency 20-25 kHz and 6 mm probe. The settings for the
probe sonicator are pulse rate (3 sec on/off), power 585 watt and the cut off temperature
65 °C. Subsequently, a 7 mL NH4OH solution was added to the prepared solution and
sonicated for the next 5 min under the same conditions. The prepared solution was marked
as Solution A. Parallelly; solution B was prepared in 10 mL of DD water using a certain
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amount of sodium polyacrylate (C3H3zNaO;), as CA. Finally, solution B and 0.2 gm C-dots
(pre-synthesized using cow milk) were mixed with solution A under vigorous sonication
for 10-15 min. The resultant solution was filtered and continuously washed with DD water
and acetone till pH-7 was achieved. The prepared sample was dried in an oven at 70 °C
for 12 h to obtain Fe30,@PSA-C hetero-structure nanoparticles in pure blackish powder
form [34].

3.2. Characterization of Fe-Carbon Dots

The prepared samples were structurally characterized by an X-Ray diffractometer
(XRD, MiniFlex 600, Rigaku, Japan). The measurements were carried out at room tempera-
ture using a CuK 4 radiation source (A = 1.5406 A, operated at 40 KV and 40 mA). The data
were collected in the range 20 = 7° to 90° with a step size of 0.02° and 1.2 s count time at
each step. Scanning electron microscopic images were recorded by using a Zeiss Ultra scan-
ning electron microscope (SEM, JSMIT200, JEOL, New Delhi, India) operated at 10-15 kV.
Raman spectroscopy was carried out in the backscattering configuration (LabRAM HR,
HORIBA India Private Limited, Kolkata, India) with a charge-coupled device detector
and 532 nm Laser excitation sources. The Laser power was kept below 10 mW in order to
avoid any sample heating. The vibrational properties were characterized by Fourier Trans-
formed Infrared (FTIR) spectroscopy performed on a spectrum BX-II spectrophotometer
(PerkinElmer, New Delhi, India) with a spectral resolution of 1 cm~!. The FTIR measure-
ments of all the samples were done in the reflectance method in the wavenumber range of
400-4000 cm ! at room temperature. The optical properties of the synthesized samples
were analyzed by using a LABMAN-900S UV-visible spectrometer (Labman Scientific
Instruments Pvt. Ltd., Chennai, India).

3.3. Construction of Electrodes

A titanium horn edge sonicator was used to disperse the Fe304-carbon dots in 50 mL
of deionized water (Piezo-U-Sonic, Kolkata, India). After 3 h of sonication, the composite
mixture was transferred to 0.5 mL of 5% polyvinyl alcohol (PVA) and sonicated for an-
other 30 min. The Fe;0O4@PSA-C concentrations in the composite mixture were kept at
0.25 mg/cm?, 0.5 mg/cm?, 0.75 mg/cm? and 1 mg/cm?, respectively. Clumps of graphite
sheet with an approximate contact area of 9 cm? (3.0 cm x 3.0 cm) were washed in 1 M HCL.
These pieces were sonicated for 30 min with distilled water to remove adhering particles,
then rinsed multiple times using distilled water and 35% ethanol, followed by thermal
treatment in a muffle furnace for over 30 min at 400 °C. A fabricated graphite sheet was
submerged in the combination above of Fe-Carbon dots in a new Petri plate overnight at
60 °C to generate Fe30,@PSA-C-modified anodes (FCDMA). A raw graphite sheet anode
was made using the same procedure but without including Fe;0,@PSA-C in the solution.
The redesigned anodes were heated in a hot air oven at 60 °C for 24 h. Measurement of
dried anodes provided the correct surface mass deposition of Fe304@PSA-C mixture of
raw graphite sheet.

The MFCs’ air cathodes were constructed using stainless steel (SS) wire mesh potential
collectors (6 cm x 6 cm). Pt-C catalysts (0.5 mg/ cm?, Sigma-Aldrich, St. Louis, MO, USA)
and 33.33 L/cm? PDMS (Polydimethylsiloxane) adhesive were combined in acetone and
coated on SS wire mesh. Fabricated air cathodes were heated for 6 h at 80 °C in a muffle
furnace before being stored in a desiccator for MFCs [35].

3.4. MFC Fabrication and Operation

Acrylic sheets were used to make five comparable single-chambered MFCs with
a 30 mL anodic chamber size. In such MFCs, four FCDMA (with different amounts of
Fe304@PSA-C) and a raw graphite sheet anode (reference) were utilized, with the rest of the
constituents remaining the same. MFC-1, MFC-2, MFC-3, MFC-4, and MFC-5 were assigned
to MFCs that used raw graphite sheet, Fe30,@PSA-C (with 0.25 mg/cm?, 0.5 mg/cm?,
0.75 mg/cm?, and 1 mg/cm?) covered anodes, respectively. The anodic chamber and
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cathode of MFCs were separated by a 16 cm? cation exchange membrane (Ultrex, Ventura,
CA, USA), which allowed H* ions to move from the anodic chamber to the air-cathode
interaction junction. High-quality concealed copper wires were employed to connect the
anode and cathode over a 100 Q) applied load. Shewanella putrefaciens MTCC 8104, an EAB,
was used as an inoculant in the anodic chamber [36]. Twenty milliliters of inoculum was
used as an inoculant in the anodic chamber of each MFC [37].Synthetic effluent containing
3 g/L sodium acetate and an adequate feeding media were supplied to the MFCs [36,38].
At the top of the anode chamber, there were two ports: one for the electrode terminal and
the other for the reference electrode (Ag/AgCl, saturated KCl; +197 mV, Equiptronics,
Mumbai, India) for sampling [39]. In the testing, five single-chambered MFCs with varied
customized anodes were employed. However, the performance results may be trusted
because the tests were done in triplicate for many feed gaps. These MFCs were kept in a
batch mode with a three-day fresh eating interval at ambient temperatures varying from 33
to 37 °C.

3.5. Computation and Analysis

A digital multi-meter was utilized to record current output daily (HTC 830L). The
polarisation experiment was conducted with the help of a data logger and a variable
external resistance stage. The impedance ranged from 20,000 2 to 5 (), and the related
power was measured for at least 30 min (Agilent 349704, Selangor Darul Ehsan, Malaysia).
The power density in proportion to the expected surface area of the anode was calculated
using Pd (mW/m?) = EI/A, in which E and I are voltage and current, respectively, connected
to specifically applied loads, and A is the anode surface area. The inherent resistance of the
MEFC was calculated using the current interruption method [39].

3.6. Analyses of Improved Anodes

The physical characterization of several anodes after remodeling and during biofilm
growth on the relevant anodes while performing was carried out using a scanning electron
microscope (SEM, ZEISS, Oberkochen, Germany).

3.7. Electrochemical Analysis

Electrochemical methods like electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry were used to investigate the anodic degradation kinetics of the different
anodes used. Each MFC’s platinum rod and anode were used as counter and operating
electrodes in EClab electrochemical interrogations to analyze MFCs with a 3-electrode set-
up. The voltage and current related to the Ag/AgCl (+197 mV vs. SHE) counter electrode
w measured. The CV of the anodes was achieved by scanning the administered voltage
from —1 V to +1 V at a frequency of 10 mV /s. The EIS was performed using alternating
current (AC) at a rate of 100 kHz to 100 MHz and a voltage intensity of 5 mV. The EIS
spectra were modeled in an analogous network to determine charge transfer resistance
(R¢t) and solution resistance (Rg).

4. Conclusions

The present study used carbon dots coated Iron (II, III) oxide (FesO4@PSA-C) as a
biocompatible anode to enhance power generation in a microbial fuel cell (MFC).

The Fe;0,@PSA-C hetero-structure was synthesized by the hydrothermal-assisted
probe sonication method. The C-dots synthesis process was performed using the hydro-
thermal method, whereas further Fe304@PSA-C nanoparticle synthesis was completed
using the sonochemical method. Nanoparticles were characterized with XRD, SEM, FTIR,
and RAMAN Spectroscopy. The structural characterizations confirm the desired nanopar-
ticles” pure phase formation with crystallite sizes ranging between 10-30 nm. Different
concentrations of FesO4@PSA-C were coated onto graphite sheets and used as anodes in a
single-chambered air cathode MFC. A graphite sheet anode enhanced with a Fe;O,@PSA-C
combination was used to examine the building of a more bio-compatible anode for boosting
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MFC efficiency. Power density in MFCs using Fe3O4@PSA-C was 1.54 times greater than in
MFCs using raw graphite sheet anodes in a Shewanella -grown MFC.

The physical characterization of Fe3O4@PSA-C showed that the high surface area
and several active sites were responsible for increased adhesion and low activation energy
for the electroactive bacteria, thereby increasing the extracellular electron transfer. The
coupling of Fe3O4 with carbon dots enhanced hydrophilicity with only a few sheets of
flat Fe304@PSA-C, generating stronger stickiness and a broad contact surface for mi-
croorganisms to cling on the anode, resulting in better anode dynamics and efficiency in
MEFC. As a result, an anode made of carbon-based materials coated with Fe3O4@PSA-C
may be employed in MFCs to improve coulombic efficiency and collect more energy while
eliminating sewage in the anode compartment. The Fe30,@PSA-C-modified bio-anodes
were shown to boost the redox peak current during CV (Figure 6a). The im-proved redox
profile with modified bioanodes is thought to be owing to EAB’s intrin-sic capacity to
transport electrons from its OmcC to insoluble Fe(IlI) metal centers of Fe30,@PSA-C. A
capacitive anode modifier may provide a capacitive bridge between the EAB and the anode,
allowing the regulated passage of electrons from the EAB to the anode.

As a consequence, the larger the capacitance of the anode modifier, the better the
efficiency. The various valence metal centers of Fe304@PSA-C may act as a redox cou-ple
to link the EAB and anode interfaces. Furthermore, it is hypothesized that the con-stant
interconversion of Fe(Il) to Fe(IIl) contributes to transient electron storage through microbial
or electrochemical reduction/oxidation, resulting in an increase in transient charge storage
on Fe304@PSA-C loaded anodes. EIS analysis was used at OCP to investigate the interfacial
charge transfer activity of several bioanodes [40]. Nyquist charts depict the impedance
characteristics of all electrodes (Figure 5). CPE was uti-lized to analyze the varied resistive
and capacitive properties of bioanodes using an equivalent circuit consisting of Rs, Ret, and
Z,,. The presence of Fe ™3 and C-dot in re-dox active Fe;0,@PSA-C might be responsible
for improved charge transfer and consequently decreased Rt (Figure 6b). The half-cell
potential measurements show that at the same current, all MFCs with bare graphite sheet
anodes have equivalent half-cell potentials (Figure 7b, curve with solid symbol). Thus,
the discrepancies in power generation between these five MFC reactors were caused by
variances in cathode potentials (Figure 6b, curve with open symbol).
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Abstract: Biofuel is one of the best alternatives to petroleum-derived fuels globally especially in
the current scenario, where fossil fuels are continuously depleting. Fossil-based fuels cause severe
threats to the environment and human health by releasing greenhouse gases on their burning.
With the several limitations in currently available technologies and associated higher expenses,
producing biofuels on an industrial scale is a time-consuming operation. Moreover, processes
adopted for the conversion of various feedstock to the desired product are different depending upon
the various techniques and materials utilized. Nanoparticles (NPs) are one of the best solutions to the
current challenges on utilization of biomass in terms of their selectivity, energy efficiency, and time
management, with reduced cost involvement. Many of these methods have recently been adopted,
and several NPs such as metal, magnetic, and metal oxide are now being used in enhancement of
biofuel production. The unique properties of NPs, such as their design, stability, greater surface area
to volume ratio, catalytic activity, and reusability, make them effective biofuel additives. In addition,
nanomaterials such as carbon nanotubes, carbon nanofibers, and nanosheets have been found to be
cost effective as well as stable catalysts for enzyme immobilization, thus improving biofuel synthesis.
The current study gives a comprehensive overview of the use of various nanomaterials in biofuel
production, as well as the major challenges and future opportunities.

Keywords: nanoparticles; biofuel; transesterification; catalyst; immobilization

1. Introduction

It is very well known that the consumption of fossil fuels is increasing rapidly with an
increase in population growth rate and urbanization, leading towards the exhaustion of
petroleum-derived fuels in the near future. The limited availability of fossil fuels is a major
problem around the globe. Moreover, high dependency on petroleum-derived fuels has
raised many questions about its adverse effects on the environment, economy, and energy
saving. Therefore, significant research has been focused on the search for an alternative
source that can reduce the consumption of fossil-derived fuels [1].

Biofuels are considered as an alternative to fossil-based fuels and have gained world-
wide attention in recent years due to their distinct properties [2]. The production of biofuel
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is being carried out using many plant sources such as vegetables, corn, soybean, sugarcane,
palm oil, and Jatropha (used in Africa) as feedstock in almost every continent [3,4]. In
countries such as the USA and Brazil, bioethanol is successfully being applied as biodiesel
for otto-cycle engines in combination with gasoline [1]. Biodiesel on the other hand is an
important type of biofuel, having the capability to either substitute or replace fossil-based
diesel. The production of biodiesel is carried out through a trans-esterification process
using renewable bio lipids [5]. Some of the potential feedstocks used to produce biodiesel
are oil extracts of seeds or kernels of non-edible crops. An important non-edible oil plant is
Jatropha which is native to Central and South America and is being considered as a reliable
source for the production of biodiesel due to its high oil content [6]. In addition, edible oils
obtained from plants like sunflower, soybean, palm, etc. are also being used as substrates
for biodiesel production [7-9].

The use of nanotechnology and nanomaterials in biofuel research has risen as a promis-
ing tool in providing cost-effective techniques to improve production quality. There are
multiple advantages to using nanoparticles (NPs) over other sources for biofuel synthesis
due to their size and unique properties such as the high surface area to volume ratio
and special attributes such as a significant extent of crystallinity, catalytic activity, ad-
sorption capacity, and stability [10-12]. Carbon nanotubes and metal oxide nanoparticles
are generally used as nano-catalysts for biofuel production because of their additional
properties which aid in high potential recovery [13]. Nanotechnology in combination with
other processes such as gasification, pyrolysis, hydrogenation, and anaerobic digestion has
proven to be useful for the synthesis of biofuels [14,15]. The present review addresses the
advancement of NPs over biofuel production in terms of their applications and challenges,
with future perspectives.

2. Biofuel Types

Biofuels are generated from renewable sources, thus protecting the environment and
solving the problem of depletion of fossil fuels and are considered as an alternative to
fossil fuels. Biofuels are mainly divided into three main generations, namely first gener-
ation, second generation, and third-generation [16,17]. First-generation biofuel requires
edible sources such as vegetable oils, starch and sugar as raw material for conversion.
Microorganisms and enzymes are mainly utilized to act as a catalyst to convert saccharides
into alcohol during the fermentation process. Production of biofuel is low due to limited
feedstock supplies and the biofuel produced is costlier than that of petrol-based fuel. The
production of biofuels in the second generation is expensive and requires a non-edible
source for its production [18]. Third-generation biofuel requires advanced instruments
(Figure 1). Biofuel production in this type of generation is mainly from algal and lig-
nocellulosic biomass [19]. Advancements in each generation have led to the utilization
of non-usable biomass, making the production cost-effective and increasing the biofuel
production in lesser time. Therefore, to overcome these issues nanotechnology has been
employed for biofuel-based processes. Several biofuels such as biohydrogen, biodiesel,
bioethanol, biogas, etc.,have been produced with the application of nanotechnology. Two
main reactions, trans-esterification and esterification, are adopted for the conversion of
triglyceride to biofuels. Nano-catalysts such as nanotubes, nanosheets, and nanoparticles
are largely available from microbial fuel cells for biofuel generation.
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Figure 1. Representation of biofuel types and their sources.

3. Different Nanoparticles in Biofuel Production

Nanoparticles possess large surface area and super magnetic properties under the ap-
plied field which make them easier to separate from a biofuel cell and help in the recycling
of enzymes. Several nanoparticles are used for biofuel production and form a support
system for the catalyst to form a nano-catalyst. Some of these are magnetic nanoparticles
and carbon nanotubes (CNTs), which act as a support system for enzymes. Other than
these, metal, metal oxide, heterogeneous catalysts, acid-functionalized, etc. are used.

3.1. Carbon Nanotubes (CNTs)

CNTs are allotropes of carbon formed by rolling up sheets of graphene to a cylindrical
shape. Due to their potential in carrying redox reactions and electron transfer kinetics,
these nanotubes are primarily used in the fabrication of biosensors and microbial fuel
cells [20]. The CNTs are of two types, Multi-Walled Carbon Nanotubes (MWCNTs), having
multiple layers of graphene, and Single-Walled Carbon Nanotubes (SWCNTs), consisting
of a single atomic layer of carbon atoms [21-23]. CNTs have characteristic features such
as stability, high surface area, and less toxicity, and are used as a catalyst for biofuel
production. Various studies have been performed on CNTs for biofuel synthesis. As
their precursors are renewable, CNTs emerged as a promising nanomaterial because of
their cost-effectiveness [24]. Liu et al. reported that the addition of 100 mg/L CNTs
into anaerobic sludge blanket (UASB) reactors enhanced biohydrogen production with
a production rate of 5.55 L/L/d and hydrogen yield of 2.45 mol/mol glucose [20]. The
addition of CNTs during the anaerobic digestion process resulted in a reduction of start-up
period and enhanced performance as compared to other activated carbon (AC) particles.
In a similar kind of study, the immobilization of Enterobacter aerogenes over functionalized
multi-walled carbon nanotube (MWCNT-COOH) enhanced the hydrogen production rate
(2.72 L/L/h), hydrogen yield (2.2 mol/mol glucose), and glucose degradation efficiency
(96.20%) in comparison to the free cells [25]. The immobilization process also reduced the
lag phase duration of the anaerobic digestion process as compared to the free cell. There
are different ways to synthesize CNTs, such as chemical vapor deposition, laser removal,
arc discharge, etc. These particles are made up of graphite sheets rolled up into round and
hollow shapes and are used for enzyme immobilization [26]. CNTs have a high capacity for
loading enzymes due to their large surface area [27]. Enzymes can be immobilized on CNTs,
thereby increasing the reusability and maintaining the catalytic activity of the immobilized
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enzyme [28-30]. It has been shown that MWNTs functionalized with amino groups improve
the thermal stability of CNT [31]. Furthermore, usage of CNTs in biofuel generation
increases the overall enzyme concentration and some properties of CNTs, such as porosity
and conductivity, make it an important candidate for enzyme immobilization [1]. It was
reported that functionalization of carbon nanotubes with ferrocene (Fc) and 2, 2’-azino-
bis (3ethylbenzothiazoline-6-sulfonate) diammonium salt (ABTS)as mediator improves
the catalytic activity in comparison to a glass carbon electrode, and maximum power
output was also found to be 100 times greater than that of a carbon electrode without the
incorporation of nanotubes. Here, ferrocene was utilized as an anodic mediator and ABTS
as a cathodic mediator on the developed CNTs. 100 ptWem~2 power was generated when
both anode and cathode were paired with nanostructures and their suitable mediators [32].

In another study conducted on Multi-Walled Carbon Nanotubes (s-MWCNTs), these
were sulfonated, turned to ss-MWCNT and tested for different parameters such as possess
high catalytic activity [29]. In just half an hour from 1.5-2.0 h, 95.12% methanol was
converted to oleic acid at temperature 210°C when increased from 180°C using s-MWCNT
as a catalyst. The stability of carbon nanostructures was demonstrated after treatment with
H,S04, where no effects on the structure of carbon nanotubes were found. Additionally,
a coupled reaction was performed to produce oleic acid, first when only the reaction
was carried out, and later when the equilibrium was shifted by removing water. The
first reaction was stopped after 4.5 h, while the coupling reaction stopped after 1.5 h
and methanol recycled from each process was again reacted for a further 3 h to give
95.46 wt.% yield from the first process and 98.28 wt.% from the latter. Again, the reaction
continued, for 1.5 h for the first process, but the yield remained unchanged, and for the
coupling reaction the yield increased to 99.10 wt.% in just 1 h [33].

In several investigations, it was observed that MWCNTs functioned better than SWC-
NTs due to enzyme immobilization being consistent with their structural configuration,
which increased the catalytic activity of the immobilized enzymes. MWCNTs surpassed
the cellulose hydrolysis from Aspergillus niger with an efficiency of 85-97% and maintained
their recyclable potential at 52-75% following 6 cycles of hydrolysis [34,35].

3.2. Magnetic Nanoparticles

Enzymes like cellulases and lipases are frequently used in the biofuel industries [36,37].
Many studies on magnetic nanoparticles suggest that they play an important role in the
immobilization of enzymes for biofuel generation. Enzymes can be reused after immo-
bilizing them to a support matrix coated with certain nanomaterial and this process is
suitable for hydrolysis of lignocellulosic biomass [38]. The immobilization of enzymes
used for hydrolysis of lignocellulosic biomass can be improved by altering various prop-
erties of enzymes [39]. The super magnetic property of magnetic nanoparticles is useful
in the separation of immobilized enzymes, thus increasing reusability [40]. Many such
attempts have been made to immobilize cellulose on magnetic nanoparticles for hydrolysis
of biomass [41].

CaS0,/Fe;O3-5i0; NPs are being used in a study to demonstrate biodiesel production
from Jatropha curcus [42]. The pore size of nanoparticles is measured at 90 nm and a volume
of 0.55 cm®/g with a high surface area of 391 m?/g. In optimum conditions, biodiesel
production from crude Jatropha is measured at 94%, but after four cycles, it decreased
to 85% and then gradually decreased further due to the inactivation of the nanoparticles.
Further investigation was done to find the reason behind the inactivation of NPs. The
results showed that the deposition of components of the reaction medium was blocking
the pores after the fourth, seventh and ninth cycles. The surface area was also reduced to
252 m2/ g, which was less than earlier.

In another study, Fe304-NH; and reduced graphene oxide were incorporated into ani-
line for the formation of a nanocomposite, a polyaniline (PANI) matrix. The nanocomposite
is shown to have improved the function in bio-electro catalysis of glucose oxidase. Investi-
gation of the performance of rtGO/PANI/f-Fe304/Frt/GOx, a bio anode, was carried out.

57



Catalysts 2021, 11, 1308

Glucose oxidase immobilized on rtGO/PANI/f-Fe304 showed a very high catalytic current.
Furthermore, reduced graphene oxide coated with PANI has a high surface area and a high
electrical conductivity. The results have demonstrated that the nanocomposite is efficient in
electron transfer. When applied to an enzymatic biofuel cell (EBFC), the maximum current
produced was 32.9 mA cm~2at a glucose concentration of 50 mM [43].

In biodiesel production, magnetic nano ferrites doped with calcium have been ob-
served to have a significant effect, enhancing production yield by almost 85% from soy-
bean cooking oils [44]. It was demonstrated that employing sugarcane leaves and MnO,
nanoparticles increased bioethanol production. At various stages, it catalyzed this process.
Sugarcane leaves are transformed to bioethanol in this technique and due to their large
surface area, MnO, nanoparticles are accountable for the binding of enzymes to their active
sites, improving ethanol synthesis [45]. It was discovered that the immobilization of yeast
cells on the magnetic nanoparticles resulted in the higher production of ethanol [46,47].
Previous research has demonstrated the potential of implementing MNPs to hydrolyze the
microalgae cell wall by immobilizing cellulase on MNPs accompanied by lipid extraction
(Figure 2) [48]. Mahmood et al. studied the effect of iron nanoparticles addition over
anaerobic digestion and hydrogen production using an aquatic weed, water hyacinth
(Eichhornia crassipes) as the substrates [49]. Results of this study revealed that a specific
concentration of iron nanoparticles enhanced the hydrogen yield reaching 57 mL/g of
the dry weight of plant biomass. The enhancement of hydrogen production while using
glucose as the substrate has also been reported in some studies [50,51]. In addition to
zero-valent nanoparticles, iron oxides nanoparticles, such as Fe;O3; and Fe3O4 have been
explored for the production of biohydrogen using glucose, wastewater, and sugarcane
bagasse [52-54]. Nano zero-valent iron (nZVI) and Fe,O3; have also been explored for
the enhancement of biogas production using waste-activated sludge [55]. The addition
of 10 mg/g of total suspended solids (TSS)nZVI and 100 mg/g TSS Fe,O3NPs increased
the methane production by 120% and 117% of control. These results confirmed that the
addition of a low concentration of NPs promoted microbial growth as well as activities of
key enzymes, leading to higher biogas production.
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Figure 2. Biofuel production with the use of cellulase incorporated in MNPs (magnetic nanoparticles) to break down cellulose.
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3.3. Acid Functionalized Nanoparticles

The potential pre-treatment strategies for lignocellulosic biomass include different
methodologies based on acid and base. In this context, acid-functionalized nanoparticles
are believed to play a key part in the hydrolysis of different biomasses, which are further
used for bio-fuel generation. Transesterification and esterification methods are generally
employed for triglycerides and fatty acids, respectively, and by making use of acid and
base catalysts to improve reaction for FAME (fatty acid methyl ester)biodiesel production
(Figure 3). The base-catalyzed process is somewhat easier than the acid-catalyzed process.
On the other hand, acid-catalyzed reaction processes are cheaper in terms of the biomass
they utilize [56].

O
"
R-C-O-CH;

R-C-O-CH
O
"
R-C-O-CH;

o
Nano G [
+ 3MeOH ——2 —20 5, 3 R-C-O-CH3 +| Glycerol
Room

temperature | Biodiesel

l Triglyceride l

Figure 3. Preparation of FAME (fatty acid methyl ester)Biodiesel from Triglyceride.

According to Wang et al., silica-coated Fe/Fe3O4 MNPs assisted by sulfamic acid
and sulfonic acids have been used for biodiesel production [57]. Transesterification of
glyceryl trioleate and esterification of oleic acid have been carried out using sulfonic
acid-functionalized /sulfamic acid-functionalized magnetic nanoparticles. It has been
shown that 88% conversion of glyceryl trioleate in sulfonic acid-functionalized and 100% in
sulfamic acid-functionalized in trans-esterification process was achieved at 100 °C in 20 h
and it was 100% for oleic acid in just 4 h through an esterification process. Moreover, only
62% conversion was recorded when the sulfonic acid-functionalized catalyst was used,
and 95% conversion was achieved for the sulfamic acid-functionalized process in the fifth
cycle consecutively.

A recent study demonstrated the capability of nanotechnology by using acid-functionalized
magnetic nanoparticles (MNPs) as catalysts in the hydrolysis of cellobiose from lignocellulose
biomass. It was observed in the study that acid-functionalized MNPs with a 6% sulfur concentra-
tion resulted in 96% conversion of cellobiose, higher than the traditional conversion of 32.8%, in
the absence of the catalyst [58]. Due to their nano-catalyst characteristics for the immobilization
of various enzymes, these acid functionalized MNPs could accelerate the hydrolysis reaction.
Apart from this, the high surface-to-volume ratio of such MNPs promotes the hydrolysis rate
in comparison to the chemical pre-treatment. It was revealed that sulfonate-supported silica
MNPs may be used to hydrolyze lignocellulose biomass, making them viable hydrolysis cata-
lysts. Furthermore, these nanoparticles are thermally stable and can be easily separated from
reaction mixture [59]. Enzymes associated with the production of biodiesel or bioethanol can be
immobilized using MNPs as a medium. MNPs’ strong coercivity and paramagnetic properties
during the methanogenesis process also make them suitable for biogas production [60,61].

3.4. Metallic Nanoparticles

Although metallic nanoparticles have not been explored widely, various studies have
been performed to check their efficiency in biofuel production. Metallic NPs are known for
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their higher surface area and nano-size that enable many enzymes such as oxidoreductase
to bind with magnetic nanoparticles, consequently improving electron transfer [62]. Many
catalytic nanoparticles have been constructed for a higher rate of ion transfer and oxygen
reduction rate activity. It has been hypothesized that metallic NPs may be incorporated
in a structured way to enhance electrocatalytic activity and creating a biofuel cell with
high loading capacity and good electron transfer rate when employed in a layer-by-layer
assembly with suitable polymers and enzymes [63].

Hybrid nano-catalysts have been designed using metallic NPS of gold, platinum, and
Pt0.75-Tin0.25 by installation in acid-functionalized Multi-Walled NCTs, whereas gold NPs
were encapsulated in poly (amidoamine) PAMAM dendrimer structure in another method.
HR-TEM analyses have shown that dendrimer encapsulated NPs are highly arranged and
very efficient. Biofuel cells have been configured with gold, platinum, and Pt0.75-Tin0.25
supported by MWCNTs, whereas gold NPs demonstrated great electrical conductivity
and biocompatibility, and better catalytic activity than platinum NPs. The combination of
platinum and tin NPs showed high oxidation activity for ethanol [64].

In another study, gold NPs were synthesized via laser ablation in an aqueous solution,
which demonstrated good catalytic activity even on the 10th cycle, with great electrocat-
alytic efficiency. The LA-Au NPs outperformed, even with a lower surface area. This makes
LA-Au a suitable candidate for biofuel cell development [65].

Various forms of nanomaterial have been used for the synthesis of biohydrogen. Gold
nanoparticles (5 nm) improve substrate utilization capacity by 56% and boost biohydrogen
generation rate by 46% [66]. Because of their smaller size and larger surface area, Au
nanoparticles facilitate biohydrogen generation by adhering microbial cells to active sites.
These nanoparticles also increase the enzymatic activity in the biohydrogen synthesis
machinery, which is essential for biohydrogen production. Silver nanoparticles have also
been observed to optimize substrate utilization which in turn promotes biohydrogen
production. These nanoparticles shorten the lag period of bacterial and algal development
while also activating the acetic reaction, which is the primary biohydrogen generation
pathway. In photosynthetic microbes, nanoparticles promote the synthesis of biohydrogen.
Nanoparticles added to the growth medium improve microbial growth, physiological
processes and photosynthetic efficiency, protein synthesis, and nitrogen metabolism and.
as observed in Chlorella Vulgaris, the optimal concentrations of Ag and Au nanoparticles
increased its photosynthetic activity [67]. It has been demonstrated that the addition of
zerovalent iron nanoparticles enhances biogas generation from waste matter [68,69]. Nickel
nanoparticles have also been widely utilized in the hydrogenation process for converting
glucose into sorbitol [70].

3.5. Metal-Oxide Nanoparticles

The synthesis of metal oxide NPs is fundamental for successful application and
solution phase methods that give a great deal of control over the synthesis product. Metal
oxide NPs are frequently arranged using the sol-gel technique, where the reaction is
stopped before gelation occurs, like precipitation strategies. The properties of NPs are
ascertained by the development, nucleation, and aging mechanisms.

Metal oxide NPs are known for their uses in sensors, catalysis, natural remediation,
and electronic materials. Metal oxides have been used for the conversion of vegetable oil to
biofuel. The metal oxides used as a catalyst are KOH, MoOj3, ZnO, V,05, Co304, and NiO,
and have the capacity to catalyze the transformation of oil into organic liquid products [71].

Metal oxides have been used as a support system with high catalytic activity but lower
selectivity. Production of biodiesel has been carried out with the use of nano-catalysts CaO
and Al,Os3. Jatropha oil has been a good source of feedstock and biodiesels are synthesized
by the process of transesterification with 82.3% yield using methanol and oil [72].

The metal oxide catalyst of ZrO, has been shown to employ both esterification and
transesterification contemporaneously using a mixed feedstock of free fatty acids and
soybean oil. ZrO, has been reported as highly stable, hard, and having both acidic and
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basic properties. The yield of fatty acid methyl ester (FAME)of 89-86% has been shown in
both contemporaneous processes. The higher temperature condition for the metal oxide
catalyst of ZrO, has been reported to achieve higher FAME yields [73]. Moreover, other
NP catalysts such as MeO-SBA-15, ZnO-SBA-15, La;O3-SBA-15, etc., have been used to
increase the biofuel production from waste cooking oils [74].

In biohydrogen production via the dark fermentation process, silica (SiO,) nanopar-
ticles have been employed. The nanocomposite produced by the combination of SiO2
nanoparticles with iron oxide (Fe304) has higher catalytic activity and stability, hence mak-
ing them increasingly significant in biohydrogen production. Moreover, these nanocom-
posites provide additional advantages such as stability at high temperatures and low
toxicity [75-77]. It has been reported that, with the addition of Fe304/ZnMg(Al)O nanopar-
ticles, biodiesel productivity increased [78]. Nanoparticle functionalization is another
process for increased biodiesel production. For example, Fe304/SiO, nanoconjugates
can be used in biodiesel synthesis. Using nano-conjugates, biodiesel production can be
increased by up to 97.1%. Various types of cooking and algal oils have been utilized in
this technique and, with the availability of these ion-silica nanocomposites, algal oils have
a high productivity rate [79]. Si-NPs are often deposited on the surface of nanoparticles
for the immobilization of lignocellulolytic enzymes such as cellulase. Si-NPs have been
shown to increase catalytic activity in the synchronous saccharification step for bioethanol
synthesis using Trichodermaviride cellulose [80].

4. Nanoparticles in Heterogeneous Catalysis

Heterogeneous catalysts have emerged as an advancement on homogenous catalysts
as they do not need too much water and are easy to separate from the reaction mixture [81].
The heterogeneous catalyst has been used for biofuel production [82,83]. Their separation
is easy, and one can obtain contaminant-free products, which are normally non-corrosive,
eco-friendly, and with high selectivity and long lifetimes. In some studies, the conversion
of lignocellulosic biomass to biofuel has been demonstrated using NPs as heterogeneous
catalysts [84]. The catalytic activity and selectivity of dispersed metal nanoparticle cat-
alysts in heterogeneous catalysis were improved by using hybrid support made up of
metal-organic framework (MOF) crystals and partially reduced graphene oxide (PRGO)
nanosheets. Palladium nano-catalysts incorporated into a 3D hierarchical nanocomposite,
Pd/PRGO/Ce-MOF, consisting of a Ce-based MOF wrapped in thin PRGO nanosheets,
providing a heterogeneous tandem catalyst for the hydrodeoxygenation of vanillin, a
common component in lignin-derived bio-oil, under mild reaction conditions. The devel-
oped heterogeneous catalyst Pd/PRGO/Ce-MOF has been shown to maintain its optimal
catalytic activity and selectivity over four runs [85].

5. Applications

Biofuel as an alternative fuel source has many applications in various sectors glob-
ally. It may alleviate the problem of the constant degradation of petroleum-derived fuel.
Nano-catalysts can increase the catalytic activity of biofuel-based reactions. These nano-
catalyst/particles are of various types and have been developed continuously for their
incorporation into biofuel cells as discussed in the above sections.

5.1. Biohydrogen Production

Generally, two different fermentation methods, i.e., (i) photo fermentation and (ii) dark
fermentation are utilized for biological hydrogen production. Photo fermentation is carried
out by microorganisms such as cyanobacteria and green algae in the presence of sunlight
and water during the oxygen photosynthesis process. In the case of dark fermentation,
anaerobic bacteria play a major role in the degradation of substrate or biomass for the
production of biohydrogen [86,87]. Although this method is the most commonly adopted
for the production of biohydrogen, the formation of by-products during the fermentation
process inhibits the hydrogen production. Low hydrogen yield, the major limitations of this

61



Catalysts 2021, 11, 1308

process can be solved by the application of nanoparticles. The unique physical and chemical
properties of the nanoparticles have diversified their application in dark fermentation
process leading to enhancement in hydrogen production. Several metal (Ag, Au, Cu, Fe,
Ni) and metal oxide (Fe;O3, Fe304,TiO;) nanoparticles have been successfully explored
over the last few years. A summary of the application of various NPs in biohydrogen
production is given in Table 1.

Table 1. Summary of application of nanoparticles in biohydrogen production process.

. Substrate/ . -
Nanoparticles Feedstock Reaction Conditions Summary Reference

Higher hydrogen yield (2.48 mol/mol
glucose) observed compared to blank.

Mixed culture; pH-8.5; Reduction in lag phase observed with

A8 Glucose temperature 95 °C; addition of Ag NPs. 156]
pmy Reduction in ethanol production observed in
presence of Ag NPs.
. . . The hydrogen production rate reached
Au Acetate Anaerobic sludge; pfl 7.2; 1052 mL/L per day with the addition [87]
temperature-35 °C
of Ag NPs.
Maximum cumulative hydrogen production
Artificial Anaerobic culture; pH-7.2; 4.48 mol per mol sucrose achieved with 5 nm
Au o Au NPs. [66]
wastewater temperature-35 °C . -
The conversion efficiency of sucrose to
hydrogen reached 56%.
The Cu-NPs were found to have a more
Enterobacter cloacae 811101 and inhibitory effect on biohydrogen production.
Clostridium acetobutylicum Addition of Cu NPs in fermentative process
Cu Glucose NCIM 2337; pH-7.0 (E. cloacae), 6.0  showed higher inhibitory effect than the [88]
(C.acetobutylicum);temperature— CuSOy supplementation.
37 °C;duration-24 h Cu NPs with concentration less than
2.5 mg/L enhanced hydrogen production.
The hydrogen and biogas yield of the control
Anaerobic sludge, pH-5.5; test were 247 and 391 mL/g VS, respectively.
Fe Glucose temperature-37 °C Addition Ni?* ions improved hydrogen [89]
production by 55%.
Water Mixed culture and Clostridium A maximum hydrogen yield 57mL/g of the
Fe hvacinth butyricum TISTR, plant biomass equal to 85.50% of the [35]
y temperature-35 °C; duration—4 days  theoretical maximum is obtained.
Supplementation of Fe NPs significantly
improved the hydrogen yield.
Enterobacter cloacae DH-89, pH-7.0; A maximum Hj yield 1.9 mol mol™1 glucose
Fe Glucose o - . .r. [51]
temperature-37 °C utilized was observed with addition of
100 mg/L FeNPs, which increases the glucose
conversion by two-fold.
Ni-Gr NC dose of 60 mg/L exhibited the
. Anaerobic sludge; pH-7.0; highest 1mprovement (105%) in
. Industrial o H, production.
Ni temperature-55 °C; . . o [90]
wastewater . Hj production was improved by 67%
rotation—180 rpm . .
compared with supplementation of
Ni nanoparticles.
Maximum hydrogen yields 2.07 mol Hp /mol
glucose and 5.44 mol Hy /mol sucrose were
. . achieved with addition of 125 mg/L and
Iron oxide Glucose E. cloacae 811101; pH~7.0; 200 mg/L iron oxide NPs. [91]

a7 oC. CON .
temperature-37 °C; duration—24 h; Enhancement of hydrogen production was

higher with addition of iron oxide NPs
compared to ferrous iron supplementation.
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Table 1. Cont.

Nanoparticles IS:::;:IEZT(/ Reaction Conditions Summary Reference
Maximum hydrogen yield reached 1.92 mol
Anaerobic sludge; pH-5.5; H,/ r?ol glucose with a hydrogen content
Fe; O3 Glucose temperature—60 °C; of 51%. . [52]
. ! Metal NPs are not consumed by the microbes
rotation—-150 rpm
and only act as hydrogen
production enhancer.
The maximum hydrogen production rate and
specific hydrogen yield reached 80.7 mL/h
Mixed culture; pH-6.0; zzd ﬁiii:&tgi /0%: Iig? with
Fe304 Wastewater temperature-37 °C; H'pﬁ lati | ) f hvd [53]
rotation-200 rpm ighest cumulative volume ot hydrogen
(380 mL), hydrogen content (62.14%) and %
COD reduction (72.5) was obtained under the
optimal conditions.
Addition of 200 mg/LFe?* and magnetite
NPs enhanced the HY by 62.1% and
FeO Sugarcane Anaerobic sludge; pH-5.0; 69.6%, respectively. [54]
34 bagasse temperature-30 °C Highest hydrogenase gene activity was
confirmed by immobilized cultures on
magnetite nanoparticles.
Hydrogen production rate enhanced by
1.54 fold and duration by 1.88 fold in the
TiO, Malate R. sphaeroides NMBL—OZO; pH-8.0; presence of 60 mg/mL of TiO, NPs in [92]
temperature-32 °C comparison to the control.
Maximum hydrogen production 1900 mL/L
with 63.27% malate conversion achieved.
5.2. Effectiveness of Nanoparticles in Biogas Generation for Industrial Benefits
Biogas generation has four main phases: (a) Hydrolysis, that converts organic waste
into simple monomeric or dimeric units, (b) Acidogenesis, where the hydrolysis product is
utilized for the fermentation, (c) Acetogenesis, which leads to the formation of acetate with
H; and CO;, and (d) Methanogenesis, which is the final stage where methane is produced
from the early generated acetate, H; and CO, [93]. Nanotechnology plays an important role
in biogas and methane production as it has a bio-stimulating effect on the methanogenic
phase. Some studies have suggested that trace element-based NPs (Co, Fe, Fe3O4 and Ni)
at various levels of concentration with significant particle size decrease the duration of lag
phase as well as the time taken to attain the peak conversion rate [94]. Nano zero valence
iron (NZVI) has been shown to affect the anaerobic digestion by increasing the production
of biogas and methane. Moreover, NZVI stimulates the methanogenesis in the process of
AD while inhibiting dichlorination [95]. Different types of NP have demonstrated their use
for the synthesis of biogas (Table 2).
Table 2. Summary of application of nanoparticles in biogas production process.
Nanoparticles Substrate/Feedstock  Reaction Conditions Summary Reference
Addition of 2 mg/L Ni NPs enhanced the
biogas production by 1.74 times in
Temperature-37 °C; comparison to control.
Ni Manure slurry rotation-20 rpm (in The methane volume increased by 2.01 times. [94]

1 min interval) Highest specific biogas (614.5 mL per g VS)
and methane (361.6 mL per g VS) production

were attained with 2 mg/L Ni NPs.
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Table 2. Cont.

Nanoparticles Substrate/Feedstock  Reaction Conditions Summary Reference
Addition of 10 mg/g total suspended solids
T 0. (TSS)nZVI increased methane production to
Nano zero-valent Waste empgrature—35 G 120% of the control.
. . rotation—120 rpm; . [55]
iron (nZVI) activated sludge duration—30 davs Low concentrations of nZVI promoted a
ura y number of microbes (Bacteria and Archaea)
and activities of key enzymes.
Methane yield enhanced by 25.2% in the
presence of nZVI.
) COD removal efficiency was 54.4% in
pH-7.0; resence of nZVI, higher compared to
nZVI Sewage sludge temperature-37 °C; P oy & P [96]
duration-30 days control (44.6%).
The addition of nZVI showed positive impact
on the removal of chlorinated pharmaceutical
and personal care products.
. Temperature-37 °C; Methane content was stimulated up to 88%
nZVv1 Domestic sludge dulztion—lél days with addition of nZVL F 571
Temperature-37 °C; lz;‘;.dclition ocf1 1 Ir.lg/ ]1; Nli Igfs enhffmced the
Co Manure slurry rotation—20 rpm 108as pro uction by 1.62 times in [94]
(in 1 min interval) comparison to controll. .
The methane volume increased by 1.86 times.
Cu NPs caused severe
pH-7.2; methanogenic inhibition.
Cu Granular sludge temperature-30 °C; The 50% inhibiting concentrations determined [98]
rotation-120 rpm towards aceto-clastic and hydrogenotrophic
methanogens were 62 and 68 mg/L.
100 mg/L Zn?* exhibited 53.7% reduction in
700 Waste activated Temperature-37 °C; methane production compared to control. [99]
Sludge duration-14 days Less VFA consumed during methanogenesis
when more ZnO ENMs were present.
The 50% inhibiting concentrations
determined towards aceto-clastic and
pH-7.2; hydrogenotrophic methanogens were 87 and
ZnO Granular sludge temperature-30 °C; 250 mg/L. [98]
rotation-120 rpm Methanogenic inhibition is due to the release
of toxic divalent Zn ions caused by corrosion
and dissolution of the NPs.
Increase in CuO NP concentration from 5 to
1000 mg per gTS, and an increase in the
inhibition of AD from 5.8 to 84.0%
CuO Municipal waste Temperature-35 °C was observed. [100]

activated sludge

ECs5( values of short- and long-term
inhibitions were calculated as 224.2 mg CuO
per g TS and 215.1 mg CuO per g

TS, respectively.

5.3. Bioethanol

In contrast to petroleum derivatives, NPs have been utilized to improve gas-liquid
mass transfer, which in turn improves cell mass concentration for the generation of
bioethanol by syngas fermentation [101]. Bioethanol is considered a reasonable and eco-
accommodating biofuel. It has been reported that bioethanol is has favorable chemical prop-
erties such as high dissipation enthalpy and a high-octane number. Currently, bioethanol
is delivered from edible and non-edible vegetable oils, squander materials, algal, and
bacterial biomass. Initially, microalgae have been a good source of bioethanol in terms
of their quantity [102-104]. Genetically engineered microorganisms have been shown to
produce a higher quantity of bioethanol than normal microorganisms [105]. Different types
of NP have growing applications in the generation of bioethanol. Practically, it has been
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shown that MnO, nanoparticles increase the production of bioethanol utilizing agricultural
waste and sugarcane leaves [46]. Various NPs utilized in ethanol production are shown in
Table 3.

Table 3. Summary of application of nanoparticles in bioethanol production process.

. Substrate/ . -
Nanoparticles Feedstock Reaction Conditions Summary Reference
59.96% enhancement in
S. cerevisia? §Y4.743; Instantapeous bioethanol production.
NiO Potato saccharlﬁcatlonfermentat;on Addition of nanoparticle improved [106]
peel waste (NIISF); temperature—'37 C bioethanol productivity by 145% and
rotation—120 rpm, duration-24 h acetic acid concentration by 110%.
Maximum ethanol yield of 0.26 g/g,
o 0.22 g/L/h ethanol productivity and
Potato Saccharomyces cerevisine BY4743; 51% fermentation efficiency at
NiOand Fez0y4 peel waste temperature-30 °C; 0.01 Wt%. [107]
rotation-120 rpm; duration-72h o 1 ,60-fold and 1.13-fold using NiO
and Fe30O4 NPs, respectively
e  Maximum ethanol yield of
0.0359 g/g of dry weight-based
plant biomass was obtained at
Fusariumoxysporum;temperature— 200 mg/L conéentration of
ZnO Rice straw 20 to 25 °C; pH-6.0 to 8.0; rotation ZnO nanoparticles. [108]
~100 to 200 rpm; duration —72 h e  Characterization of nanoparticles
was carried out using UV-Vis
spectroscopy, FTIR, XRD, SEM, TGA
and DTA analysis.
e  Ethanol productivity reached
. Immobilized Saccharomyces 264 g/L.h.
Magne’Flc Corn starch cerevisiae; pH—4.0; e  The prepared immobilized cells were [47]
nanoparticles stable at 4°C in saline for more than

temperature —60 °C
1 month.

5.4. Biodiesel

Biodiesel has many promising future applications due to the emission of fewer pol-
lutants, is eco-friendly, and is produced from edible as well as non-edible oils. Oils are
converted to biodiesel through the process of transesterification. The process utilizes ho-
mogeneous and heterogeneous catalysts [109]. Nanomaterials have promising results in
biodiesel production. NPs can enhance the catalytic reaction during transesterification,
thereby improving the production of biodiesel [110]. It is reported that the biodiesel pro-
duction yield was enhanced in the presence of CaO based nano-catalysts as heterogeneous
catalysts [111]. Microalgae biomass was also reported as a potential source to produce
biodiesel [112]. Vegetable oils containing triglycerides have been utilized to produce
biodiesel, which acts as a substitute for diesel. The process of transesterification is carried
out to lower the viscosity of the vegetable oil [113].

Nanostructure provides emerging immobilization support due to the nanoscale size
and large surface area. Microbial enzymes such as lipase from Pseudomonas cepacia are
immobilized on the surface of nanoparticles and enhance the production of biofuel due to
an enhanced transesterification reaction. Fictionalization of the nanoparticle process also
increases the production of biodiesel. Nanoconjugates have also been shown to increase
the production of biodiesel. Iron-silica nanoconjugates such as Fe3O,/SiO, have emerging
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applications in biodiesel production [114]. In this process, various types of cooking and
algal oils have been used. Algal oils have a high yield production in the presence of
these iron-silica nanocomposites [79]. The use of different NPs in biodiesel production is
explained in Table 4.

Table 4. Summary of application of nanoparticles in biodiesel production process.

Nanoparticles Substrate/Feedstock Reaction Conditions Summary Reference

Biodiesel yield reached 94% under the
optimal conditions.
82% biodiesel yield was observed after

Temperature—65 °C;duration—

Fe304/ZnMg(A1)O Microalgal oil 3 h;methal;g?lto oil ratio: 7 times regeneration. [78]
’ Increase of the molar ratio of methanol
to oil increased biodiesel yield.
Dry cell weight increased by 177% and
Methanol/sulfuric 210% by adding SiO, and
Si0, and SiO,-CHj; Chlorella vulgaris acid-85:15 v/v;temperature— SiO,-CHj3 NPs. [115]
70 °C;duration—40 min Addition of NPs increased CO, mass
transfer rate.
Nano MgO alone is not capable of
For CaO: weight-1.5%; methanol to catalysing the transesterification
oil ratio-1:7; duration—6 h. reaction due to weaker affinity.
CaO and MgO Waste cooking oil For MgO: weight-3% (0.7 g of Nano ~ Nano MgO in combination with CaO [116]
CaO and 0.5 g of Nano MgO); increased the transesterification yield.
alcohol to oil ratio—1:7; duration-6 h.  The biodiesel yield reached 98.95%
of weight.
. Methanol to oil ratio-1:8; catalyst 95.20% higher blodl.esel yield was
Ni doped . . o observed under optimum conditions.
Castor oil loading -11% (w/w); s [117]
ZnOnanocatalyst B . . The reusability study of nano-catalysts
temperature-55 °C, duration-60 min .
showed efficient for 3 cycles.
Presence of Cu ions facilitated an
. Methanol to oil ratio-1:20; catalyst increase of 5.5-85% in the conversion
Nig5Zng5Fe; Oy i loadi o ’ values in methyl esters.
doped with C Soybean oi oading—4% (wt); Cu2* jons doping infl din th [44]
oped with Cu o . u~" ions doping influenced in the
temperature-180 °C, duration—-1 h, .
structure, morphology and magnetic
properties of nano-ferrites.
Methanol to oil ratio—-30.37:1; 96.2% yield of methyl ester was
. . catalystloading—1.5% (wt); achieved under optimum conditions.
Cao Bombaxceiba oil temperature—65 °C;duration— CaO-NPs reused for five consecutive (18]
70.52 min cycles with minimum loss of activity.
Methanol to oil ratio-9:1; catalyst The otl conversion was in the range of
. . . o 90-97% under optimum conditions.
Calcite/Au Sunflower oil loading: 0.3% (wt); [119]
o . The nano-catalysts were stable up to
temperature-65 °C;duration-6 h . .
10 cycles without loss of activity.
95.7% conversion of
sunflower oil achieved.
Methanol to oil ratio-12:1; catalyst ~ The prepared catalyst was stable for
MgO/MgAl,Oy4 Sunflower oil loading—- 3% (wt); 6 cycles. [120]
temperature-110 °C; time-3 h Size, shape and crystallinity of
catalysts are important parameters
affecting biodiesel production.
Methanlol tol oil Fatlo—(?]A:l (V_/ V)i 95.2% biodiesel yield was achieved
Hvdrotalcit ticl catalyst loading— 1% (wt); d timal conditi
ydrotalcite particles . 0. . under optimal conditions.
. Jatropha oil temperature—44.85 °C;duration— . [121]
with Mg/Al The catalyst showed reliable
1.5 h; anhydrous methanol-40 mL; .
L performance for 8 consecutive cycles.
sulfuric acid—4 mL
92.2% FAME conversion and 92% yield
I was attained within 5 h at 60 °C.
TiO;—ZnO Palm oil tem (eI;/getﬁ;aeI:g(IJESOO‘l’lCl?ggrji-(l);— 5h The synthesized catalysts were [122]
p ! characterized by XRD, FT-IR, and
FE-SEM.
Methanol to oil ratio-30:1; 93% F.AME yleld obsewed afte.:r'
temperature—65 °C; 120 min under optimum conditions.
CaO Rice bran oil . . The reusability of catalyst revealed that [123]
duration-120 min; . .
talyst loading = 0.4%(wt) the FAME yield decreased significantly
cataly ’ after fifth cycle.
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Table 4. Cont.

Nanoparticles Substrate/Feedstock Reaction Conditions Summary Reference
The nanoparticles are of spherical
shape with average particle size of
Methanol to oil ratio-10:1; 75 nm.
. . temperature-70 °C, duration-3.6 h,  86.41% microalgal biodiesel yield
a0 Microalgae oil methanol/oil; catalyst reported under optimal conditions. (124]
loading—1.7% (wt) Reusability study of catalyst revealed
86.41% to 67.87% loss in biodiesel
production after the sixth cycle.
FAME conversions yield up to
Methanol to oil ratio— 96% achieved under
7n0 Waste cooking oil 6:1; temperature—60 °C; ultrasonic irradiation. [125]

duration- 15 min; catalyst
loading-1.5% (wt)

Synthesized biodiesel properties such
as density and viscosity were at par

with standard biodiesel.

6. Current Challenges and Future Perspectives for Biofuel Production with the
Implementation of Nanotechnology

Biofuel is the future of petroleum-based industries, as it is more environmentally
friendly, cleaner, renewable and safe to use. Furthermore, the limited availability and
increasing demand have led to price hikes for petroleum-derived fuels, prompting re-
searchers to think about biofuels as a suitable alternative [113]. Even though it is safer and
cleaner to use, the production of biofuels is still a complex process.

The main factor in the production of biofuel is the availability of biomass which can
be easily obtained from woods, plants, organic waste, agricultural waste, municipal solid
waste, etc. Still, there are many challenges and opportunities available for improvement
in order to replace commercially available petroleum-based oils. Pre-treatment strategies
for lignocellulosic biomass require high operation costs [126]. Algal biomass is also being
used for biodiesel production as it is oil-rich, carbon-neutral, and can grow rapidly. It is
considered that this may replace fossil fuels for biodiesel production. On the other hand,
the cultivation of algal biomass is costly, and the lipid extraction is energy intensive [127].
Implementing nanotechnology to produce biofuels at an industrial scale is challenging
as nano-catalyst based biofuel production has not fully emerged. In addition, studies are
still improving biofuel production using available resources. Up to now, usually edible
crops such as maize, sugarcane, etc., have been utilized for the large-scale production of
biofuels. Biofuel production from non-edible sources is lower in comparison to edible
sources. Nanotechnology is accelerating biofuel production and increasing the amount of
biofuel produced from non-edible sources. It will still be problematic to replace petroleum-
derived fuel with commercially available biofuel because it must be mixed with other fuels
for usage and it is not cost-effective. The possibility of using biofuel as an alternative and
green energy source will be significantly higher in the near future.

7. Conclusions

It is clear from the current review that the incorporation of nanoparticles during
biofuel production enhanced this significantly. This enhancement is mainly due to the
unique physico—chemical properties of nanoparticles such as large surface-area-to-volume
ratio, high reactivity, good dispersibility, high specificity, etc. Several nanoparticles such as
metal, metal oxide, magnetic, and carbonous materials are successfully used for enhance-
ment of biofuel production from various substrates. Apart from the production process,
nanoparticles are also used in the pretreatment process to enhance the digestibility of
substrate leading to enhanced biofuel production. However, successful commercializa-
tion of this process requires the addressing of several technical barriers. These barriers
include synthesis and application nanoparticles that are non-toxic to microorganisms, use
of less expensive and environment friendly nanoparticles, and adaptation of biological
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nanoparticle synthesis methods in place of chemical methods, which requires stringent
operational conditions.
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Highlights:

e Production of therapeutical aglycone compounds was attempted using a nanocatalyst.

e The maximum amount of diadzein (8.91 g/L) and genistein (12.0 g/L) was generated at 80 °C in
3 h with yields of 0.590 and 0.621 g/g substrate, respectively..

e Reused nanocatalyst demonstrated ~35% catalytic efficiency even after third recycle.

e Nanocatalyst can be a better substitute for costly enzymes in aglycone production.

Abstract: Genistein and daidzein are well-known biologically active pharmaceutical compounds that
play significant roles in the treatment of various diseases such as cardiovascular problems, cancer,
etc. In some plants, the glycosides daidzin and genistin are present in ample amounts that can be
converted into aglycones, daidzein and genistein, through hydrolysis. Here, magnetic cobalt ferrite
alkyl sulfonic acid (CoFe,O4-5i-ASA) nanocatalyst was used for the hydrolysis of glycosides into
aglycones. The application of CoFe;O4-Si-ASA nanocatalyst generated a maximum 8.91 g/L diadzein
and 12.0 g/L genistein from 15.1 g/L daidzin and 19.3 g/L genistin with conversion efficiencies
of 59.0% and 62.2%, respectively, from soybean glycosides at 80 °C in 3 h. The use of a modern
nanocatalyst is preferred over enzymes because of its lower production cost, higher rate of reaction,
higher stability, etc. To our knowledge, this is the first report on using nanocatalyst for the production
of genistein and daidzein in a sustainable manner.

Keywords: cobalt ferrite alkyl sulfonic acid nanocatalyst; soybean; genistin; daidzin; genistein;
daidzein; 3-glucosidase

1. Introduction

Phytoestrogens are plant-derived compounds possessing health-promoting proper-
ties, which are classified into groups such as isoflavones, phytosterols, and lignans [1].
Isoflavones belong to the flavonoid class, which has drawn considerable attention in the
medical field chiefly because of their antioxidant and estrogenic activities [2]. Most of the
reported studies have designated that particularly the unconjugated forms of isoflavones,
i.e., aglycones, exhibit greater beneficial effects than the isolated forms [3]. In general,
legumes are the most essential source of isoflavones. Among them, soybean (Glycine max)
is considered the ultimate source, which principally occurs in the form of 3-glucosides [4].
These glycosides can be further hydrolyzed to be converted into their bioactive forms, i.e.,
aglycone forms, which have a substantial effect on human health [5].

Daidzein (7-hydroxy-3-(4-hydroxyphenyl)-4-benzopyrone) and genistein (5,7-dihydroxy-3-
(4-hydroxyphenyl)-4H-1-benzopyran-4-one) are significant isoflavones that are usually present
in their respective glycoside forms, daidzin and genistin, in legumes [6]. These aglycone
compounds (daidzein and genistein) possess a 7-hydroxyisoflavone frame, which is structurally
equivalent to the utmost effective estrogen hormone, estradiol-173. Owing to the structural
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homologies between estrogen and isoflavone compounds, aglycone compounds are capable of
binding to estrogen receptors (such as ERx and ERf3), which can mimic the estrogenic actions
of the antagonistic or agonistic types [7]. Aglycone compounds have been widely used in the
treatment of various hormone-associated diseases such as breast cancer, menopausal problems,
cardiovascular diseases, osteoporosis, anticarcinogenic, antioxidant, anti-inflammatory, and
antimicrobial agents [8,9].

Numerous studies related to the conversion of glycosides into their respective aglycone
moieties using different routes have been reported. Aglycone compounds are significant,
considering their effective therapeutic activities. Being lower-molecular-weight compounds,
aglycones are easily absorbed through the gastrointestinal tract [10]. After removing sugar
moieties from isoflavone glycosides (daidzin, genistin), highly significant isoflavone agly-
cones such as daidzein and genistein can be generated. Usually, chemical (acid, alkali,
etc.) and biological methods (enzymes and microbes) are employed to extract aglycone
compounds from conjugated glycosides, albeit with several advantages and disadvantages.
Although a chemical process offers advantages with respect to cost and a faster rate of
reaction, production of undesired inhibitor compounds because of a lack of specificity
toward the substrate makes it unsuitable for application [11]. The hydrolysis of soybean
substrates using acids results in the formation of genotoxic compounds, hydroxymethylfur-
fural and ethoxymethylfurfural, utilizing constituent oligosaccharides [12]. On the other
hand, biological methods employing -glucosidase enzymes and microbial cells [13-16]
for the production of aglycones have issues of stability, production cost, and the generation
of mixtures of several end products. Therefore, searching for a sustainable and proficient
option is crucial for the conversion of glycoside into aglycone compounds.

Regarding this concern, rather than using traditional methods, attention has been paid
toward the development of a magnetic acid-functionalized nanocatalyst that possesses
catalytic properties and can be easily recovered from the reaction mixture because of its mag-
netic characteristic [17,18]. Several studies have been reported on the use of various nanobio-
catalysts in the pretreatment of different biomass materials [19,20]. Pefia et al. [21] used
different acid-functionalized magnetic nanocatalysts for cellobiose hydrolysis and among
the used nanomaterials, alkylsulfonic acid-functionalized nanomaterial exhibited higher
efficiency with 78% cellobiose conversion. In addition, carbon-based nanomaterials func-
tionalized with sulfonic acids have been studied for cellobiose hydrolysis, which generated
monomeric glucose with 84% conversion efficiency [22]. Fe-based nanomaterials have also
been known to possess exceptional enzyme-mimicking properties, along with a magnetic
property. Considering all these aspects, we attempted to mimic the (3-glucosidase activity
of an acid-functionalized cobalt ferrite alkyl sulfonic acid (CoFe,O4-5i-ASA) nanocatalyst
in an effective manner to hydrolyze the glycosidic linkages in soybean-derived glycoside
moieties to obtain aglycones. In this study, a CoFe;O4-5i-ASA nanocatalyst was prepared
and the hydrolytic efficiency was assessed for hydrolysis of glycosides with the aim of
developing a simple, sustainable, and ecofriendly approach for the generation of aglycone
compounds from glycoside conjugates. An unexplored acid-functionalized nanocatalyst
was used for the conversion of soybean-derived glycosides into aglycones, as demonstrated
in Figure 1.

The hydrolysis of soybean-extracted glycosides was conducted using a magnetic
CoFey04-Si-ASA nanocatalyst and compared with enzymatic hydrolysis. For enzymatic
hydrolysis, 3-glucosidase produced by Fusarium verticillioides was used in this study. F. ver-
ticillioides has been reported earlier to produce cellulases under submerged fermentation
conditions for application in cellulose hydrolysis [23]. In the current investigation, we opti-
mized the solid-state fermentation conditions for cellulase production to obtain enzymes
in concentrated form with higher activities using F. verticillioides. To accomplish our objec-
tives, optimization studies for hydrolysis of soybean-derived isoflavone glycoside using
an acid-functionalized CoFe;O4-5i-ASA magnetic nanocatalyst were conducted to obtain
higher titers of aglycones. To date, microbial enzymes have been used for the generation of
aglycone compounds, which is a costlier process than using a nanocatalyst. To our knowl-
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OH

edge, this is the first study on the application of nanocatalyst to generate aglycones from
glycosides. The application of this nanomaterial-assisted approach of generating aglycone
moieties from plant glycosides will have abundant prospectives in the therapeutic industry.

Acid-functionalized
CoFe,0,-Si-ASA

nanocatalyst

B-1,4 glycosidic linkage
(cleavage site)

Aglycone compounds

CH,OH
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OH CH,OH
o. OH
OH OH
OH
OH
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Figure 1. Illustrative representation of CoFe,O4-5i-ASA nanocatalyst-mediated conversion of
soybean-derived glycosides into aglycones, i.e., daidzein and genistein.

2. Materials and Methods
2.1. Chemicals

Cellulose, p-nitrophenyl-p-D-glucopyranoside (p-NPG), isoflavone glycoside stan-
dards (genistin and daidzin), and their aglycone counterparts (genistein and daidzein) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Soybean flour and wheat bran were
procured from the local market. Ammonium hydroxide, isopropanol, and toluene were
purchased from Fisher Scientific (Pittsburgh, PA, USA). 3-mercaptopropyltrimethoxysilane
(MPTMS), 4-(triethoxysilyl)-butyronitrile (98%), diethylamine (99%), methylamine (40%),
sodium dodecyl sulfate, and tetraethylorthosilicate (TEOS) (99.999%) were purchased from
Sigma-Aldrich. Iron (II) chloride tetrahydrate (FeCly-4H,0) (97%), and cobalt (II) chloride
hexahydrate (COCl,-6H;0) (97%) were purchased from Junsei Chemical Co. Ltd., Tokyo,
Japan. All other chemicals and reagents used in this study were purchased locally.

2.2. Synthesis and Functionalization of Nanoparticles

The synthesis of cobalt ferrite (CoFe;O4) nanoparticles (NPs) was carried out using the
method described by Wang et al. [24] with slight modifications. Furthermore, silica coating
and acid functionalization of the synthesized magnetic CoFe,O4 NPs were performed as
per the method described by Ingle et al. [25].

2.2.1. Synthesis of Magnetic CoFe,O4 Nanoparticles (CoFe,O4 MNPs)

For the synthesis of CoFe;O4 NPs, 10 mM of COCl,-6H,O was mixed with 20 mM of
FeCl,-4H,0O solution to make the volume 250 mL of aqueous solution, and then 50 mM
sodium dodecyl sulfate was added to the mixture. This solution mixture was kept for
stirring initially at 30 °C for half an hour before elevating the temperature to 70 °C. In the
meantime, another solution (500 mL) was prepared with 75 mL of methylamine (40% w/w)
and distilled water, which was further heated at 70 °C. Finally, both solutions were mixed
and stirred for 3 h. The synthesized NPs were separated magnetically and washed thrice
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with distilled water followed by ethanol. The isolated MNPs were dried in a hot-air oven
at 60 °C for characterization studies.

2.2.2. Synthesis of Silica Coated CoFe;O4 Nanoparticles (CoFe;O4—Si MNPs)

The silica coating of CoFe;O4 MNPs was conducted by combining the process de-
scribed by Rajkumari et al. [26] and Pefia et al. [21]. The synthesized CoFe;O4 MNPs were
dispersed in ethanol and sonicated for 15-20 min. Then 25 mL of the ethanol-dispersed
CoFe;O4 MNPs solution was added to 430 mL of isopropanol and 20 mL of distilled water.
This solution was further sonicated for 15 min and then 50 mL of concentrated NH4OH
was added to the mixture. The solution of TEOS/isopropanol (1:40) was added dropwise to
the earlier solution and sonicated with stirring for 4 h. The synthesized NPs were separated
magnetically, washed with distilled water, and finally dried in a hot-air oven at 80 °C for
24 h.

2.2.3. Acid Functionalization of CoFe;O4-5i MNPs Using Alkylsulfonic Acid
(COF8204-Si—ASA)

An acid-functionalized catalyst, CoFe,O4-Si-ASA, was synthesized by functionalizing
silica-coated CoFe,O4 MNPs with ASA by following the method reported by Wang et al. [24]
with slight variations. For the preparation of acid functionalized CoFe;O4-Si nanocatalyst, a
solution mixture containing MPTMS (5.0 mL), ethanol (50 mL), and distilled water (45 mL)
was prepared and then 0.5 g of CoFe;,O4-S5i MNPs was added. This solution mixture was
sonicated for 30 min and further kept overnight for stirring at 70 °C. CoFe,O4-Si MNPs
with attached thiol groups were collected magnetically and washed thrice with distilled
water. A solution of 50% H;O, (30 mL), distilled water (30 mL), and methanol (30 mL)
was added to the recovered thiol-attached CoFe;O4-Si MNPs and the mixture was kept
at room temperature for oxidation of thiol to sulfonic acid groups. After oxidation, the
formed acid-functionalized CoFep;O4-Si-ASA nanocatalyst was recovered magnetically and
washed with distilled water thrice. The synthesized acid-functionalized CoFe,O4-Si-ASA
nanocatalyst was further reacidified with 3 M H2504 (25 mL), washed two or three times
with distilled water, and finally dried in a hot-air oven at 80 °C for 24 h. Furthermore, the
synthesis of all these nanomaterials was validated by characterization studies.

2.3. Characterization of Synthesized Nanoparticles

To study the surface morphology of the synthesized NPs, scanning electron microscopy
(SEM, LEO-1530) analysis was conducted. The samples were prepared by platinum coating
and images were recorded at an accelerating voltage of 3 kV. Furthermore, the sizes of the
synthesized NPs were estimated using transmission electron microscopy (TEM, Carl Zeiss,
Libra 120, Jena, Germany) at a voltage of 120 kV. For TEM analysis, samples were prepared
by dispersing the synthesized NPs in water, which was then sonicated for about 5-10 min.
These dispersed samples were further adsorbed onto 200-mesh copper grids for 30-60 s at
room temperature and then viewed by TEM. To determine the elemental composition, the
synthesized NPs were further analyzed using energy dispersive X-ray spectroscopy (EDX,
Thermo Fisher Scientific, Waltham, MA, USA). Fourier transform-infrared spectroscopy
(FTIR) analysis was used to examine the absorption peaks and functional groups present on
the synthesized nanomaterials. FTIR analysis of the synthesized NPs was carried out using
an IR200 spectrometer (Thermo Fisher Scientific) in a wavenumber range of 400-4000 cm~!
by following the KBr pellet method as reported earlier [23]. X-ray diffraction (XRD) was
carried out to determine the degree of cellulose crystallinity for raw and pretreated corncob
biomass using a high-power X-ray diffractometer (model: JP/SmartLab, 9 kW). Samples
were analyzed from 20 = 5 to 70° at a scanning speed of 3° /min [23].

2.4. Microbial Strain, Medium, and B-Glucosidase Enzyme Production

In this study, the previously isolated fungal strain, Fusarium verticillioides (Accession
no. PRINA664836), was used for cellulase enzyme, particularly 3-glucosidase, production.
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The strain was regularly maintained and sub-cultured every three months on potato
dextrose agar (PDA) slants under optimized growth conditions as reported earlier [23]. The
method for the medium preparation and its composition used in this study was similar as
reported earlier [16]. The response surface methodology-optimized basal medium (RSM-
BM) consisted of (per L): KH,POy (1.0 g), CaCl; (0.15 g), urea (0.60 g), (NH4)2SO4 (0.50 g),
yeast extract (0.15 g), peptone (0.45 g), MgSO4-7H,0 (0.15 g), FeSO4-7H,0 (0.0075 g),
MnSOy-7H,0 (0.0024 g), ZnSO4-7H,0 (0.0021 g), CoCl, (0.003 g), and Tween 80 (1.0 mL).
The cellulase production experiments were conducted under solid-state fermentation
conditions using the F. verticillioides fungal strain.

Solid-state fermentation was carried out in 250 mL Erlenmeyer flasks containing 4 g
of wheat bran, 1 g of cellulose, and 8 mL of production medium (RSM-BM) to moisten the
substrate. The spore suspension from the sporulated fungal slant was prepared using saline
water containing triton X-100 (0.1% v/v). The flasks were inoculated with spores (about
107-108) derived from fungal strain grown on PDA slants and incubated at 28 °C under
static conditions. The inoculated flasks were extracted by adding 50 mL of sodium citrate
buffer (50 mM, pH 4.5) after every 2-day interval. For enzyme extraction, flasks were
incubated at 37 °C with shaking at 200 rpm for 2 h. The extracted broth was centrifuged
at 8000 rpm for 10 min and the supernatant was collected. All supernatant samples were
analyzed to determine extracellular 3-glucosidase activity and protein concentration. The
extracted enzyme supernatant was further used for the hydrolysis of soybean-derived gly-
cosides.

2.5. Hydrolysis of Soybean-Derived Glycosides Using Acid-Functionalized CoFe;Oy4-Si-ASA
Nanocatalyst and B-Glucosidase Enzyme

The soybean flour was extracted using methanol, as reported previously [16] with
slight modifications. For the glycoside extraction experiment, soybean flour was defatted
with three volumes of n-hexane by stirring for 30 min at 30 °C, centrifuging at 10,000 rpm
for 20 min, and air drying. The defatted soybean flour (10 g) was further treated with 50 mL
of methanol (80%), stirring for 2 h at 80 °C and centrifuging at 10,000 rpm for 10 min to
obtain the extract containing glycosides.

To evaluate and compare the catalytic efficiency of the acid-functionalized CoFe,Os-
Si-ASA nanocatalyst with (3-glucosidase enzymes, this soybean extract containing glyco-
sides was hydrolyzed using a CoFe;O4-Si-ASA nanocatalyst and (3-glucosidase enzymes
derived from F. verticillioides in two different flasks. In the case of hydrolysis using acid-
functionalized CoFe,O4-5i-ASA nanocatalyst, different concentrations of NPs (50, 150,
250, 350, and 450 mg per g of substrate) were used for hydrolysis of soy-flour extract.
The initial optimization studies for soybean-derived glycoside hydrolysis were performed
using different concentrations of CoFe;Oy4-5i-ASA nanocatalyst at 80 °C. After optimizing
the concentration of the nanocatalyst, the hydrolysis performance was checked at higher
temperature and pressure conditions, i.e., at 120 °C and 15 psi pressure, respectively, for
1 h. After hydrolysis, the samples were analyzed to determine the content of aglycones
using high-performance liquid chromatography (HPLC) analysis.

Furthermore, to assess the catalytic performance of the CoFe;O4-Si-ASA nanocat-
alyst, in-house-generated (3-glucosidase enzymes were used for comparative glycoside
hydrolysis. For enzymatic hydrolysis, 10 mL of soybean-flour extract was hydrolyzed with
5.0 IU of 3-glucosidase at 60 °C for different time intervals as optimized previously [16].
The obtained samples after hydrolysis were dried under vacuum and resuspended in
methanol (1 mL) prior to HPLC analysis. The reaction mixture without CoFep;O4-5i-ASA
nanocatalyst/enzyme was used as control.

2.6. Recovery and Reuse of CoFe;O4-Si-ASA Nanocatalyst for Hydrolysis Experiments

After the first hydrolysis reaction, the acid-functionalized CoFe;O4-Si-ASA MNPs
were easily separated by applying a magnetic field and the remaining liquid hydrolysate
was collected to analyze the concentration of aglycones (daidzein and genistein) formed
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after hydrolysis. Hence, the recovered NPs were further washed two to three times with
distilled water and dried at 70 °C in a hot-air oven overnight and reused in the subsequent
hydrolysis reaction. The recovered CoFe;O4-Si-ASA MNPs after the first cycle of hydrolysis
were reused in the next cycle of hydrolysis. All these hydrolysis experiments using reused
MNPs were performed at similar conditions to those used for optimization studies (at 80 °C
for 3 h), as mentioned in the above Section 2.5.

2.7. Analytical Methods

To evaluate the acidity of the synthesized nanocatalyst, an ion-exchange titration
method was used, as reported earlier [27]. To remove the hydronium ions from the nanocat-
alyst, 50 mg of catalyst was added to 20 mL of a sodium chloride/tetramethylammonium
chloride (2 M). This test solution was sonicated, kept static at room temperature overnight,
and then titrated to neutrality with a 10 mM NaOH solution. The extracted solid-state en-
zymes and CoFe;Oy4-5i-ASA nanocatalyst were tested for 3-glucosidase-mimicking activity
using a p-NPG substrate, as reported earlier [16]. The enzyme supernatant was analyzed
to determine protein concentration using the bicinchoninic acid assay method [28]. The
concentration of glycosides (daidzin and genistin) in soybean flour and the obtained agly-
cones (daidzein and genistein) in the hydrolysate were determined using reverse phase
HPLC (YL 9100, Younglin Inc., Anyang, Korea), as reported earlier [16]. HPLC analysis
was conducted with a YL 9100 system and an Eclipse plus C18 (4.6 mm x 250 mm, 5 um)
column at 260 nm for 60 min and the column temperature was set at 35 °C [29]. An isocratic
elution was performed using an acetonitrile (10%, v/v) mobile phase at a flow rate of
0.3 mL/min. The unknown amounts of glycosides and aglycones were determined by
correlating with standards. For further authentication of the glycosides and aglycones
present in the control and hydrolysate samples, the mass spectrum was determined by
LC/MS (maXis 4G, Bruker Biosciences, Billerica, MA, USA) using an ESI detector.

3. Results and Discussion
3.1. Synthesis and Characterization of All Synthesized Nanoparticles

All three MNPs, i.e., CoFe,Oy4, CoFe;04-Si, and acid-functionalized CoFe,O4-Si-ASA,
used in this study were prepared as mentioned above (Materials and Methods Section 2.2).
To confirm the synthesis of all three MNPs, characterization studies were conducted using
SEM, TEM, EDX, FTIR, and XRD analyses.

To determine the surface morphology and shape of all three synthesized nanomaterials,
the CoFeyO4, CoFeyO4-5i, and acid-functionalized CoFe,O4-Si-ASA were subjected to
SEM analysis. All three MNPs were observed to be spherical and uniform in shape
(Figures S1A,B and 2A). Furthermore, TEM analysis confirmed that the synthesis of all
MNPs was successful from their nano-sizes ranging from 5-25 nm. The diameters of
CoFe;0Qy, CoFeyO4-Si, and acid-functionalized CoFe,O4-Si-ASA were recorded to be in the
range of 7.74-25.2, 5.07-4.11, and 5.2-12.2 nm (as presented in Figure S1C,D and Figure 2B),
respectively. Among all three MNPs, acid—functionalized CoFe;O4-5i-ASA (Figure 2B) and
CoFe;O4 NPs (Figure S1C) were well dispersed, whereas the silica-coated CoFe;O4-5i NPs
were observed to be agglomerated (Figure S1D).

EDX analysis is usually used to determine the elemental composition of any material.
Furthermore, the elemental composition of all three MNPs characterized using EDX con-
firmed the occurrence of metal constituents, oxygen, carbon, and other components in each
nanomaterial. As shown in Figure S2, strong signals for specific metals (Fe: 0.64 eV; Co:
0.70 eV; Si: 0.18 €V; S: 0.24 eV; C: 0.27 eV, and O: 0.51 eV) confirmed the formation of the de-
sired nanomaterials. The details of the elemental composition of all nanomaterials are given
in Table 1. The EDX analysis exhibited 15.13 wt% of Fe and 23.47 wt% of Co in case of the
CoFey;O4 MNPs. The presence of elemental Fe and Co in major amounts assured us that the
synthesized NPs are CoFe;O4 MNPs. Besides this, the peaks corresponding to the element
Si were observed in the cases of both silica-coated CoFe,O4-Si and acid-functionalized
CoFepO4-Si-ASA MNPs designating the effective surface amendment by silica on bare
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Transmittance (%)

CoFe,O4 MNPs [30]. Furthermore, a substantial occurrence of sulfur (S) in the case of
CoFeyO4-5i-ASA (5.05 wt%) indicated the strong functionalization of acid on CoFe;O4-5i
MNPs. In the case of acid-functionalized CoFe;O4-S5i-ASA MNPs, a large amount of C
was detected with respect to the S element, specifying the probable loss of the sulfonic
acid groups during the MNP synthesis process. The XRD spectra of the CoFe;O4-Si-ASA
MNPs are shown in Figure S3. The obtained XRD spectrum for CoFe;O4-5i-ASA MNPs
agrees well with reported studies [21]. The XRD pattern for the CoFe,O4-5i-ASA MNPs
shows all the respective signals for the CoFe,Oy crystals; this spectrum has an additional
peak between 20 and 30° (20), which is associated with amorphous silica. The size of the
CoFe;04-5i-ASA MNPs was calculated as 21.6 nm, which seems to be larger than those
obtained with TEM. The larger sizes calculated from the XRD patterns could be due to the
possible aggregation of MNPs. In addition, the magnetic behavior of CoFe;O4 MNPs was
confirmed by providing a magnetic field, as shown in Figure S4.

(A) (B)

CoFeZO 4-Si

CoFeZO 4-Si-ASA

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
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Figure 2. Characterization of the synthesized CoFe,;O,-Si-ASA nanocatalyst using (A) SEM, (B) TEM,
and (C) FTIR analyses.
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Table 1. Elemental composition of nanoparticles used in this study.

Synthesized Atomic Weight Percentage (%) ? Acid Cagam{’y
Nanoparticles (mM H'/g)
P C o Fe Co Si ]

CoFeyO4 34.19 27.20 15.13 23.47 - - -
CoFep04-Si 37.16 53.01 1.13 1.12 7.59 - -
COF6204-Si-

ASA 51.23 38.69 0.18 0.21 4.64 5.05 0.92

2 data obtained from EDX analysis. ? calculated using titration method

FTIR analysis is generally used to identify the functional groups present in the ex-
perimental samples. Figure 2C depicts the FTIR spectra of all three synthesized MNPs,
CoFeO4, CoFepO4-Si, and acid-functionalized CoFe,O4-Si-ASA. As shown in Figure 2C,
the significant peak was detected in the wavelength range of 520-560 cm ™! in all three
MNPs assigning to the stretching of the Fe-O bond [31], which is one of the confirmatory
features of CoFe;O4-MNPs. The common absorption peaks at wavelengths of 800 and
910 cm ™!, ascribed to the stretching vibrations of the Si-O-Si and Si-O-H groups, appeared
only in CoFe;O4-5i and acid-functionalized CoFe;O4-Si-ASA [24]. These peaks were not
observed in CoFe,O4 MNPs, specifying the surface coating of silica in the case of CoFeyOy-
Si and acid-functionalized CoFe;O4-Si-ASA MNPs only. Similarly, stretching vibrations
at 1160 and 1380 cm™, assigned to Si-O and O=S=0 stretching vibrations, were observed
in the spectra of both CoFe;O4-Si and acid-functionalized CoFe;O4-5i-ASA samples [32].
The presence of peaks at a wavelength of about 1420 cm™!, attributed to undissociated
SOzH groups, was found only in acid-functionalized CoFe;O4-Si-ASA MNPs [33], further
confirming the effective functionalization of acids on silica-coated MNPs. The obtained
FTIR spectra for all three MNPs indicated common peaks at the wavelengths of 3420, 2810,
and 1625 cm ™!, which correspond to the stretching vibrations of the O-H and C-H groups,
respectively [21]. The results obtained from FTIR analysis revealed the presence of all of
the expected functional groups in the case of all three synthesized MNPs.

The overall results obtained after characterizing all these materials revealed that
strong magnetic CoFe;O4 NPs were synthesized and appropriately coated with silica,
which was confirmed by the FTIR and EDX analyses. Similarly, TEM analysis confirmed
that the synthesis of all NPs was successful from their nano-sizes in the range of 5-25 nm.
Thus, after confirming the synthesis of all three MNPs through characterization studies,
acid-functionalized CoFe,O4-5i-ASA nanocatalyst was further evaluated for its hydrolytic
activity to generate therapeutic aglycone compounds from soybean-derived glycosides.

3.2. B-Glucosidase Enzyme Production by Solid-State Fermentation

The isolated fungal strain, F. verticillioides was assessed for production of extracel-
lular B-glucosidase enzyme in flasks using RSM-BM [16] containing wheat bran (4.0 g)
and cellulose (1.0 g) substrates under solid-state fermentation conditions. As presented
in Table 2, the optimized RSM-BM containing wheat bran (2.5%) and cellulose (1%) ex-
hibited maximum f3-glucosidase activity (1.959 =+ 0.098 IU/g) under solid-state fermen-
tation conditions. Previously, we have reported the production of cellulases under sub-
merged fermentation conditions, which exhibited the highest activity of 3-glucosidase
(2.91 £ 0.12 TU/mL) on the 8" day of fermentation [23]. As enzymes produced under
submerged fermentation conditions are usually in the diluted form, we attempted to pro-
duce enzymes in the concentrated form using solid-state fermentation in this study. As
shown in Table 2, the higher enzyme activities were obtained on the 6 day of fermentation,
which reduced the fermentation time and increased (3-glucosidase activities as compared
to previously reported enzyme activities using submerged fermentation [23].
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Table 2. Determination of 3-glucosidase activities produced by Fusarium verticillioides under solid-
state fermentation conditions.

Fermentation Time B-Glucosidase Protein
(Days) (IU/g) (mg/g)
2nd day 0.453 + 0.021 0.153 £ 0.0082
4th day 1.858 + 0.101 0.858 + 0.049
6th day 1.959 + 0.098 0.895 £ 0.052
8th day 2.052 £0.111 0.782 + 0.043

A fermentation experiment was carried out at 28 °C under solid-state conditions in the fermentation medium
containing wheat bran (4 g) and cellulose (1 g) substrates. The standard deviation values represented in the table
are derived from the experiment performed in triplicate.

There are very few studies conducted on the production of cellulases with such higher
activities under solid-state fermentation using Fusarium sp. Ramanathan et al. [34] reported
cellulase activities produced by the F. oxysporum strain under submerged fermentation
conditions, which exhibited 3-glucosidase activities of 1.784 IU/mL, along with endoglu-
canase (1.921 IU/mL) and exoglucanase (1.342 IU/mL) activities. The F. verticillioides strain
demonstrated both B-glucosidase (0.39 IU/mL) and endoglucanase (6.5 IU/mL) enzyme
activities using gamba grass as a substrate [35], which are lower than those obtained in
the present study. Hence, 3-glucosidase produced by F. verticillioides was further used as
control in the conversion of soybean-derived glycosides.

3.3. Comparative Studies on Hydrolysis of Soybean-Derived Glycosides Using CoFe;O4 Si-ASA
Nanocatalyst and B-Glucosidase Enzyme

Glycosides such as daidzin and genistin reveal medicinal properties only when pro-
cessed into their aglycone forms, i.e., daidzein and genistein, respectively [36]. Hence, it is
practical to generate daidzein and genistein in bulk amounts from glycosides through a
hydrolysis reaction by breaking down 3-glycosidic linkages. Traditionally, 3-glucosidase
enzymes have been used for the generation of aglycones, which is not a viable option
considering the high cost of enzyme production. Nowadays, enzyme-mimicking nanoma-
terials have been employed for several applications such as biomass hydrolysis. In the
present study, we have applied 3-glucosidase-mimicking CoFe,O4-Si-ASA nanocatalyst to
generate daidzein and genistein from soybean-derived glycosides and further compared
their catalytic efficiencies with -glucosidase enzyme during hydrolysis reaction.

3.3.1. Hydrolysis of Soybean-Derived Glycosides Using CoFe;O4-Si-ASA Nanocatalyst

First, the synthesized CoFe,O4-Si-ASA nanocatalyst was tested for its catalytic ability
in converting soybean glycosides into aglycones. As mentioned above in the Materials and
Methods Section 2.5, optimization studies for hydrolysis of soybean-extracted glycosides
were carried out at 80 °C using various concentrations of nanocatalyst (i.e., 50, 150, 250, 350,
and 450 mg/g of substrate used) and samples were taken after every hour. The maximum
conversions of glycosides were obtained after 3 h of hydrolysis reaction and there was
no further increase in glycoside conversion observed. Hence, the hydrolysis reaction was
stopped after 3 h of hydrolysis (data not shown). As the amount of nanocatalyst used in
the hydrolysis reaction majorly affects the activity, different concentrations of CoFe;Oy-
Si-ASA were verified as depicted in Figure 3. At lower concentration (i.e., 50 mg/g), the
nanocatalyst showed very slight conversion. With increasing quantities of nanocatalyst,
the hydrolysis caused by the acidic sulfonic groups seemed to be activated and ultimately
resulted in a higher conversion of glycosides. As illustrated in Figure 3, the hydrolysis
profile exhibited that the rate of hydrolysis and the generation of daidzein and genistein
compounds was influenced by the concentrations of the CoFe;O4-5i-ASA nanocatalyst
used. An increase in the concentration of nanocatalyst also upturns the generation of
aglycones after hydrolyzing glycosides, which was examined by HPLC analysis. In the
case of using a 350 mg/g concentration of CoFe;O4-5i-ASA nanocatalyst, the maximum
8.91 g/L of diadzein and 12 g/L of genistein was achieved from 15.1 g/L daidzin and
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19.3 g/L genistin with the conversion efficiency of 59% and 62.2%, respectively, which
were relatively higher than the other concentrations of nanocatalyst used. Thus, for further
hydrolysis experiments, the optimized concentration of nanocatalyst (350 mg/g) was used.

1/ Il Daidzein
- Genistein

=)
(=]
1

- n
=] S
1 1

Glycoside conversion (%)
&
1 "

0 50 100 150 200 250 300 350 400 450 500
Concentration of CoFe,O,-Si-ASA (mg/g substrate)

Figure 3. Hydrolysis of soybean-derived glycosides into aglycones using different concentrations of
CoFeyO,-Si-ASA nanocatalyst at 80 °C for 3 h.

Moreover, to check the effect of higher temperature and pressure conditions on the
catalytic performance of the CoFe,Oy4-Si-ASA nanocatalyst, hydrolysis experiments were
carried out at 120 °C and 15 psi pressure for 1 h. As presented in Table 3, the hydrolysis
reaction performed at 120 °C and 15 psi pressure generated the maximum 10.7 g/L of
daidzein and 13.7 g/L genistein with conversion efficiencies of 69.2% and 73.2%, respec-
tively. This reaction condition exhibited 10-11% enhancement in the generation of aglycone
compounds as compared to the aglycones produced during the hydrolysis reaction at
80 °C (as compared in Table 3). Although a slight improvement was observed in the
hydrolytic performance of the nanocatalyst at higher temperature and pressure conditions,
the hydrolysis reaction at 80 °C is preferred, concerning the lower energy requirement,
no formation of inhibitor compounds, and better recyclability of the nanocatalyst. Thus,
further hydrolysis experiments employing the nanocatalyst were performed at 80 °C for
3h

Table 3. Comparative analysis of hydrolytic conversion of soybean-derived glycosides into aglycone
compounds using acid-functionalized cobalt ferrite alkyl sulfonic acid (CoFe,O4-Si-ASA) nanocatalyst
and enzyme [3-glucosidase.

Glycosides Aglycones
Catalyst Used (g/L) (g/L)

Daidzin Genistin Daidzein Genistein
CoFe,04-Si-ASA (80 °C 8.91 + 0.45 12.0 £ 0.48

for 3 h) 15.1 £ 0.51 19.3 +0.68 (59.0%) (62.2%)
CoFe,O4-Si-ASA (120 10.7 £ 0.41 13.7 £ 0.51

°C at 15 psi for 1 h) 155068 18.7£0.99 (69.2%) (73.3%)
-glucosidase enzyme 121 £0.72 15.6 £ 0.62

(60 °C for 2 h) 148+ 081 17.9 4091 (81.8%) (87.2%)

The standard deviation values are from three independent experiments.

3.3.2. Hydrolysis of Soybean-Derived Glycosides Using [3-Glucosidase Enzymes

For comparative evaluation, 3-glucosidase enzymes produced by F. verticilliodes were
used as biocatalyst for the hydrolysis of soybean-derived glycosides. As demonstrated
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in Table 3, the enzymatic hydrolysis of soybean-derived glycosides converted daidzin
(14.8 g/L) and genistin (17.9 g/L) into daidzein (12.1 g/L) and genistein (15.6 g/L) with con-
version efficiencies of 81.7% and 87.5%, respectively. The application of enzyme exhibited
better catalytic ability than the nanocatalyst toward the hydrolysis of soy flour glycosides.
There are many studies reported on the production of various aglycone compounds by
hydrolyzing soybean-derived isoflavones by (3-glucosidases [37-39]. Our present studies
exhibited slightly lower conversion efficiencies using nanocatalyst (69-70%) than enzymes
(81-87%). However, the higher cost of enzymes, slower rate of reaction, and lower stabil-
ity, as compared to modern nanocatalyst, constrain their application in the conversion of
glycosides into aglycones on a commercial scale. To address these issues, we attempted to
employ a magnetic nanocatalyst for the generation of aglycone compounds, which is more
sustainable option than biocatalysts.

All the hydrolyzed samples were analyzed using HPLC, demonstrating that the
nanocatalyst was active in the conversion of soybean-derived glycosides. The standards
of both glycosides (daidzin and genistin) and aglycones (daidzein and genistein) were
analyzed using HPLC to determine their retention times and to quantify compounds
in control and nanocatalyst-hydrolyzed samples under the conditions mentioned in the
above Section 2.7. As shown in Figure 4A, the HPLC profile of the control sample (i.e.,
unhydrolyzed soybean-derived glycosides) exhibited the peaks for diadzin and geinstin
accompanied by few other unknown components. In addition, the HPLC profile of the
nanocatalyst-hydrolyzed samples designated the presence of diadzein and genistein peaks
by matching the retention times with the standards (Figure 4B). Moreover, the peaks
observed in the HPLC analysis for both samples were confirmed by LC-MS analysis through
the mass spectrum [M + HJ* peak. The LC-MS analysis authenticated that the obtained
compounds were glycosides (daidzin and genistin) in the control samples (Figure 5A) and
aglycones (daidzein and genistein) in the nanocatalyst-hydrolyzed samples (Figure 5B)
from their molecular weights.

In this study, the conversion efficiencies of the generated diadzein (69.2%) and genis-
tein (73.2%) from soybean-derived glycosides using CoFe;O4-Si-ASA nanocatalyst were
somewhat lower than enzymatic hydrolysis (as shown in Table 3). Hitherto, there have
been no studies reported on the conversion of plant-based glycosides into aglycones using
any kind of nanocatalyst. Hence, very limited information is available related to the appli-
cation of nanomaterials in the conversion of glycoside into aglycones. The overall results
obtained in this study were corroborated with some reported studies related to cellobiose
hydrolysis into simple glucose sugar molecules using various nanomaterials. Recently, Car-
lier and Hermans [22] reported higher cellobiose hydrolysis (84%) caused by the catalytic
action of carbon nanomaterials functionalized with sulfonic acids, i.e., SO3H/reduced
graphene oxide catalyst at a temperature of 130 °C in only 2 h. Previously, Pefa et al. [21]
tested the catalytic efficiency of two different nanomaterials, i.e., acid-functionalized per-
fluoroalkylsulfonic and alkylsulfonic acid, in the cellobiose hydrolysis at 175 °C, which
exhibited 75% and 78% conversion into glucose, respectively. These MNPs were further
evaluated for pretreating wheat straw [32] and corn stover [19] at different temperatures,
which gave higher hydrolysis as compared to the control. Wang et al. [40] proved the
exceptional catalytic abilities of acid-functionalized silica-coated FesO4 MNPs in different
catalytic processes. Hence, such nanocatalyst has been used for the pretreatment of various
lignocellulosic substrates.

Some of the reported studies, as discussed above, exhibit slightly better conversion
efficiencies as compared to our process, but most studies have been conducted under
extreme conditions, e.g., higher temperature and pressure. Conversely, our current strategy
can be considered as most promising since hydrolysis reaction was conducted under milder
conditions. To our knowledge, no studies have been reported on the employment of acid-
functionalized nanocatalyst for the production of pharmaceutically significant aglycone
compounds. Thus, in this study, we demonstrated a prospective process for the production
of aglycones from soybean-derive glycosides using a nanocatalyst.
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Figure 4. HPLC analysis of soybean-derived glycoside components (daidzin and genistin) and their
hydrolyzed products containing aglycone (daidzein and genistein) compounds: (A) control (0 h),
(B) soy-flour extract after hydrolysis with acid nanocatalyst CoFe;O4-5i-ASA at 80 °C for 3 h.
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Figure 5. LC-MS analysis of soybean-derived glycoside components (daidzin and genistin) and their
hydrolyzed products containing aglycones (daidzein and genistein) compounds: (A) control (0 h),
(B) soy-flour extract after hydrolysis with acid nanocatalyst CoFe;O4-Si-ASA at 80 °C for 3 h.

3.4. Recycling of Used CoFe,O4-Si-ASA Nanocatalyst

Subsequently, the magnetic CoFe,O4-Si-ASA nanocatalyst used during the hydrolysis
reaction was easily recovered by providing a magnetic field, which was further reused for
the next cycles of the hydrolysis experiment. For recycling experiments, similar hydrolysis
conditions were used as for the optimization studies (350 mg catalyst per g of substrate),
hydrolyzed for 3 h at 80 °C.

Reusability of the nanocatalyst was tested for three cycles of the hydrolysis experi-
ment, as demonstrated in Figure 6. A minor decline in the hydrolytic performance was
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observed during the recycling of the nanocatalyst for the second and third cycle. A trivial
decrease in the production of daidzein and genistein, i.e., from 59 and 62.2% to 43.2 and
35%, respectively, was noted after the second recycling experiment. For the third recycling
of the nanocatalyst, a further ~35% decrease in conversion efficiency was observed. These
results indicated that the bond between sulfonic acid groups and silica-coated CoFe;O4
catalyst remained strong even after reusing the nanocatalyst for hydrolysis reaction. How-
ever, the gradual decline in glycoside conversion was detected during subsequent cycles,
which can be implicated to the loss of reacted /unreacted sulfonic acid groups on the silica
surface [24,25]. The acidity of the reused nanocatalyst after the third cycle was calculated
to be 0.73 mM H* /g, which was less than that of the unused catalyst (0.92 mM H*/g).
Hence, the possible improvement in the process of functionalizing acid groups on MNPs to
achieve stronger bonding can improve the catalytic efficiency of the nanocatalyst. However,
the selectivity in terms of the generation of daidzein and genistein components was still
maintained even after the last third recycle because of the occurrence of robust sulfonic
acid functional groups, which are supposed to be catalytic sites for hydrolysis reaction. In
view of these observations, it is clear that acid-functionalized nanocatalyst can prove to be
one of the promising options for the generation of aglycone compounds by breaking down
-glycosidic linkages present in the glycosides.
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Figure 6. Recycling of used acid-functionalized cobalt ferrite alkyl sulfonic acid (CoFe;O4-Si-ASA)
nanocatalyst for a hydrolysis experiment. Hydrolysis reaction was performed at 80 °C for 3 h.

4. Conclusions

The synthesis of an acid-functionalized CoFe;O4-5i-ASA nanocatalyst possessing
strong sulfonic acid groups was confirmed by characterization studies and the acid titration
method. Hydrolysis of glycosides into aglycones was achieved with conversion efficiencies
of 59.0-62.2% and 69.2-73.2% using CoFe;O4-Si-ASA nanocatalyst at 80 °C for 3 h and
120 °C with 15 psi pressure for 1 h, respectively. Most importantly, hydrolysis experiments
were performed at a lower temperature (80 °C) for only 3 h, which is promising for
hydrolysis of glycosidic linkages in various substrates. In addition, CoFe,O4-Si-ASA
nanocatalyst can be easily recovered and recycled because of its magnetic properties. In
view of the expedient hydrolytic efficiency of these CoFe;O4-5i-ASA MNPs, it is assumed
that such a nanocatalyst can be a better alternate candidate for conventional enzymes
used for the breakdown of glycosidic linkages. Hitherto, no studies have been reported
on the exploitation of such an acid-functionalized nanocatalyst, CoFe,O4-5i-ASA, for
the generation of aglycones by converting glycoside moieties. Although few studies
reported the use of solid acid catalysts for cellobiose conversion, reactions were performed
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under extreme conditions (e.g., high temperature, high pressure, etc.) and for a longer
period. On the contrary, the process standardized in the current study was conducted
at considerably lower temperature and shorter reaction time, which makes the strategy
more expedient. Moreover, the easy recovery of the magnetic nanocatalyst because of
its magnetic property makes it possible to reuse the CoFe;O4-5i-ASA nanocatalyst for
succeeding cycles of hydrolysis. All these parameters and accomplished outcomes from
this study would certainly aid in making the process commercially viable by reducing the
extensive cost involved in the process. Ultimately, this process can substantiate to be an
effective unconventional approach for the synthesis of therapeutically relevant aglycone
compounds on a commercial scale.
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(B) silica coated of cobalt ferrite (CoFe;O4-Si), and (C) acid-functionalized cobalt ferrite alkyl sulfonic
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Abstract: Nowadays, the valorization of organic wastes using various carbon-capturing technologies
is a prime research area. The anaerobic digestion (AD) technology is gaining much consideration in
this regard that simultaneously deals with waste valorization and bioenergy production sustainably.
Biochar, a well-recognized carbonaceous pyrogenic material and possessing a broad range of inherent
physical and chemical properties, has diverse applications in the fields of agriculture, health-care,
sensing, catalysis, carbon capture, the environment and energy. The nano-biochar-amended anaerobic
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digestion approach has intensively been explored for the past few years. However, an inclusive study
of multi-functional roles of biochar and the mechanism involved for enhancing the biogas production
via the AD process still need to be evaluated. The present review inspects the significant role of biochar
addition and the kinetics involved, further focusing on the limitations, perspectives, and challenges of
the technology. Additionally, the techno-economic analysis and life-cycle assessment of biochar-aided
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1. Introduction

Presently, the human population has crossed 7.2 billion and is expected to reach
between 9.6-12.3 billion by 2100 [1]. This tremendous population growth is further accom-
panied by enormous industrial development and unprecedented consumption of energy,
enhancing the stress on natural resources at a startling level [2,3]. To meet this rising de-
mand, over-exploitation of fossil-based energy is occurring, with deleterious environmental
and societal impacts [4-8]. Renewable energy is recognized as a sustainable option to over-
come all these challenging issues. Sources such as wind, hydro, geothermal, solar energy,
biogas, microbial fuel cells, bioethanol, biodiesel, biohydrogen, etc. have been explored
to find a viable solution [9]. Amidst these available options, some utilize silver, titanium,
platinum, ruthenium, nickel, and other metal oxides as catalysts on a huge scale [10,11].
Though these metals are very efficient, there is a hunt for sustainable catalyst materials that
are cost-effective, efficient, eco-friendly, and widely available.

Biomass is currently the most sustainable option available, and has been widely
explored for synthesizing various sustainable materials such as carbon fibers, biochar, acti-
40/). vated carbon, graphene, etc. that show tremendous applicability in the energy sector [12,13].
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Biochar is a carbonaceous material that is produced via the thermochemical decomposition
of organic materials [14]. It is a highly porous, amorphous material with a good surface
area containing various functional groups, while displaying stable physicochemical prop-
erties and biocompatibility, and easy to further modify in accordance with the particular
need [15,16]. The properties of biochar for various application such as bioremediation, en-
ergy storage, catalysis, agriculture, carbon capture, wastewater treatment, pharmaceutical,
electrodes, cosmetics, etc. rely on the production process, kind of feedstock and operating
parameters used [17-21].

During the past decade, biochar has also been utilized in the anaerobic digestion (AD)
process. The AD process has ability to use organic biomass and wastes for the production
of biogas (containing ~60% methane) and high quality of bio-fertilizers [22,23]. This
conversion is purely dependent on to the synergistic metabolic activities of the prevailing
microbial consortia within the digester and has to be further maintained under steady state
conditions for the best performance. Various electron transfers amongst the similar partners
are required to avoid the longer acclimatization period along with the high substrate
consumption rate [24]. The direct interspecies electron transfer (DIET) is recognized as
more rapid and stable pathway where the transfer of electrons takes place between the
syntrophic bacteria to the methanogenic archaea [25].

Recently, researchers have started focusing on non-biological conductive materials
such as magnetite, biochar, granular activated carbon, etc. to enhance the DIET perfor-
mance. Biochar has the ability to enhance the DIET via a conduction-based mechanism that
channels the electron flow between the electron-donor and electron-acceptor ends [22]. In
addition, biochar supplementation leads to a simple and efficient microbial community
possessing the enriched and equilibrated DIET. Biochar-aided anaerobic digestion medi-
ates the formation and degradation of intermittent acids and leads to the enrichment of
methanogenic archaea, shortening the lag phase, and enhancing the methane yield [26].

Henceforth, the present review aims to summarize the recent advancements regarding
the utilization of nano-biochar in anaerobic digestion processes. This review’s focus is
on the application of nano-biochar as a sustainable nano-catalyst for the production of
renewable energy, particularly by anaerobic digestion. Here, we have considered the
biochar according to its particle size, i.e., macro-biochar (>1 pm), colloidal biochar (1 um-
100 nm), and nano-biochar (<100 nm). The role, kinetics, mechanism(s) involved, and
possible improvements along with the closed-loop integration of nano-biochar and AD
have also been discussed. The review also covers the involvement of techno-economic
and environmental life-cycle assessments for moving forward with the least limitations.
A network visualization of terms associated with anaerobic digestion and biochar with
at least 10 occurrences of the associated keywords is represented in Figure 1. It depicts
the present trends in research and development regarding the application of biochar in
association with the anaerobic digestion in the Web of Science. Here, the various colors
of the nodes represent the different clusters whereas the size of each bubble depicts its
frequency of occurrence.
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Figure 1. Network visualization of terms associated with anaerobic digestion and biochar.

2. Application of Nano-Biochar in Renewable Energy

Conventionally, biochar has been utilized for soil amendment and bioremediation ap-
plications. In this section, we discuss the recent advances in various techniques for biochar
application as a catalyst in enhancing renewable energy production. Figure 2 illustrates the
emerging applications of biochar for renewable energy. The biomass-derived nano-biochar
can be utilized as an electrode in microbial fuel cells (MFCs) and as a catalyst for improving
biodiesel and hydrogen generation. The applications of nano-biochar are very dependent
on its physicochemical properties such as the biomass composition, biomass-conversion
technologies and conditions, pH buffering capability, the presence of various trace elements,
etc. [27]. Nano-biochar used in MFC creates a favorable environment for microbial growth
and biofilm formation. Further, nano-biochar possessing higher surface area, porosity, and
functional groups is more appropriate for microbial film formation, leading to electricity
generation in MFC. Owing to the heterogeneous nature of nano-biochar, several techniques
are utilized nowadays for its activation for nano-biochar to act as catalyst in a more effective,
economical, and reutilizable mode.

2.1. Nano-Biochar for Microbial Fuel Cell

MECs might be a viable solution for the global energy concerns, containing anodic
and cathodic chambers that are further separated via a proton exchange membrane and
utilizing microbes as a catalyst for converting chemical energy into electrical energy. Mi-
crobes utilize organic matter for their metabolic activities, while simultaneously releasing
numerous intermediate metabolites that undergo redox reactions to generate electrons
and protons [28,29]. The electrons generated in the anodic chamber under anaerobic con-
ditions move towards the cathode while the proton moves towards the cathode via a
proton exchange membrane. Several microorganisms, such as Shewanella, Clostridium,
Rhodospirillum, etc., have already been reported in relation to the MFC applications [28].
Here, the bio-electricity generated depends on numerous factors, viz., substrate, rate of
electron transfer, electrode performance, rate of oxygen reduction, and external operating
conditions. In addition, the performance of the electrode material depends on its nature
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of physical and chemical properties. During the upscaling of MFCs, low current output
and high cost are the major limitations [30]. The electrodes represent 20-50% of the overall
cost of a MFC as they are usually made of non-renewable materias, viz., stainless steel,
Ni, Cu, etc. These materials further require surface modifications for biofilm formation
and electron transfer [31]. Table 1(a) summarizes the utilization of nano-biochar for MFCs.
Further, researchers are utilizing sediment MFCs, also known as benthic MFCs (in some
cases), applied in the natural systems such as constructed wetland [32]. The energy output
from such MFCs is generally very low (e.g., 10-50 mW cm~2). Coconut shell-derived
biochar-amended sediment MFC improved the power generation 2-10 times along with
the increased total organic carbon (TOC) removal [33]. Also, soil-based MFCs have good
performance in low-power continuous energy sources along with the soil remediation appli-
cation [34]. Li et al. [35] utilized a chicken manure, wheat straw and wood sawdust-derived
biochar-amended soil MFC for the biodegradation of petroleum hydrocarbons.

—-I Synthesis of electrode in MFC for bioelectricity production I

|—-| Biomaterials Synthesis of anodic electrode |

Biochar for renewable energy I Catalysis in biohydrogen production |

_‘I Water splitting |

Methane steam reforming

—-| Anaerobic digestion |

Biochar in biodiesel production

Figure 2. Utilization of biochar for renewable energy production.

Table 1. Application of nano-biochar as catalysts for the production of different renewable energy.
(a) Nano-biochar for MFC for bioelectricity production; (b) Nano-biochar for anaerobic digestion for
hydrogen production; (c) Nano-biochar for biodiesel production.

(a)

As Anode
Biomass Preparation Comments Power Density References
Activation with KOH modified
o microporous structure with reduced O 3
Chestnut shell 900°C,2h and N content that is beneficial for 23.6 Wm [36]
charge transfer and microbial adhesion
Cobalt and chitosan were used as a
Microalgal sludge o mediator for electron transfer by )
(MSB) 800°C,2h immobilization on MSB 31 mWem [37]
(MSB/Co/chitosan).
Microalgal 900°C,1h Contains intrinsic N and P 12.8 Wm™3 [38]
Nano-biochar was activated with KOH
Deoiled Azolla o at 1:4 ratio at 600 °C for 2 h.
biomass 600°C,3h Bio-electrode was prepared by using 5% i [39]

polyvinylidene fluoride (PVDEF).
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Table 1. Cont.

(a
As Anode
Biomass Preparation Comments Power Density References
As Cathode
Carbonization at
902trrc101smﬁ§1l:eN2 Porous structure of the bamboo derived
Bamboo charcoal P . cathode provides possible channels for 404 Wm~3 [40]
followed by heating 0 Iv and proton transport
at 350 °C under air oXygen supply proto sport:
atmosphere for 2 h
Higher contents of graphitic and
Corn cob 650 °C for 2 h pyridinic nitrogen accelerate 458.8 mWm—3 [41]
electron transfer.
Balsa wood biochar 800 °Cfor1h Blochar can b? used directly without 72 mWm~—2 [42]
using the binders and catalysts.
Water hyacinth 900 °C for 2 h Capable of transferring electrons 24.7 mWm—2 [43]
Kpfl’i:(r(ejatoed) V}H;r}: d Possesses hierarchical porous structure
Eggplant 3 2-4/3 o with a large specific surface area and 667 mWm 2 [44]
pyrolyzed at 800 °C hich hitization d
for1h igh graphitization degree
(b)
Biomass Synthesis Comment Productivity References
Corncob particles
mixed with
melamine heated at . .
121 °C for 2 h Fabricated biochar promoted the growth
Corncob . ) of dominant bacteria and the electron 230 mL g*1 [45]
Material soaked transfer rat
with ZnCl, and anster rate.
pyrolyzed at 700 °C
for3h
o Biochar promotes cellulolytic enzymes
Cornstalk Pyroly?(f;:lza’}cléOO C activity and leads to increased substrate 286.1 mL g*1 [46]
conversion into hydrogen.
Phosphate-laden biochar used with Ca-
Pyrolyzed at 600 °C  and Mg-saturated resin. Both facilitated 1
Sewage sludge for3h substrate degradation and reduces the 197 mL g [47]
lag phase.
Biochar along with Fe acts
. Calcinised at 500 °C  synergistically and results in enhancing 1
Timber sawdust for2h the growth and activity of microbes and 50.6mlL g [48]
the utilization of substrate.
Co-culture of Enterobacter aerogenes and
Pyrolvsis at E. coli was used. Biochar mitigates
Woody biomass 430_5}(])0 °oC ammonia inhibitory effect and facilitates 96.6 mL gfl [49]

biofilm formation for efficient
colonization and reduces the lag phase.
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Table 1. Cont.

(a)

As Anode
Biomass Preparation Comments Power Density References
(0)
Biomass Oil Catalyst Preparation Yield (%) References
. 400 °C for 1 h followed by
Peanut shell Algal oil H,S0, treatment 94.9 [50]
. . 900 °C for 4 h, calcified with CaO and
Brown algae Waste cooking oil KoCO; at 500 °C for 3 h 98.8 [51]
Sludge biochar Palm oil 800 °C for 30 min caicmed with CaO at 93.7 [52]
700 °C
. 400 °C for 2 h, sulfonated with CISO3H
Sugarcane bagasse Palm oil at 300 °C for 5 h 98.6 [53]
. . . 600 °C for 2 h and sulphonated with
Cork biochar Waste cooking oil FH,S0; at 100 °C for 10 h 98 [54]

In recent times, bioinspired carbonaceous materials, viz. graphene, biochar, carbon
fibers, carbon nanotubes, etc., are gaining much consideration owing to their biocompati-
ble nature for biofilm formation and microbial growth along with high surface area and
conductivity. Here, nano-biochar is the renewable carbon-based material produced even
by waste-organic materials for electrode production. Various biomass sources have been
examined for anode/cathode preparation for efficient biofilm formation, and the properties
are further dependent on several factors, i.e., pore size, available surface area, and surface
properties. The pyrolyzed carbonaceous heteroatoms function as a natural dopant, deliver-
ing admirable electrical conductivity. In addition to the generation of bio-electricity, MFC
is also utilized for wastewater treatment and produces low amounts of sludge compared to
the traditional anaerobic digestion techniques [31]. For the cathodic performance of the car-
bonaceous materials, the surface area alone is a weak indicator as the existence of increased
acidic functional groups regulates the oxygen reduction capability of the cathode [1].

2.2. Nano-Biochar for Hydrogen Production

Nano-biochar has also been utilized for biohydrogen production via three different
processes, namely water splitting, methane steam reforming and anaerobic digestion. A
brief discussion regarding all the mentioned technologies is presented in the following
section. Table 1(b) summarizes the utilization of nano-biochar for hydrogen generation.

2.2.1. Nano-Biochar for Water Splitting

Water splitting using numerous electro-catalysts of the noble metals and their oxides,
e.g., RuO, and IrO;, is the cleanest way of hydrogen production, however, the process is
still inefficient owing to the high catalyst cost, instability in the alkaline environment, and
overpotential of the H, evolution reaction (HER) and O, evolution reaction (OER) at the
cathode and anode, respectively [55,56]. Therefore, bio-inspired carbonaceous materials
are nowadays being explored as electrocatalysts due to their cost-efficient electrical con-
ductivity [1]. Further, to reduce the overpotential and enhance the hydrogen generation
ability, transition metals can be doped on carbonaceous materials to create more active sites
for rapid electron transference [57]. In addition, the presence of alkali and alkaline earth
metals assists in the carbon and porosity activation through the ionic migration effect at
the high temperature. Recently, biochar-derived molybdenum carbide (Mo,C) has gained
consideration owing to its Pt-similar stability and structure. Still, the HER efficacy of Mo,C
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electro-catalysts is less because it lacks exposed catalytic sites along with strong Mo-H
bonding [1,56].

2.2.2. Nano-Biochar for Methane Steam Reforming

Methane can be generated via the anaerobic digestion of the organic wastes that present
the maximum hydrogen to carbon ratio (4:1). Further, the thermo-catalytic decomposition
of methane leads to the generation of pure hydrogen at a very high temperature (1200 °C)
for the conversion reaction initialization. Thus, metallic catalysts (Ni, Fe, Cu, etc.) are
involved in enhancing the methane conversion at a lower temperature. However, these
metallic catalysts lose their activity very fast. In addition, the presence of sulphur in
the natural atmosphere is further harmful to the catalysts [1]. Carbon materials have
greater stability and are resilient to sulphur content. Carbonaceous materials doped
with metals in trace amount present enhanced activity owing to the generation of high
energy active sites that attract the methane, further helping in the enhanced methane
conversion to hydrogen. Nowadays, the nano-biochar prepared from bio-solids recovered
from wastewater treatment plants is utilized for the methane steam reforming process
resulting in 65% conversion [58].

2.2.3. Nano-Biochar for Biogas Production

Organic bio-waste management using an AD process leads to bioenergy generation. It
was stated that the nano-biochar addition during the AD enhances the hydrogen yield with
a minimal lag phase. It is predicted that the nano-biochar enables biofilm formation and
pH stabilization, and enhances the generation of volatile fatty acids (VFAs) [59]. Further,
the minerals existing in the nano-biochar are responsible for providing supplements for
microbial metabolism and enzyme synthesis and activity. Biochar-derived from pine dust
during the two-phase AD of aqueous carbohydrates resulted in enhanced methane and
hydrogen yield by 10% and 31%, respectively [60]. Furthermore, microbes may acclimatize
to numerous inhibitors, but that might be time-consuming and affect cellular productivity.
The nano-biochar aided AD process tends to remove the inhibitors and reduce the toxicity,
thus improving in hydrogen production [1].

2.3. Nano-Biochar for Biodiesel Production

The occurrence of long carbon chain (C14—Cp) fatty acids has gained the attention
for biodiesel production for the present engines owing to their high energy densities.
The transesterified oils from various renewable resources produce biodiesel [61]. During
the transesterification process, catalysts playing a major role are further categorized into
two types, i.e., homogenous and heterogeneous catalysts. Heterogeneous catalysts can
simultaneously perform transesterification and esterification reactions. Table 1(c) lists
examples of the utilization of nano-biochar as catalyst for biodiesel production.

Biochar, defined as a heterogeneous catalyst, has clearly shown its potential for
biodiesel production. Transesterification reactions were carried out in the presence of
nano-biochar that was altered via either acid /alkali as the catalyst. The porosity of the
nano-biochar permits the reactants easy access to active sites to enable the transesterifi-
cation reaction [1]. In addition, the hydrophobic surface of nano-biochar assists in the
water elimination during the conversion reaction. The biochar acid-modified via the sul-
fonation process contains -SO3H groups on the biochar surface and further acts as the
catalyst, while the alkali-modified biochar has basic sites primarily consisting of calcium,
potassium, or sodium oxides that are produced during the calcination of the minerals
present in the organic substrate [51-53]. During the transesterification reaction, the alcohols
and lipids utilize the porous structure to accelerate the reactants’ collision frequency at
ambient pressure.
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3. Nano-Biochar for Anaerobic Digestion

Depending on the conditions, the nano-biochar characteristics can be enhanced for
application. Nano-biochar characteristics such as porosity, specific surface area (SSA), cation
exchange capacity, electrical conductivity, redox potential, pH, and functional groups play
an essential role during the AD process [62].

3.1. Porosity

Nano-biochar porosity is a crucial factor in recognizing the probable association
with microbes during AD. The biochar pore size acts as microhabitats for microbes to
flourish [63]. The typical microbial size in AD is 0.3-13 um for bacteria/archaea, 2-80 pm
for fungus, and 7-30 um for protozoa [56]. In addition, the porosity of biochar enables the
formation of biofilm, acting as a protection for the amelioration of selective and effective
microbes participating in the AD system in an acidic environment [64]. The addition
of nano-biochar selectively enhances the numerous bacterial species in the AD system.
Most research has documented Methanolinea, Methanobacterium, and Methanosarcina sp. in
anaerobic digester supplemented with biochar. Numerous studies reported the spatial
dispersion of archaea and bacteria by separating the sludge into several portions [65].
The spatial dispersal of methanogens in the biochar pores is due to their diverse size and
morphology [66].

3.2. Specific Surface Area

The SSA of nano-biochar is one of the crucial parameters for environmental pollutants
adsorption [63]. The nano-biochar capacity to remove CO,, H;S, etc. in a biogas fermenter
was studied by Sethupathi et al. [67]. They observed values of 0.208 mmol g~! and
0.126 mmol g~ ! for CO, and H,S, respectively. The adsorption of CO, by biochar (hickory
wood and bagasse), the involvement of high SSA and N; group of biochar for removal was
reported by Creamer et al. [68]. The pore size of biochar (0.5-0.8 nm) and enhanced SSA
were reported for sequestration of CO, [69], whereas the group I-II A metals and primary
functional groups present on the surface play an essential role [70].

3.3. Cation Exchange Capacity

The concentration of ammonium (NH4*) and NHj are sustained under an optimized
threshold for an AD process; it helps in buffer capacity for improved growth of bacteria,
whereas the excess amount of total NHj /free NH3-N (TAN/FAN) can cause AD catastro-
phe [71]. It was observed that TAN content (1.7 and 14 g L~1) decreased the generation of
CH, by 50% and free ammonium nitrogen (FAN) (150 and 1200 mg L~!) content signifi-
cantly influences the growth of methanogens [71,72]. Biochar could significantly improve
the inhibition of NH3 and increase CHy generation by decreasing the microbial lag phase
owing to its strong cation exchange capacity (CEC). Shen et al. [73] reported the positive
role of biochar in AD of sewage sludge. Su et al. [74] stated that biochar alleviated the
NH;3-N (~1500 mg L~1) in food waste AD. Likewise, Lii et al. [66] stated that enhanced
NHy+ content (up to 7 g-N L) could be repressed by biochar supplementation during AD.
The mechanisms include microbial immobilization, physicochemical adsorption capacity,
CEC, surface functional groups (SFG), and DIET advancement [73-75].

3.4. Electrical Conductivity

The microbial syntrophic interaction depends on the electrical conductivity (EC) [63].
However, the EC of nano-biochar is insignificant in contrast to the EC of digestate, which
is based on the microbes’ metabolism and composition [76]. Nano-biochars’ ability to
enhance DIET is equal to that of granular activated carbon, despite the lower biochar
EC [77] although some nano-biochar has high EC (e.g., basswood nano-biochar) [78]. Barua
and Dhar [79] reported increased EC (0.2-36.7 uS cm~!) in numerous microbes due to DIET.
Martins et al. [76] proposed that humic substances could act as electron transport media to
accelerate DIET.
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3.5. pH

The pH influences the conductivity of nano-biochar and associated microbes in AD [80].
Due to the ash concentration and acidic functional groups volatilization, the pH values
of nano-biochar are alkaline. The rise in biochar’s pyrolysis temperature and pH value
frequently surges [81]. In addition, the nano-biochar has redox ability, i.e., it can accept or
donate the electrons. Further, the presence of aromatics and phenolic groups also aids in
the electron transfer [3,82]. Nano-biochar increases the AD alkalinity (minimum pH > 6),
enhancing the microbial activity for fast CH, generation and adaptability to initial the
loading shock [83]. Nano-biochar significantly facilitates the methanogenesis stage under
acidic conditions (pH 5.3), improving the operating conditions with increased organic
loading and total solids [81]. Hence, with the addition of nano-biochar, a continuous AD
process can function with a shorter hydraulic retention time and operate under an extra
organic loading rate.

3.6. Surface Functional Groups

The nano-biochar surface consists of various functional groups such as -OH, C-O,
-COOH, CO, -NHy, etc. which assist in nutrient retaining and pollutant removal [84].
Nano-biochar displayed significant outcomes in the adsorption of NH3 from wastewater
and digestate. The nano-biochar’s porosity and high SSA aid in the physisorption [85].
However, in some studies, it is not a predominant parameter in adsorption of NHy+ [86,87].
For instance, amid NHs+ and nano-biochar acidic functional groups, ion exchange oc-
curs [85], and CEC plays a significant role in enhancing the adsorption capacity of biochar’s
towards NHy+ [88]. Sahota et al. [89] employed biochar to remove H;S from biogas and at-
tained 84.2% elimination efficacy. Likewise, Kanjanarong et al. [90] accomplished 98% H,S
elimination efficacy via biochar and concluded that COOH and OH groups are responsible
for the observed H;S adsorption.

3.7. Redox Potential

The nano-biochar redox properties are critical during AD. The biochar redox properties
are due to its SFG, free radicals, and metals (M) and metal oxides (MO) [91]. For example,
the electron-donating capacity is due to the presence of phenolic C-OH fractions, while
electron-accepting ability is due to quinoid C=0O fractions [92]. An oxidation process can
enhance nano-biochar SFG [93]. Hitherto, the oxidation process should be appropriate to
familiarize with novel functioning, but not too robust to trigger the alteration to the COOH
group (redox-inactive) or even to eliminate CO; [91]. Free radicals influence the nano-
biochar redox propensity, such as aryl radicals or as semi-quinoid radicals [94]. Concerning
the nano-biochar’s inorganic constituent, Fe and Mn oxides (redox-active metals) usually
exist in the biomass and diverse oxidation states act as electron acceptors and donors [95].

4. Roles and Mechanisms of Nano-Biochar in Anaerobic Digestion

The intrinsic characteristic of nano-biochar boosts biofilm microbial development
(methanogens colonization) and adsorption of NHj3 and acetate (inhibitors) [96]. AD
process aids in the development of a defensive layer for microbes that enhances CHy
generation. Nano-biochar also stabilizes the microbe’s nutrient access and eliminates
volatile fatty acids and NHj3 [97]. Figure 3 presents a brief schematic of the anaerobic
digestion system aided with the nano-biochar for enhanced biogas production.

99



Catalysts 2022, 12, 186

Hydrolyzing and fermenting microbes

= .,
\ -

Methanogens Organic wastes

@,

Syntrophic microbes

/ = . \

omplex organic wastes \

[ (carbohydrates, proteins, fats/oils) \
. 4 Phase 1
Fermentative microbes 2

l Hydrolysis

Broken into monomers and ———

oligomers

ll"ermentalive microbes

Phase 2

Acidogenesis
(Propionate, Butyratc)

l Acetogens
(H, producing)

e H,+CO, = | Acclate <=

Accmgcns
5 Acetoclasti
Biochar \ mcthanogens methanogens

o | CH,+CO;

~

Lshoﬂ—clnin volatile organic acids

Fermentative microbes
SOQOINW DA LIUIULID

e |

1
1
1
1
1
1
1
1
1
1
o4

Phase 3
Acetogenesis

| Anaerobic digester |

Figure 3. Anaerobic digestion system aided with the nano-biochar for enhanced biogas production.

4.1. Improving the Process Stability

AD stability is crucial for a continuous conversion of biowaste, which can be en-
hanced by nano-biochar usage via NH3—N improvement [75]. Nano-biochar improves the
methanogenic microbes in the presence of acid and NHj3 impediment, which ultimately
helps in nitrogen-rich substrate degradation and reduces NHj inhibition, thereby improv-
ing AD performance [97]. The nano-biochar addition decreases the AD major inhibitor
(free NH3) by 10.5% and encourages the methanogenesis process under an acidic envi-
ronment [98]. Nano-biochar significantly increases the AD alkalinity (pH > 6), therefore
supporting the acclimatization of microbes and enriching their activity in the presence
of organic loading for more substantial production of CHy4 [99,100]. However, studies
reported the toxic effects of the high biochar concentration (~4.5 g biochar/g of dry sludge),
such as decreased microbial activity [98]. Therefore, optimizing the nano-biochar amount
and incessant monitoring are crucial to curtailing the adverse effects on the metabolism of
microbes and the intermediate metabolite generation.

4.2. Accelerating the Process Rate

AD system process rates can be efficiently enhanced with the addition of nano-biochar.
Shanmugam et al. [101] observed a decrease (24 h) in the methanogenic microbe lag
phase when algal-derived biochar was used for wastewater AD. Earlier results supported
this outcome that the microbial lag phase duration was inversely proportional to the
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biochar to substrate ratio. The 7.5 days lag phase was the optimized ratio [102]. Likewise,
Sunyoto et al. [60] reported 21.4-35.7% and 41-45% decreases in the lag phase of H and CHy
reactors on biochar, respectively. The magnetic biochar addition during methanogenesis
entirely avoided the lag phase or decreased it by 0.9-1.83 days [103,104]. Furthermore,
Wang et al. [105] reported a reduction of lag phase from 4.7 to 1.8-3.9 days during co-
digestion of food waste and sewage sludge on biochar application. The daily production of
CHy was improved by 136% after the amendment of biochar (wood-pellet-derived) during
the AD process [97].

4.3. Buffering Potency and Alkalinity

The efficiency of AD systems mainly relies on the pH value, where a slight decline in
the pH of the solution remarkably hinders microbial growth and functioning [106]. Food
wastes with low C:N ratio and enhanced biodegradability result in a rapid acidification rate
during AD. During the acidogenesis phase, the fast growth of acidogenic bacteria will affect
the activity of methanogen’s and result in the VFAs accumulation [107]. Fotidis et al. [108]
established that the aforementioned state might arise during high organic load with easily
biodegradable biomass. As the AD system has an extended recovery period from gath-
ered VFAs, amendment of nano-biochar can aid in a fast and simple process to hasten the
recovery of acidified anaerobic reactors [81]. The buffering capacity and availability of nutri-
ents are significantly influenced by nano-biochar during the co-digestion system [105,109].
However, there are a few opposing results regarding the biochar application in the AD
process. Luo et al. [64] proposed that before CHy4 generation, acid inhibition might happen
during synthetic wastewater AD, and nano-biochar cannot significantly upsurge the pH
buffering capacity. A decrease in pH value (5.0 to 3.0) owing to VFAs accretion even after
nano-biochar addition during AD was observed by Sunyoto et al. [60]. Thus, there is no
inference about the nano-biochar pH buffering capacity during the AD, which is based on
the nano-biochar physicochemical properties and flexible operational parameters.

4.4. Inhibitors Adsorption

One of the key advantages that nano-biochar offers to raise AD effectiveness is the
adsorption of inhibitors. During the adsorption process, the biochar aromatic structures
enable 7-7 interaction due to OH and COOH groups [90]. The adsorption of VFAs by
nano-biochar and alleviation of acid surges the CH, yield [101]. The study showed direct
proportionality amid NH4*-N adsorption and hydrochar SSA [105]. Linville et al. [110]
assessed biochar derived from the walnut shell and found significant removal of CO; by
coarser (51%) and smaller biochar (61%) in the food waste AD. In the two-stage waste-
activated sludge AD by pine wood and corn stover biochar, CH4 contents of 81-88.6% in
corn stover and 72.1-76.6% in pinewood biochar were observed, respectively [73]. The CO,
was sequestered into carbonate/bicarbonate by base cations released by biochar [96,111].

4.5. Enriched Microbial Functionality

Nano-biochar encourages the extracellular polymeric substance (EPS) secretion from
microbes during the formation of biofilm, thereby increasing the adhesion of microbes
on the surface of nano-biochar [112]. It is a cost-effective and easy method to evade
fast sludge granulation and decrease the methanogens loss during AD. Sun et al. [113]
observed the microbial richness in the incidence of biochar carriers. Dang et al. [114] found
that Enterococcus and Sporanaerobacter capacity was improved during biochar addition,
which aids in fermentable substrates breakdown for electron transfer to Methanosarcina.
In addition, the biological interaction between Methanosaetaceae and Methanosarcinales and
biochar efficiently decreases the lag time [66]. Wang et al. [115] found that the hydrochar
content is directly proportional to the attachment of methanogenic bacteria. Similarly,
in the presence of hydrochar, Methanosaeta (acetoclastic methanogen) enrichment was
observed [81]. Henceforth, CHy generation from VFAs is enhanced by immobilization
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of methanogens by hydrochar amendment [116]. Furthermore, biochar increases biofilm
formation and functional microbial enrichment, thus, improving the AD process [80].

4.6. Electron Transfer Mechanism

The earlier investigations reported the importance of nano-biochar and its electron
transfer amid archaea and anaerobic bacteria. AD system efficacy mainly depends upon the
syntrophic interactions amid bacteria and methanogens, which help electrons fulfill their
energy requirements [76]. Figure 4 gives an overview of proposed electron transfer mecha-
nisms between oxidizing bacteria and methanogens. It is carried out in various ways: DIET
via a conductive medium (e.g., granular activated carbon, magnetite, carbon cloth, nano-
biochar) [117], membrane-bound transporter proteins [76], electric conductive pili [79], and
indirect interspecies electron transfer (IIET) through insoluble (humic compounds) [118]
and soluble (acetate, formate) substances [119,120]. In IIET, formate and hydrogen act
as electron transport between methanogens and syntrophic-generating bacteria [76]. The
microbial metabolite exchange is governed by Fick’s Law, occurring via diffusion. Thus,
after the cell accumulation is attained, the interspecies hydrogen transfer rate is raised by
anaerobic bacteria and methanogenic archaea form the compressed structures [121].
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Figure 4. Application of conductive nanoparticles for electron transfer between oxidizing bacteria
and methanogens via (i) zero-valent metals; (ii) metal oxides, and (iii) carbon-based materials.

During CHy production, IIET and diffusion of soluble metabolites are bottlenecked
by decelerating the electron transference and energy transfer rate [77,122]. DIET does not
entail the electron transport intercession for generating an electric current amid electron-
accepting and donating microbes [76]. DIET was more precise and rapid than IIET [122].
Martinez et al. [123] reported that co-culture enhances CHy generation, for instance, enrich-
ment of homoacetogenic bacteria such as Eubacterium, Clostridium, and Syntrophomonas. In
synthetic wastewater AD, Methanosaeta and Geobacter enrichment on biochar in the presence
of propionate and butyrate were reported [65]. During conductive biochar amendment,
DIET was able to eliminate butyrate and propionate and establish interspecific electron
shuttle by Smithella and Syntrophomonas richness.

5. Kinetics Involved during the AD Process

The kinetic study of AD system is the most important way to evaluate the perfor-
mance of the reactor for biogas production, mechanism of metabolic pathways, biomass
degradation, and the monitoring of the growth rate of microorganisms [124,125]. Based
on increasing CHy production after the biochemical CHy production (BMP assay), the
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bio-kinetics parameters such as CHy generation potential, maximum rate, and its period
of lag phase are evaluated to utilize the three diverse kinetics models. In general, the
first-order kinetic model such as Chen and Hashimoto model [126], Cone model, and
modified Gompertz model [124,127] were applied to mimic the kinetic patterns of biogas
production in different condition. The first-order kinetic model and modified Gompertz
model are used for biomass degradation rate and biomethane production rate in batch and
continuous reactors [128,129]. The obtained cumulative biomethane productivity results
through the modified Gompertz kinetic model (fitting error 0.7-13.7%) were more authentic
than first-order kinetic (fitting error 9.2-37.1%) for organic waste material [129]. In addition,
the quality of products depends on the type of substrates responsible for acidogenesis,
acetoclastic, and methanogenesis by microorganisms in the digestion system. Here, the
modified Gompertz and logistic function obey the sigmoidal process that correlates the
methanogenic archaea growth with the CHy generation in an anaerobic reactor. In contrast,
the transference function follows the first-order curve to correlate the CH4 generation with
the microbial activity [130].

Modified GompertzModel; y = M. exp { exp [RA”/Z: (A —1t) + 1] } 1)

Logistic Function Model; y = 4;\4 ) )
1+ exp ("‘T + 2)
Ry (t —

Transference FunctionModel;, y = M {1 — exp ( m(M/\)) ®)

where y is the accumulated CHy (mL) at time ¢ (h), M, Ry, A, and e are the potential CHy
generation (mL CHy g_l), maximum rate of CHy production (mL CHy4 g_1 h1), lag phase
time (h), and base and constant of the natural logarithms, respectively.

Kinetic models can be divided into structured (complex degradation and fermentation
mechanism analysis) and unstructured (substrate consumption, growth rate along with
production evaluation) models. The structured models are used for unsteady-state balance,
while the unstructured models are used to assess steady-state balance conditions during
the anaerobic process [127,129]. Some researchers have reported that the maximum growth
rate value in the exponential phase is minimum at low substrate concentration. In the
case of acetate inhibition at a higher substrate concentration, Andrew’s kinetic models
for AD (Equations (2) and (3)) that express the acetolactic methanogenesis stage can be
used [124,131].

To examine the theoretical CHy yield (TMY) from the organic wastes on the basis
of the elemental contents of the substrates, the following equations are given (Buswell
formula [132]):

§-5+ %) H,O .
= (348 -5 F)CHi+ (§-§+ 1+ F)C0n + Ny
b_ 3
oy (MICH: Y _ (22.4) (1000) (g paob @c) .
gvs ) 12n + a + 16b + l4c

In addition, the anaerobic biodegradability of the organic feedstocks can be evaluated
by dividing the experimental CHy yield by theoretical CHy yield. Furthermore, the surface-
related models (Contois kinetics) for anaerobic digestion have not been much developed.
Several researchers reported hydrolysis as a first-order kinetic model reaction that depends
on various substrates and particle size. These limitations of pertinent simulation in the
biogas generation mainly rely on the data availability and accuracy of the process. The
methanogenesis effect with the kinetic limitation of the substrate is used in diverse kinds of
inhibition models in the AD system. AD process is considered as H, and H,S inhibition with
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the ionic balance and pH level in the biogas process system. The standard CH,4 formation
rate is based on the un-dissociated hydrogen and sulphur concentration. Furthermore,
the occurrence of oxygen is very sensitive; it breaks the degradation process in the AD
system [133].

6. Closed-Loop Integration of Biochar and Anaerobic Digestion

The inherent complication in AD process is related to the different groups of microbes.
The conventional ways such as pre-treatments (reducing the retardation rate) and co-
substrates (the balance of nutrients, very low accumulation of toxicity), do not perform
well to deal with such challenges [62,134]. In this respect, several new approaches and
productive concepts are required, some of which are enumerated below:

(i) asynergetic integration of different technologies and proceed in methodical ways
(i) development of the zero liquid discharge (ZLD) through cascade system
(iii) processing biomasses in concurrence with the closed-loop integrated system

These methodical routes of advanced blueprinted bio-energetic system offer several
advantages, viz. supporting maximum recycling of biomass through managing mate-
rial and energy which needed from the same feedstock (low energy consumption) [135],
promoting the new income of source. Therefore, it also favors the ecological environ-
ment [136,137]. This integrated system uses the solid biomass residue for pyrolysis, which
produces nano-biochar and is used as an additive in the AD reactor to enhance bio-methane
production. Further, nano-biochar can be used as an adsorbent to enrich the nutrients in the
slurry, or can also be used for agriculture as a fertilizer and soil conditioner. In this process,
methane gas is produced, and it can further be used to generate power and heat. Hence,
this integrated closed-loop system promotes crucial techniques for producing biomass
during AD [138].

Deng et al. [139] achieved 17% yield increase of CHy and 10% bio-oil yield increase
through the integrated system of AD and pyrolysis, and obtained 26% reduction in digestate
biomass from seaweed. Similarly, Sen et al. [140] reported that in a study of a closed-loop
system using the additive nano-biochar, the biomethane yield could be enhanced by
7%, the bio-methanation rate constant by 8.1%, and the maximum methane production
rate by 27.6%, as well as increased alkalinity and mitigated NHj3 inhibition for AD. AD
with pyrolysis favored both pyrolysis of liquor and pyrolysis of solid digestate, where
nano-biochar acts as a catalyst for AD by supporting the mitigated NHj3, buffering, and
alkalinity. Therefore, an integrated system of AD with pyrolysis is a promising way for the
amalgamation of biological (AD) and thermochemical processes (pyrolysis) [141].

To improve circular economics and the sustainability effect of the AD effluent, al-
ternative methods (converting digestate to pyrogenic carbon) are required, which may
be considered as a feasible pathway because nowadays nano-biochar is considered as a
carbon reservoir/carbon-negative technology, that is, contributing to greenhouse gases
(GHG) emission [142], due to its properties such as having a high amount of highly stable
carbon, and long-term carbon segregation capacity especially in an integrated system with
AD [135,137]. Monlau et al. [135] revealed that solid-digestate (containing about 30-50% of
organic carbon, on dry basis) was treated close to the pyrolysis in terms of excess amount
of energy, similar to the pyrolysis nano-biochar. It was evident that the integrated system
(AD & pyrolysis) anticipated a net 42% increase in electricity production. The AD system
has various limitations such as inhibition of NHj3, quality of digestate, and low quality of
biogas. However, by using this vigorous closed-loop integration (AD-pyrogenic carbon),
more green and clean energy can be produced.

Further, the accomplishment of nano-biochar on anaerobic reactors such as acidoge-
nesis, acetogenesis, hydrolysis, and methanogenesis is to be carried out for improving
the buffering capacity and increasing acid pressure [62]. Nano-biochar is a vital way
to aid in bio-shielding of archaea under acidic pressure and its reactive mechanism in
AD reactors. Nano-biochar has proven its role as a stabilizer to enhance the syntrophic
metabolism of VFAs and alcohol, enabling one to shorten retention times in AD [143].
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The productivity for CH4 during bio-methanation can be improved by improving anaer-
obic methanogens, which are promoted through a consortium of methanosarcina and
syntrophic bacteria. Selective colonization is observed and had an ammonium adsorption
capacity up to 17.6 mg g~ ! by biochar [144]. DIET has been recognized as an alternative
pathway for hydrogen interspecies transfer of syntrophic electrons between Geobacter and
Methanosarcina to accelerate the syntrophic metabolism of ethanol by incorporating nano
viruses. After which, methanogenic electron movement can be increased due to acetic
acid formation [143], amplifying methanogenesis, directing to acidogenesis-acetogenesis,
supporting the minimal corrosion and eccentric colonization of methanogenesis for im-
provement in selective productivity.

The most interesting factor for nano-biochar use as an AD additive is its minimal
complexity, low cost, and very low risk of formation of second-hand pollutants. Meanwhile,
porous material biochar contains a specific molecular structure [66], which stimulates AD
at advanced levels. Many researchers have reported the performance of biochar such
as hydrothermal carbonization and pyrolytic biochar for their low effects on ammonia
inhibition and microbial growth [63]. Some issues related to using biochar in AD are
still unsolved. Thus, there is a need to model the operational procedure, evaluation via
advanced techniques with references at an earlier stage. Hence, nano-biochar may be a
suitable replacement for conventional approaches.

7. Techno-Economic and Environmental Life Cycle Assessment

The techno-economic and environmental assessment of nano-biochar application in
AD is imperative according to the production cost, vending cost, operating cost, profits,
low carbon emissions, reduced secondary pollution, and less global warming potential at
the commercial level [62]. These evaluations were also performed to raise the economic
feasibility of nano-biochar application in full-scale along with the long-term operation of
the AD process. In addition, the characteristic properties of the nano-biochar, feed type,
production conditions, etc. all play a vital role in the AD performance that is mentioned in
the current section.

7.1. Techno-Economic Analysis

Various researchers have performed the economic assessment of nano-biochar pro-
duction to determine the investment that might be further balanced via the biochar trade
price (470 € t1) [145]. Nano-biochar yield is mostly affected via oxygen to carbon (O/C),
molecular ratio during pyrolysis and the ash content. A high O/C ratio in the feed substrate
reduces the nano-biochar selectivity and enhances the formation of bio-oil, while a low ash
content leads to an increase in the nano-biochar yield and decreases the bio-oil yield [62].
Adding biological and inorganic elements within the nano-biochar as additives in AD is
usually carried out to increase methane production. These additions further lead to an
increase in the overall production of the biochar; for instance, nutrients and enzymes add
in13-16 and 3.6-4.1 € L1, respectively [146].

The trending circular economy model was also applied for managing the digestate
produced via the AD process of the organics [147]. The researchers have followed the
“back to Earth” concept to deal with the digestate produced via AD of food and municipal
solid wastes. The simultaneous integrated utilization of the biochar-aided AD and further
recycling the digestate for the nano-biochar synthesis is consistent with the “zero-waste”
concept approach. The digestate can also be used for fuel, energy, fertilizer, and chemical
production for the industries [148]. In addition, the installation cost, pre-treatment cost
(covering 43%), and hydrogen purification cost (22%) is chiefly involved in the overall cost.
The average operating cost for nano-biochar derived from woody and straw biomasses
are 0.68 and 0.86 € L™, respectively, in comparison to the additives, viz., nutrients (13—
16 € L) and enzymes (4.10 € L~1) [121]. Traditional biochar (5-25 g L~!) can be utilized
as an additive in the AD process and is reused many times, making the process more
economically feasible and the additional gain of by-products [149]. Gonzalez et al. [150]
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reported a case study of the economic feasibility of an integrated system and NPV could be
calculated using the following equation:

n
F
Net present value (NPV) = —TCC + ) _ _Ch

6
Lo (6)

where TCC is the total capital cost of the investment for the digestion and pyrolysis plant,
CF; is the cash flow expected at time ¢, and r is the discount rate.

Nevertheless, this analysis for the cost evaluation of nano-biochar aided AD process
on a large scale is still at its embryonic stage. Henceforth, many researchers have further
approached the life-cycle assessment (LCA) to analyze the total input energy required for
CH, production [151].

7.2. Life-Cycle Assessment

An optimistic energy balance should be attained for the addition of nano-biochar for
the anaerobic digestion process in the LCA. This “cradle to grave approach” must also be
beneficial from the environmental and economic perspective [152]. LCA of the biochar
produced via the lignocellulosic wastes showed the GHG emission in between 20-50 g
COy—eq MJ~1; whereas for pit/shell/husk, it ranges amid 120-250 g CO,—eq MJ1 [62].
The feedstocks for biochar possessing an ash content in the range of 0-2% and having a
high O/C ratio are mainly related to the enhanced GHG emissions [62,84]. In addition,
compared to the petro-derived fuels, the utilization of biofuels leads to >85% reduction
in GHG release, equivalent to 93 g CO,—eq MJ~!. The biochar-aided AD process offers
encouraging effects in contrast with AD alone. However, further LCA studies are needed
to associate and integrate the waste conversion and resource recovery processes [153]. The
methodical outcomes primarily depend on the type of biomass, compositions, reaction
condition, and reactor, but lack the LCA for biofuels production [154-158].

Moreover, landfills, carbon sources, and other ambiguous factors (infrastructure, trans-
portation, and waste management) should also be considered in the LCA [5]. ReCiPe and
Tool for Reduction and Assessment of Chemicals and other environmental Impacts (TRACI)
is a method for the life-cycle impact analysis (LCIA) and environmental impact assessment,
respectively [5]. Hence, more studies of LCA are needed to assist the optimization of
methodical, financial, and environmental performances of the additive nano-biochar and
its integration in AD processes.

8. Conclusions and Prospects for Future Research

The properties of nano-biochar are primarily dependent on the organic feedstock used
and its processing. Further, it is extensively being used as a catalyst for enhancing renewable
energy production. Our comprehensive evaluation of the recent literature available on
biochar-amended anaerobic processes concluded the credible importance of nano-biochar
from the economical, simple processing, and enhanced biogas yield. Further, the metal-
doped/impregnated nano-biochar composites show more magnetization properties and
recycling ability, which can reduce the costs of biochar addition. The recycling of nano-
biochar composites during the AD process further leads to the loss of the methanogen
population due to the digestate disposal. In addition, Fe,O3 and Fe;0, impregnated
biochar perform as electron channels for promoting the interspecies electron transfer. The
enhancement in the stability and reliability of anaerobic digestion via nano-biochar addition
is much significant and depicts a novel paradigm for the generation of renewable energy,
resource recovery, and waste management. The biochar-aided AD process mitigates the
acidification impact caused via VFAs accumulation, encouraging the electron species and
microbial growth. Further, in comparison to the traditional AD process, the nano-biochar
addition helps reduce the environmental impacts and cost-involved. In addition, the
following are some proposals that can further improve this feature:
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(i) Numerous references report on the fed-batch operation of nano-biochar-amended AD
processes. Further efforts should be made to develop continuous or semi-continuous
operational modes, nano-biochar recycling, and reusability.

(ii) Prudent procedures should be developed and followed to determine the quantitative
inhibition exhibited via the nano-biochar for the AD process.

(iii) Effective microbial metabolic pathways should be tracked along with the prime
attention to the nano-biochar-microbe interactions, and mechanistic insights.

(iv) Techno-economic and the socio-economic analyses of the pilot- and industrial-scale
plants, including the mass and energy balance assessments, are essential for the nano-
biochar-amended AD process. The life-cycle and supply chain management further
needs to be monitored for the overall impact of the integrated process.

(v) Exploration of DIET/IIET is highly encouraged for electron-based elucidation to
enhance biogas production and further establish a pioneer avenue of research in
renewable energy research.

(vi) Nano-biochar-amended co-digestion approaches need to be explored for the reduction
in the reactor volume, zero-waste approach, carbon capturing, and encouraging the
circular bioeconomy concept.
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Abstract: Fabrication of metal nanostructures using natural products has attracted scientists and
researchers due to its renewable and environmentally benign availability. This work has prepared
an eco-friendly, low-cost, and rapid colorimetric sensor of silver nanoparticles using tree gum as a
reducing and stabilizing agent. Several characterization techniques have been exploited to describe
the synthesized nanosensor morphology and optical properties. Ultraviolet—Visible (UV—Vis)
spectroscopy has been used for monitoring the localized plasmon surface area. High-resolution
transmission electron microscopy (HR-TEM) illustrated the size and shape of silver nanoparticles.
X-ray diffraction spectra showed the crystallography and purity of the product. Silver nanoparticles
decorated with almond gum molecules (AgNPs@AG) demonstrated high sensitivity and colorimetric
detection of mercury ions in water samples. The method is based on the aggregation of AgNPs and
the disappearing yellow color of AgNPs via a spectrophotometer. The detection limit of this method
was reported to be 0.5 mg/L. This work aimed to synthesize a rapid, easy-preparation, eco-friendly,
and efficient naked-eye colorimetric sensor to detect toxic pollutants in aqueous samples.

Keywords: natural gum; silver nanoparticles; mercury ion detection

1. Introduction

Population growth worldwide has led to increased demand for drinking water in re-
cent years. However, water resources have suffered from pollution due to industrial sectors’
discharging various kinds of pollutants and harmful substances. Many kinds of pollutants,
such as herbicides, pesticides, dyes, plastics, oil derivatives, and heavy metals [1-4], have
been found in water effluents, which is the main reason behind the development of health
issues among people. Mercury and its compounds are among the most harmful species
reported and adversely affect human health [5]. Mercury affects the central nervous system,
liver, and kidney. Further, it can disturb the immune system due to impaired hearing,
vision, paralysis, and emotional instability. Many analytical techniques are employed for
detecting mercury ions, such as inductively coupled plasma atomic emission and mass
spectroscopy, cold vapor atomic absorption spectroscopy, cold vapor atomic fluorescence
spectroscopy, and high-performance liquid chromatography with UV —Vis detection [6].
However, these techniques suffer from several limitations, for instance, time consumption,
harmful solvents, equipment costs, and complex procedures [7]. Therefore, developing new
approaches to detecting and determining mercury ions becomes crucial and an urgent need.

Metal nanoparticles possess several unique optical, photothermal, and electrical prop-
erties. These distinctive characteristics make scientists more curious to investigate and
uncover the potential applications of metal nanoparticles [8]. Gold, silver, and copper
nanoparticles have been used widely in many fields such as medicine, industry, agriculture,
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and the environment. The vast spectrum of applications of these nanostructured metals
come from the nanoscale size, which has a variant behavior for its bulk state [9]. However,
it must undergo chemical, physical, or biological processing to convert a metal from a bulk
state to nanoscale particles. Biological methods are considered an emerging technique used
to fabricate metal nanoparticles. It is classified into two main subclasses, that is, plant
and microorganism. The plant’s parts include roots, stems, flowers, leaves, and seeds [10].
Some trees’ stems release exudate (gum) as a defense weapon against microorganisms
and insects [11]. However, the gum has been proven to contain many active chemical
components. Almond gum is a natural product released from the tree stem. It contains
fats (0.85%), protein (2.45%), and carbohydrates (92.36%). Carbohydrates include glucose,
galactose, arabinose, mannose, rhamnose, and uronic acid. These bioactive compounds
possess active functional groups such as hydroxyl groups (OH), carboxylic groups (COOH),
and carbonyl groups (CO). It is considered a rich site electron donor and has a crucial role
in reducing action [12].

Prior studies have been performed to prepare silver nanoparticles using plant exudate.
For instance, Mimosa pudica gum was successfully employed in the synthesis of silver
nanoparticles as an antimicrobial agent [13]. Gum Tragacanth has been used as a reducing
and stabilizing agent for fabricating silver nanoparticles [14]. The aqueous solution of
gum Acacia was utilized efficiently in the preparation of silver nanoparticles [15]. Arabic
gum has served a dual function for synthesizing silver nanoparticles and evaluating its
activity against pathogen bacteria [16]. Cashew gum has been exploited for the production
of silver nanoparticles to study its activity as an anti-bacterium [17]. Biogenic silver
nanoparticles were prepared with gum ghatti and gum olibanum. Further, inhibition action
against certain bacteria was observed and was biocompatible with other bacteria [18].
Catalytic activity has been evaluated in silver nanoparticles synthesized by gum Karaya [19].
Plant gums of Araucaria heterophylla, Azadirachta indica, and Prosopis chilensis mediated
have been used for the fabrication of silver nanoparticles and assisted in the removal of
heavy metal, anticancer, and antibacterial agents [20]. Most of the mentioned studies
fabricated distinctive and efficient silver nanoparticles. However, they have used complex
apparatuses, high temperature, high pressure, and long-time reactions. Further, they
concentrated on biological applications.

The current study has employed almond gum as a reducing and capping agent to
synthesize a eco-friendly, low-cost, easy-preparation and rapid naked eye colorimetric
sensor for silver nanoparticles. Further, AgNps@AG showed rapid and high sensitivity to
mercury (II) ions in an aqueous medium.

2. Results and Discussion
2.1. Fabrication of AQNPs@AG

Nanotechnology’s essence is synthesizing nanoparticles according to simple, easy, in-
expensive, and environmentally friendly steps, including the use of green natural resources.
However, validating the principle of the synthesis of nanoparticles using bio-waste extracts,
including plants, is considered to be of paramount importance in the scientific and research
community. Over the past years, many green metallic nanoparticles, including copper,
selenium, titanium, and silver, have been synthesized according to the green reduction
mechanism through active biological components operating in plants. Most of the plant
body comprises multiple vital compounds, such as proteins, carboxylic acids, flavonoids,
glycosides, and polysaccharides, in addition to a percentage of metals and hydrating
compounds. Due to its high biosignificance, the gum contents have been investigated by
Hossein and Ali’s group using HPLC and FTIR analysis [21]. The HPLC analysis revealed
that the gum contains an excellent ratio of many active chemical compounds, such as
proteins, polysaccharides, uronic acid, fats, and ash.

In contrast, the FTIR study for these compounds showed that their structures consist
of various active functional groups such as C=0, CO,H, OH, and NH;. According to the
analysis, the high value of the almond gum return to the polysaccharide, which involve
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several monosaccharides such as rhamnose, mannose, glucose, xylose, arabinose, and
galactose existing in the branched chain of structure. However, due to the foundation of
hydroxy—flavonoid structure in these saccharides containing a high OH groups ratio, it
is responsible for reducing many metal ions to nanoparticles. Therefore, the formation
of AgNPs@AG can be attributed to the poly- and monosaccharides molecules, which are
considered active chelating compounds because they possess multiple hydroxyl groups
located at carbon atoms of the flavone rings (Scheme 1). This hypothesis has been confirmed
by several published reports on reducing various metal ions, such as Cu?*, Se?*, Ti** Fe3*,
and Zn?*, using plant extracts [22].

Almond gum

Ag“ Agﬂ
¢ o
Stirring

Adding of AG Stabilized
extract AgNPs
solution 9

AgNO, ) AG@AgNPs

Scheme 1. The supposed mechanism for the fabrication of AGNPs@AG by an almond gum extract.

2.2. UV —Vis Analysis Measurement

Employing ultra violet-visible spectroscopy to identify nanoparticles is a powerful
and valuable method for the preliminary diagnosis of bio-fabricated AgNPs@AG. However,
after mixing the required colorless components for the preparation of the AgNPs@AG
catalyst, dark brown color was formed. The formation of this color was an initial confirma-
tion of the synthesis of AgNPs@AG. Nevertheless, for more support, the observed color
value of the catalyst was read on a nanodrop 2000/2000c spectrophotometer at the scale of
250—700 nm, where a robust and broad curve at 410 nm was recorded on the formation of
nanoparticles with LSPR properties. The appearance of this result is a confirmation point on
the formation of NPs in nanosizes, which agrees with a previous published report’ data [23].
The brown—yellow color formation was returned to the reduction process between the Ag*
ions and active functional groups present in the gum extract components and eventually
formed Ag’. Moreover, it was due to the excitation of the surface plasmon resonance (SPR)
vibrations of electrons in AgNPs (Figure 1—red line). The valence band and the conduction
band of the AgNPs were very close, making a good reason for electrons moving freely,
giving a sharp SPR absorption band at 410 nm [24]. In contrast, this band was monitored
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after adding a brown—yellow sensor solution to the mercury ions sample (Figure 1—blue
line). The analysis revealed excellent suppression for the sensor color to be colorless during
13 seconds at ambient conditions. Furthermore, this color’s disappearance and formation
of a colorless phase were approved on the well unit of Ag with Hg ions to form a Ag—Hg
phase in the aqueous solution. This result has been proven in many literature and research
works [25].
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Figure 1. Measured UV—Vis spectra of Hg?* (black line), AgNPs@AG (red line), and Ag—Hg
(blue line).

2.3. Surface Morphology Diagnosis

Investigation of the oxidation states and nature of the surface of the prepared nanoma-
terials is crucial and widely needed in multiple applications and fields. For this requirement,
XPs analysis was utilized to diagnose the orbitals type formed for AG surfaces and encap-
sulated AgNps as well as the reaction mixture sample (AgNPS—Hg or Ag—Hg) as shown
in Figure 2a,b. For the AG extract (Figure 2a—blue line), the XPS analysis chart showed two
firm peaks located at binding energies of 283 and 539 eV, returning to the carbon atom (C 1s)
and an oxygen atom (O 1s), respectively. However, the appearance of these atoms (i.e., C
and O) are generally back to the presence of multi-organic compounds in gum bio content
such as flavones, phenols, and carboxylic acids, which especially possess multi-functional
groups in their structures such as C—C, C—O—-C, C=0, OH, and COOH. The presence of
these active groups came from the existence of hydroxyl and carbonyl groups that built
the polymeric structure of polysaccharides. Additionally, these single bands (C 1s and
O 1s) were extensive supports and evidence of the stability of cyclic C—C atoms of ke-
tonic polysaccharides rings in the resin structure. The measured results of previous works
strongly confirm the recorded data in this regard [26]. In contrast, after encapsulating the
AG—Ag NPs by resin, the analysis survey of XPs (Figure 2a—Dblack line) showed excellent
three satellite peaks located at 288, 400, and 533 eV, respectively, which are attributed to the
core levels of C 1s, Ag 3d, and O 1s, respectively. Noticing and recording these orbitals is
a good indication of the coating of synthesized NPs by gum components. This diagnosis
corresponds well with the previously published reports for the fabrication of a zerovalent
silver state [27]. No presence or appearance of other elements in the spectrum analysis is a
well proof of the use of almond gum as a sustainable reducing and stabilizing agent for
designing silver nanosensors. However, the sensor activity for the prepared AgNPs@AG
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was tested, and XPs analysis survey was applied to show the sensor efficiency in detecting
Hg ions to prove the reaction process between AgNPs and Hg ions. XPs diagnosis for the
mixture (Figure 2b—brown line) revealed significant photoelectron peaks values at 100
and 120 eV, which returned to the orbital states of Ag 3d5/2 and Hg 4f, respectively. These
types of orbitals were formed due to the adsorption of mercury ions on the gum surface.
The redox process by the transition of electrons between the Ag? and Hg?* ions occurred,
thus forming the Ag—Hg state. These obtained results agree with the previous literature in
forming the Ag—Hg phase [28]. The stability and contacting effects for each AgNPs@AG
and formatted Ag—Hg solutions with ambient conditions were evaluated for more support.
The process was performed by opening the bottle head at different times (24 to 240 h),
as shown in Figure 2b (black line). The fabricated sensor recorded no notable change in
color or their stability to produce another state, indicating the perfect role of the gum in
protecting the silver nanoparticles and using it for long periods.
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Figure 2. (a) XPs spectra of AG and AgNPs@AG; (b) XPs analysis of AG, AgNPs@AG, and Ag—Hg.
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2.4. XRD Measurement

XRD is a unique tool used to determine the crystalline structure of the fabricated mate-
rials at different scales. However, XRD analysis has been applied for each AG, AgNPs@AG,
and Ag—Hg. The spectrum line pattern of AG (black line) revealed a significant broad
peak located at 26, 20°, which assumed back to the polysaccharide present in the gum
composition [29]. This value was recorded besides the formation of AgNPs, after they
encapsulated the AgNPs, where the analysis spectrum of AGNPs@AG (brown line) revealed
excellent four peaks localized at 26 values of 38.27°, 44.48°, 64.59°, and 77.46°, respectively,
which had the corresponding planes (hkl) (111), (200), (220), and (311), respectively, as
shown in Figure 3. The recorded results confirmed that the prepared AgNPs@AG possessed
face-centered cubic lattices [15]. The appearance of sharp peaks in the X-ray spectrum at
the base level strongly indicated that the synthesized AgNPs were prepared in a good form.
The average size (D) for the as-prepared AgNPs@AG was calculated by employing the
Scherrer equation (D = [0.9A/ BcosB]), where A and B represent the wavelength source and
the breadth of the diffraction line at its half intensity maximum recorded in XRD spectrum,
respectively. The calculations showed that the average size of the prepared AgNPs@AG
crystalline was found to be 19 nm. However, after treating the prepared sensor with the
sample of mercury ions, the XRD spectrum pattern (blue line) recorded the absence of
AgNPs@AG peaks with the appearance of new interesting sharp peaks at locations 25.79°,
32.51°, 56.26°, and 66.11°, which returned to the formation of the Ag—Hg status. These
measured values agree with the previous work’s results [30].
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Figure 3. XRD studies of AG (black line), AgNPs@AG (blue line), and Ag—Hg (brown line).
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2.5. FESEM and HR-TEM Photograph Analysis

The external and internal structures of the prepared nanoparticles has been explored
and determined by FESEM and HR-TEM microanalysis. It is essential for its contribution
to characterizing the particle type involved in the colorimetric response process. The
analysis of FE-SEM photos (Figure 4a) revealed that AgNPs@AG formed in tiny and
nonagglomerated spherical shapes due to the oily biomass nature of the gum extract. In
addition, the image analysis (Figure 4b) revealed that the AgNPs@AG particles formed with
perfect sizes ranging from 15 to 17 nm, which indicated the efficiency of the bio fabrication
method. However, after adding these small nanosize AgNPs to the Hg ions sample, FESEM
images showed excellent aggregation of precipitate, attributed to the formation of Ag—Hg
(Figure 4c). The formation of the mercury—silver state occurred through the adsorption of
mercury ions on the active surface of the AgNPs. Further, it could be due to its adhesion to
the resin covering the AgNPs surface, which then interacted with the active AgNPs. There
was a consistent parallel agreement between the images acquired from the HR-TEM and
the data collected from the FESEM regarding the formation of small nanosphere particles.
(Figure 4d). In contrast, Figure 4e proved the good trapping of mercury ions by the sensor
with perfect aggregation. XRD and XPs have confirmed this hypothesis analysis results, in
addition to the results and explanations of the published research.

2.6. EDS and EDC Identification

Synthesizing and producing good, clean, cheap, and sustainable sensors using green
methods for colorimetric response is considered one of the most important challenges
for researchers. For this purpose, the purity of fabricated AgNPs@AG was evaluated by
determining their components using elements distribution spectroscopy (EDS) supported
by elements spread diagram (ESD). The EDS spectrum (Figure 5a) revealed good weights
ratios of elements for silver (Ag = 34.2%), oxygen (O = 17.5%), and carbon (C = 47.4%). No
emergence or recording of other elements in the EDS chart is strong evidence of the clean
methodology for this process. However, this advantage was exploited for the detection
of Hg ions by the prepared sensor, where the analysis revealed the excellent formation of
the Ag—Hg compound with ratios of 45, 67, 77, and 98, which belonged to the Ag, O, C
and Hg, respectively (Figure 5b). EDS analysis clearly supported the XRD, XPs, FESEM,
and HR-TEM analysis results, as it proved that the agglomeration of components and the
formation of the Ag—Hg structure were due to the role of the bio-active surface of AgNPs
and their resin coating that acted as a linking and reducing agent.

2.7. Factors Affecting the Sensing Process
2.7.1. Effect of pH on the Reaction Medium

It was recorded that the pH of AgNPs@AG was slightly acidic (6.1). This could promote
that the as-prepared silver nanosensor was coated with proton donor functional groups
such as hydroxyl, carboxyl, and carbonyl groups, which remarkably exist in carbohydrate
molecules mentioned in almond gum constituents [31]. However, by examining the impact
of acidity and basicity on the medium of the reaction, we observed that the absorbance
value of the mixture was increased. This could be attributed to the formation of turbidity.
Moreover, the assumed reason we expected was the presence of a small percentage of
protein participating in the capping process of silver nanoparticles. However, the optimum
pH of the mixture was assigned at 6.1, as shown in Figure 6.
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Figure 4. FESEM images of AgNPs@AG and size distribution(a,b) and Ag—Hg (c); HR-TEM images
of AgNPs@AG (d) and Ag—Hg (e).
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Figure 6. pH scale and its effect on the AGNPs@AG reaction medium.
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2.7.2. Calibration Curve of the Method

The validity of the method was examined after standardizing the optimum conditions.
The change in AA value of AgNPs@AG was monitored at 410 nm (Figure 7a) upon mixing
the silver nanosensor with Hg?* ions. The method observed good linearity achieved over
a concentration range of 10-180 mg/L (see Figure 7b) by plotting the absorbance values
against Hg?" concentrations. Further, the correlation of determination (R?) was 0.989.
Therefore, the limit of detection (LOD) was 0.5 mg/L, and the limit of quantification (LOQ)
was calculated to be 1.69 mg/L. The limit of detection (LOD) and the limit of quantification
(LOQ) were determined from the equation (3 d/slope) and (10 9/slope), respectively.
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Figure 7. UV —Vis analysis (a) and calibration calculation (b) of AGNPs@AG performance validity at
different concentrations (10-180 mg/L).
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2.7.3. Effect of Time on the Sensing Process

The time effect was studied by monitoring the color change of AgNPs@AG from yellow
color to colorless. Further, the sensing behavior was tracked using a spectrophotometer
following the decreasing absorbance value against blank. It was shown that the sensing of
mercury ions in an aqueous medium by silver nanoparticles was very rapid and the yellow
color of AgNPs@AG disappeared instantly after the addition of silver nanoparticles with
Hg?* ions. The recorded time for this action was 30 s, indicating that the sensing process
was swift and efficient.

2.7.4. Comparative Study between AgNPs@AG and Other Catalysts in Hg Detection

Comparing and evaluating the preparation approach, ease of conduct, and activity of
any newly prepared catalyst with previously synthesized catalysts is crucial to achieving
the same purpose. Here, the activity and efficiency of our fabricated sensor based on the
LSPR of AgNPs@AG to detect Hg?* ions were compared with those obtained by previous
methods and works (Table 1). Furthermore, the prepared catalyst was compared with many
different nano metallic sensors for detecting Hg?* ions. The comparison table shows that
our novel fabricated AgNPs@AG revealed good results for Hg?* ions detection compared to
the different synthesized green sensors and chemically synthesized ones. The good benefits
of AgNPs@AG sensor are represented in the quick sensing of Hg?* ion with the color
change and noticing it with the naked eye in a short time. This result confirmed that the
surface of our catalyst had excellent activity. In addition, it had high efficiency with low cost
and was environment-friendly. Another advantage was that our procedure for estimating
Hg?* ions was compared with the different approaches. The recorded data for our work
principle proved that it is easy to perform, sensitive, and cheap without needing any further
enhancement or using large complex apparatuses or relatively complex detection steps that
need a long time.

Table 1. Comparison of AgNPs@AG activity against detection of mercury (Hg?*) with the previous
published literature and reports.

L. Limit of ..
No. Pr1nc1plegsae!1;d Sensor Te;(r)gnet Detection I,i,ll?:lg Reference
(LOD)
(A) Greenly synthesized
1 Spectrophotometry: AgNPs ~ Mercury 16 x 1072 mg/L - [32]
2 Spectrophotometry: AgNPs ~ Mercury 44 x 1072 mg/L 5 min [33]
3 Spectrophotometry: AgNPs ~ Mercury 74 x 1077 mg/L 20 min [34]
4 Spectrophotometry: AgNPs ~ Mercury 8 x 107® mg/L 5 min [35]
(B) Chemically
synthesized
5 Spectrophotometry: AgNPs ~ Mercury 16 x 1074 mg/L 6 min [36]
6 Spectrophotometry: Ag NPs  Mercury 6 x 107! mg/L 8 min [37]
(C) Other nano metals
7 Spectrophotometry: AuNPs ~ Mercury 2 x 10~* mg/L 10 min [38]
8 Spectrophotometry: Pt NPs ~ Mercury 7 x 1072 mg/L 30 min [39]
(D) Other principles

9 HPLC Mercury 8 x 10~* mg/L 12 min [40]
10 Electrochemistry Mercury 12 x 103 mg/L 1.5 min [41]
11 Electrophoresis Mercury 14 mg/L 5 min [42]
12 Fluorimetry Mercury 8.4 X 105 mg/L 5min [43]
13 GC-FI Mercury 1 x 107> mg/L 60 min [44]
14 Amperometry Mercury 2 x 107® mg/L 1 min [45]
AgNPs@AG: ] This
15 Spectrophotometry Mercury 5x 107 mg/L 30s work
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2.8. Evaluation of the Sensor Selectivity

The performance sensitivity, selectivity, and the naked eye noticeable for AGNPs@AG
sensor against groups of different anions and cations were evaluated. The test was per-
formed with the same optimum conditions (a mixture of 3 mL Hg2+ and 50 pL of Ag-
NPs@AG) against several cations and anions. The recommended method was tracked to
evaluate the effect of the interferences on determining the Hg?* ions. However, interfer-
ences forI~, Cl~, Na*, and Li* were at 1000 ppm and those for Mg2+, Ba2*, and NO3~ were
at 250 ppm, whereas interferences for Zn?*, Fe>* and Co?* were at 50 ppm. For adequate
consideration, an error of 5% in concentration was recorded. The sensor behavior against
mercury ions revealed excellent yellow color with a clear naked eye seen (Figure 8a). In
contrast, the foreign ions did not overlap with the required ion (Hg ions) during the sensing
process, even with the high concentrations, with no color change. However, based on the
monitoring process of the reaction mixture by the naked eye (Figure 8a), no change in the
yellow color solution was observed in less than 13 seconds and even 10 minutes for the
common ions of Zn%*, Co?*, Fe2*, Mg2+, Ba?*, Na*,K*,I~, Cl-, and NO;~ even at concen-
trations 500 times higher than for mercury. UV —Vis analysis supported this behavior more
(Figure 8b,c). The variation detail of UV —Vis measurements revealed that the sensor’s
selectivity worked only with mercury ions with a significant change in the absorbance
curve, ranging from 0 to 0.19 nm. In contrast, the analysis revealed low absorbance changes
with the other ions (Zn%*, Co?*, Fe?*, Mg2+, Ba2*, Na*, Li*, I-, C1~, and NO;~ for the
ranges of 0.01, 0.03, 0.02, 0.04, 0.04, 0.04, 0.02, 0.04, 0.04, and 0.05 nm, respectively). The
results confirmed that this novel sensor had excellent detection performance for mercury
ions in the effluent.

2.9. Performance of the AQNPs@AG Sensor in Tap Water Samples

In this part, the performance of the developed AgNPs@AG sensor was evaluated
by utilizing it with collected actual water samples for the detection and determination
of mercury ions. Water samples (home drinking water) were collected from different
places in Shekan area in Duhok city and in Kurdistan region in Iraq during different
times. This test was performed to prove the reliability of the efficient colorimetric detection
response method of the AgNPs@AG sensor in practical applications. First, the principle
of pretreatment for water samples was applied according to the protocol of Section 2.4.
According to the obtained data in Table 2, it was reported that the sensor behavior revealed
no color transformation with the samples of tap water (i.e., before dealing it with mercury
ions) even with high addition concentrations of the sensor. Furthermore, it indicated no
mercury ions in tap water samples or overlapping water total contents with the sensor
solution. In contrast, after the treatment of the same water samples with mercury ions, the
recovery experiments for mercury ions were carried out, and the results were recorded as
shown in Table 2. The recovery process results revealed that the prepared silver catalyst
had good recovery activity for mercury ions and with ratios of 91.5-101.7% at different
concentrations (10-50 ppm), which proved that the presented method is feasible for the
mercury ions detection in real environmental water samples.

Table 2. Detection of Hg ions in real water samples.

Sample Added Analyte (mg/L) Found (mg/L)  Recovery Ratios * (%, n = 3)
Before treatment 0 0 0
10 9.1 91 £0.89
20 19.4 97 +1.59
After treatment 30 29.7 99 £ 0.67
40 40.2 100.5 + 0.93
50 50.7 101.7 £ 1.88

* Mean =+ standard deviation (n = 3).
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Figure 8. (a) Photo of the AgNPs@AG sensor performance against different groups of anions and
cations; (b) absorbances of anionic and cationic foreign ions at certain wavelengths; (c) absorbance of
different anions and cations at different wavelengths.

2.10. Assumed Colorimetric Response of AGQNPs@AG against Hg>* Tons

The proposed mechanism for the response of the as-prepared nano silver catalyst
(AgNPs@AG) against sensing and detection of mercury ions [Hg?"] is predicted, as the
illustrated pathway (Scheme 2): firstly, mercury ion [Hg?*] coordinates with almond gum
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by hydroxyl [-OH] and carboxylic [-CO2H] groups, as confirmed and proved by the
XPs study, leading to the formation of Hg-almond gum complex. Furthermore, during
an increase in Hg?* ion concentration, Hg?* ions quickly adsorb on the active surface of
the AgNPs, after the redox reaction between Ag0 and Hg?* and production of Ag* and
Hg*. After that, the state of Ag® is changed to the Ag™ state through the electron transfer
process from almond gum to Ag*, thus initializing the process between both Ag*™ and Hg™"
to form of the Ag—Hg phase. Therefore, in this process, almond gum plays a significant
role in reducing, stabilizing, and being a good electron donor in preparation for each AgNP
and Ag—Hg state. Furthermore, the electron transmission from almond gum to Ag* gains
support from the suggested synthetic procedure without additional reducing agents used
during the AgNPs fabrication [30]. The fabrication of AgNPs@AG and the formation of
Ag-Hg were confirmed and supported by UV —Vis measurement, XRD study, XPs analysis,
and an increase in the nanoparticles’ sizes for both silver nanoparticles and the amalgamate
that appeared by the FESEM and HR-TEM images analysis. The increase in nanoparticle
size was due to the well-active surface of the prepared NPs, causing perfect agglomeration
and a “swelling effect” that occurs, which is attributed to the diffusion of Hg atoms, thus
increasing the total nanoparticle sizes. Another vital piece of evidence, the high decrease
in the wavelength value of AgNPs@AG at a constant position (410 nm) at the addition
of mercury ions, could be attributed to the displacement of almond gum on the AgNPs
surface by mercury ions due to the higher affinity of Ag toward the Hg ions. Hence, this
leads to the fabrication of Ag—Hg with the aqueous phase.

reduced and
Almond gum (AG) stabilized

compositions analysis AgNPs

H g 2+ H g 1+
Scheme 2. Assumed colorimetric response of AGNPs@AG against Hg2+ ions.

3. Methodology
3.1. Materials and Methods

All chemical materials were pure-grade analytical reagents, including silver nitrate (AgNO3,
FW =169.87 g/mol, CAS No: 7761-88-8MP) and sodium hydroxide (NaOH, FW = 40 g/mol,
CAS No:1310-73-2), which were provided from Scharlue comp. in Barcelona Spain.

A healthy almond gum was collected from Charboot village, Zeebar district in Akre
and Duhok—Kurdistan region of Iraq in August 2021. A mercury chloride stock solution
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(100 mg/L) was prepared daily due to dissolving a certain weight of mercury chloride
salt in distilled water. The stock solution of mercury chloride was then stored in a dark
container in a cool place for the subsequent experiments. All experiments were performed
in the laboratory under ambient conditions.

3.2. Preparation of the Almond Gum Solution

The solution of 1% almond gum was prepared following these steps. First, the solid
particles of almond gum were crushed to a fine powder by a mortar. Next, 1 g of the gum
powder was transferred to a conical flask, dissolved with 100 mL distilled water and stirred
vigorously at 50 °C for 30 min. Finally, the mixture was filtered with a gauze and a filter
paper to separate insoluble solid fractions and stored in a refrigerator at 2 °C to be used for
the reduction process of silver ions.

3.3. Fabrication of Silver Nanoparticles (AgNPs@AG)

The synthesis process included mixing 3 mL of a 0.1 M AgNO3 solution with 25 pL of
0.3 M NaOH. The mixture was stirred at 70 °C for 20 min. Afterwards, 2 mL of 1% almond
gum solution were added to the mixture, followed by stirring for 45 min. A yellow—brown
color appeared 15 min after the addition of the almond gum solution. The yellow —brown
color continuously developed, until the whole mixture became brown, indicating the
reduction process of silver ions and the formation of silver nanoparticles.

3.4. Detection of Hg?* Ions by AQNPs@AG

An easy and short procedure was conducted to investigate the efficiency of Ag-
NPs@AG as a rapid colorimetric sensor to detect mercury ions in an aqueous solution. A
group of 5 mL glass vials was arranged and filled with 3 mL of different concentrations of
mercury ions (10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mg/L). It was shown that the yellow
color of AgNPs@AG disappeared rapidly after each addition of silver nanoparticles to the
mercury solution, indicating that AG@NPs worked as an efficient probe against mercury
ions in an aqueous solution. The procedure was monitored by a UV —Vis device to follow
the decrease in absorbance at 410 nm to confirm the sensing process.

3.5. Detection of Mercury Ions in Real Water Samples

Various drinking water samples were collected from different locations in Shekhan
District and Duhok in Iraq. The sensing of mercury ions in real water samples was
conducted according to the optimum conditions of the procedure.

3.6. Diagnosis Techniques Used

The synthesized AgNPs@AG sensor was diagnosed with several techniques, including
using an ultraviolet—visible (UV-Vis) spectrophotometer (nanodrop 2000/2000 c) to record
the predicted LSPR band for the brown—yellow solution of AgNPs. X-ray diffraction
(XRD) measurement was performed for AgNPs@AG by a PAN analytical X’PERT PRO
model X-ray diffractometer operated at 30 kV and 45 mA, to reveal the crystalline nature
of AgNPs@AG. The chemical surface nature of AgNPs@AG was diagnosed with an X-ray
photoelectron spectroscopy (XPS) tool (PHI 5000 Versa Prob II: Supplier Model, japan),
supported with an Al anode set at 140 W and operated at a pass energy of 50 eV. Field-
emission scanning electron microscopy (FESEM) analysis (SEM-ZEISS-Singapore, Malaysia)
with an accelerating voltage of 20 kV, supported with energy-dispersive spectroscopy (EDS)
measurement, was used to predict the shape nature of the prepared nanoparticles. High-
resolution-transmission electron microscopy (HR-TEM) measurements were carried out for
AgNPs@AG by a JOEL apparatus (model 1200 EX; Cu grid), with an accelerating voltage of
40 kV, supported with a elements spread diagram (ESD) using (ZEISS-TEM instrument),
operating at a 200 magnification.
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4. Conclusions

In this study, silver nanoparticles have been synthesized employing a green strategy
at ambient conditions. Natural exudate (almond gum) has been used as a reducing and
stabilizing agent in order to produce a stable silver nanostructure. The distinctive optical
properties and sensing behaviors of the as-prepared silver nanoparticles were observed due
to reaction with mercury ions (Hg?*) in an aqueous solution. Rapid and high sensitivity
have been reported when mixing the silver nanosensor with a proper quantity of the target
ions. In addition, it has been shown that the synthesized silver nanoparticles were stable
and lasted for two months and no decolorization was observed.
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Abstract: Photocatalysis, a unique process that occurs in the presence of light radiation, can potentially
be utilized to control environmental pollution, and improve the health of society. Photocatalytic
removal, or disinfection, of chemical and biological species has been known for decades; however,
its extension to indoor environments in public places has always been challenging. Many efforts
have been made in this direction in the last two-three years since the COVID-19 pandemic started.
Furthermore, the development of efficient photocatalytic nanomaterials through modifications to
improve their photoactivity under ambient conditions for fighting with such a pandemic situation is
a high research priority. In recent years, several metal oxides-based nano-photocatalysts have been
designed to work efficiently in outdoor and indoor environments for the photocatalytic disinfection
of biological species. The present review briefly discusses the advances made in the last two to three
years for photocatalytic viral and bacterial disinfections. Moreover, emphasis has been given to the
tailoring of such nano-photocatalysts in disinfecting surfaces, air, and water to stop viral /bacterial
infection in the indoor environment. The role of such nano-photocatalysts in the photocatalytic
disinfection of COVID-19 has also been highlighted with their future applicability in controlling
such pandemics.

Keywords: antibacterial; antiviral; air/water disinfection; surface decontamination; metal oxide

semiconductors; nano-photocatalysts

1. Introduction

Even with the fast growing technology and industrial developments, the modern
world is still lacking in the control of environmental and health issues. The best example is
the current COVID-19 pandemic, which has made us realize that the modern world should
also take care of the development of novel technologies, materials and medical innovations
to control such health- and environment-related issues [1]. Various unwanted components
present in the environment affect human health directly or indirectly. In this context in
particular, different microbial pathogens such as viruses, bacteria, protozoa, etc. present in
the environment may sometimes threaten human health and cause dangerous infectious
illnesses [1,2]. Recent developments suggest that nanotechnology-based methods and mate-
rials could be alternate options with the huge potential for controlling such bacterial /viral
outbreaks [3-6] which have been a serious issue and increased at a disquieting rate over
the past decades [2].
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Photocatalysis, which uses nano-photocatalysts, is one of the unique processes occurs
in the presence of solar radiation [7,8]. This process is promising for the control of environ-
mental issues and for improving the health of the society due to the presence of unspent
solar energy on the Earth [9,10]. Photocatalysis has multifunctional applications in the
field of environmental studies, including the photocatalytic degradation of toxic/harmful
organic compounds and gases [11-13], and the photocatalytic viral and bacterial disinfec-
tion of water, air, or on surfaces, which ultimately protects the environment and improves
human health [14-17]. Photocatalytic removal or disinfection of such species is a promising
and environmentally friendly process using suitable photocatalysts under the influence of
solar radiation. Furthermore, it is also very cost-effective and promising in the open environ-
ment [1,9]. In recent years, several metal oxide semiconductor photocatalysts such as TiO,,
Zn0O, CuO, WO3;, etc. have been designed as visible active photocatalysts. Their properties
have been improved through some modifications which enable them to work efficiently in
solar light towards photocatalytic degradation and disinfection of chemical and biological
species [18,19], respectively. These are found to be very useful for disinfecting surfaces,
air, and water by killing several microorganisms i.e., bacteria and fungi, and inactivating
several viruses including influenza virus, hepatitis C virus, coronavirus, etc., [20]. These
photocatalysts exhibit oxidative capabilities via the photocatalytic production of cytotoxic
reactive oxygen species (ROS) as shown in Figure 1 for photo-degradation/inactivation
of such species in outdoor as well as indoor environment. It has been found to be very
beneficial for the treatment of various bacterial /viral diseases such as measles, influenza,
herpes, Ebola, current COVID-19, etc., [1,2] as is shown schematically in Figure 2.
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Figure 1. Photocatalytic mechanism of metal oxide nano-photocatalysts towards photocatalytic
degradation of chemical species [12].

These semiconductor nano-photocatalysts are potential candidates as next-generation
antibiotics and antiviral agents to deal with multi-drug-resistant pathogens and viruses,
respectively, owing to their outstanding antibacterial /viral performance. The action of
photocatalytic inactivation/degradation of these nano-photocatalysts on various bacterial
and viruses has been successfully explained by several authors; however, the proposed
mechanisms are still under debate and continuous investigations are going on by the
scientific community [11,21-23]. This review covers briefly recent advances carried out in
this field using metal oxide nano-photocatalysts with an emphasis on the understanding of
photomechanism processes and potential applications in the environment. The role of such
nano-photocatalysts in photocatalytic disinfection of COVID-19 has also been highlighted,
along with their future applicability in controlling such pandemic situations.
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Figure 2. Schematic representation of photodegradation of viruses/microbes in outdoor as well as
indoor environment using metal oxide nano-photocatalysts [1].

2. Metal Oxide Based Nano-Photocatalysts: Antibacterial and Antiviral Mechanisms

The photocatalysis method of disinfection using metal oxide semiconductors shows
great potential in outdoor and indoor environments as compared to the conventional meth-
ods for the removal of bacteria or viruses. These nano-photocatalysts can effectively inacti-
vate the bacteria and viruses in the presence of light radiation under ambient conditions
without producing any other by-products as compared to that of using chemicals [1,24].

Metal oxide semiconductor-based nano-photocatalysts such as TiO,, and ZnO have
been extensively investigated for inactivation of several bacteria and viruses. The basic
mechanism behind their photoinduced inactivation involves the photocatalytic produc-
tion of short-lived but effective biocidal ROS, i.e., hydroxyl radicals (¢OH), superoxide
(#O,7), and hydrogen peroxide (HyO;), through photochemical redox reactions under
light irradiation. [25,26]. The formation mechanism of various ROS in various cases is
shown in Figure 3. Such an effectively biocidal ROS further inactivates the bacteria and
viruses by damaging deoxyribonucleic acid (DNA), Ribonucleic acid (RNA), proteins, and
lipids [2,17,26,27]. The generation of ROS and the disinfection of bacteria and virus, includ-
ing severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus inactivation, are
shown schematically in Figure 3a—c.

Under the influence of ultra-violet (UV) light radiation, these nano-photocatalysts
absorb the radiation resulting in excitation and promotion of valance band (VB) electrons
into the conduction band (CB). The holes in VB interact with the adsorbed water molecules
and produce active OH and H,O, free radicals. These free radicals are powerful oxidants
which generally oxidize the components/chemical in the shell and capsid of the bacteria
and viruses [27]. Subsequently, whereas electrons in CB generally reduce the atmospheric
O; (or available from the medium) and produce O, radicals [27,28]. Similarly, eO,~
radicals produced in photocatalysis are effective in rupturing the capsid shell that results
in the leakage and rapid destruction of capsid proteins and RNA [29] (Figure 3b,c).
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Figure 3. Schematic representation of photocatalytic disinfection of: (a) bacteria [26]; (b) HCoV-NL63
virus [28]; and (c) SARS-CoV-2 virus [27]. Under the influence of light irradiation, the photocatalysts
produce electrons and holes that undergo oxidation and reduction processes with O, and H,O
generating strong free radical on their surfaces. These radicals interact with the adsorbed bacteria or
viruses and inactivate them.

The ROS as produced generally attack or interact with the cytoplasmic membrane and
cell wall of the bacteria or viruses during the inactivation mechanism [30]. However, the
rate of photo inactivation/disinfection depends on the photocatalyst used and the amount
of ROS produced under the influence of the available wavelength of light irradiation, and
also depends on the internal as well as external cell structures of the type of pathogens,
because all the bacteria or viruses do not have similar cell wall and membrane structures.
These components may have complicated layered structures and contain various types of
RNA/DNA, proteins, or enzymes [1,27,30]. For instance, cyclobutene pyrimidine dimers
(CPDs) and pyrimidine-6,4-pyrimidone (6.4 PP) photoproducts, together with the Dewar-
valence isomers, are the most studied and best described UV-induced photoreactions
between and within nucleic acids [30,31]. Following UV light exposure, pyrimidine dimers
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CH,

(see Scheme 1) are formed. CPD and 6,4PP dimers are mainly responsible for bending the
double helix 7-9 and 44 degrees, respectively, once they are formed. DNA replication is
stopped because of these alterations.
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Scheme 1. Schematic diagram of how pyrimidine dimers form after DNA is exposed to UV light.
between two adjacent thymine (T) nitrogenous bases, the production of cyclobutane pyrimidine
dimers (CPDs); and pyrimidine-6.4-pyrimidone photoproducts (6.4 PP). Similar reactions for uracil
in the case of RNA could take place (U) [30].

Because of their wide band gap, the TiO, (3.2 eV) and ZnO (3.37 eV) nano-photocatalysts
absorb the high energy UV radiation. This limits their potential photocatalytic applica-
bility more efficiently in outdoor environments under the sunlight because it has only
3-5% UV radiation. Furthermore, photocatalytic disinfection processes in indoor envi-
ronments are challenging, and modifications of these metal oxide nano-photocatalysts to
make them visible light active photocatalysts need to be explored [9,25]. There are several
ways to modify these nano-photocatalysts, such as doping with metals/non-metals [32],
surface modification via sensitizing or heterojunction formation [10,33] with other func-
tional nanomaterials such as noble metals, carbon based nanomaterials (i.e., graphene,
carbon nanotubes, graphene oxide, etc.) [8,34] other metal oxides, etc. [35-37] Emphasis
has been given to enhance the surface area, prevent the recombination of photogener-
ated charge carriers, and bandgap modification to extend into visible light absorption for
effective use in ambient conditions [11,38]. For example, Yu et al. [39,40] demonstrated
the enhanced photocatalytic activity of mesoporous TiO, via F doping attributed to the
stronger absorption in UV-visible region with a red shift in the band gap transition. Fe
doped TiO, were found to be very effective in visible region with excellent antifungal
activities under natural environment [41]. Similarly, Ag doped ZnO [23] and TiO, NPs [11]
showed better antibacterial activities in normal room conditions due to Ag ion-induced
visible light activity in these nano-photocatalysts. These nano-photocatalysts, modified
with plasmonic noble metals [42—44], are effective antibacterial and antiviral agents in
dark conditions [1,45]. Interestingly, such nano-photocatalysts have also been used as
memory catalysis because of their unique talent to retain the catalytic performance in
dark conditions [33,45,46]. For example, Tatsuma et al. [47] demonstrated that TiO,-WO3
heterojuction nanocomposite photocatalyst films could be charged by UV light irradiation
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which showed good antibacterial effect on Escherichia coli in dark environment. Similarly,
Ag-modified TiO, films were also shown to exhibit disinfection memory activity [45].

As discussed above, a great deal of research has been performed in real practical appli-
cations of such nano-photocatalysts. Recent developments show that modified metal oxide
nano-photocatalysts are promising disinfection agents in indoor environments in ambient
room conditions when applied in the form of surface coating/thin films on commonly
used surfaces in hospitals, offices, home, etc. Additionally, potential practical applications
have been carried out which show excellent results while using these nanomaterials for the
disinfection of polluted water and air (in indoor as well as outdoor environments) which
show their potential to combat pandemics such as COVID-19. The disinfection applications
of such nano-photocatalysts in air, water and on surfaces have been discussed in the next
sections, with an emphasis on their mechanism of actions.

3. Recent Advances on Metal Oxide Based Nano-Photocatalysts as Potential
Antibacterial and Antiviral Agents

3.1. TiO, Based Nano-Photocatalysts as Potential Antibacterial and Antiviral Agents

The sudden pandemic spread due to the novel SARS-CoV-2 virus has made the world
realize that the development of simple and cost-effective nanomaterials-based technology
is needed. Meanwhile, a great deal of research has been focused on developing various
types of nanomaterials to fight against disease-causing bacteria and viruses which could be
effective in water, air and on surfaces [30]. More emphasis has been given to developing
promising materials to be used in indoor spaces such as hospitals, homes, and other
public places to minimize the health- and environment-related risks [1]. As discussed
in the previous section, metal oxide-based nano-photocatalysts are promising mainly
in outdoor circumstances due to their light absorption activity cum disinfection ability.
However, these nanomaterials have been modified to function in many ways [48-53],
and have been explored in the case of indoor disinfection activities, including surface
decontamination. TiO, is one of the most used and studied metal oxide semiconductor
nano-photocatalysts for disinfection caused by bacteria and viruses in the last decades.
UV and visible light activation techniques have been used as promising approaches for
the outdoor and indoor disinfection applications of TiO,. TiO, has been researched for
last many decades owing to its promising photocatalytic activity. The sole TiO, is known
to be an active photocatalyst under UV light radiation and transparent to visible light
due to its bandgap of 3.2eV [32,54,55]. It is a fascinating material because of its tunable
characteristics and the existence of its different forms. Several efforts have been made
to enhance its photocatalytic activity towards removal or disinfection under visible light,
which is still challenging under ambient conditions [56-61].

Krumdieck et al. [56] developed a TiO, based nanocomposite coating for stainless
steel-made surfaces such as door handles, bed rails and other high touch surfaces which
could be the main source of spreading germs/infections in hospitals. The coating was
made of nanostructured anatase, rutile dendrites and carbon (NsARC), with promising
structural and adhesive properties (Figure 4a). The NsARC coating showed excellent
antibacterial activity under sunlight along with a significant disinfection effect in dark
conditions (Figure 4b). The enhanced photocatalytic activity (greater than 3-log reduction
in viable E coli) was attributed to the rutile-anatase heterojunctions, nanostructured single
crystals with high surface area and the low migration path length of the charge carriers
(Figure 4c).

137



Catalysts 2022, 12, 1047

I:I Uncoated control
samplo

I =eRe

Limit of detection — — |- — .

Initial Count  In Dark  Visible Light UV Light

Bacherm.
Cell Wall Oxidation

Carbon Nanostructure Segmented Anataze
Enhanced Photonic Optimal Exciton Diffusion & Dendritic Rutile
Absorphion and ROS Production Increased Surface Area

AV A BV

Figure 4. (a) Secondary electron microscopy (SEM) image of NsARC nanocomposite; (b) antibacterial
performance of NsARC coated stainless steel on E. coli in different conditions including in dark
conditions also; and (¢) mechanisms of disinfection of antibacterial activity of NsARC on E.coli [56].

Reduced graphene oxide (rGO) modified TiO, composite photocatalysts under arti-
ficial solar light showed enhanced antibacterial performance as compared to only TiO,
against E. coli that was attributed to a change on the surface properties due to rGO. Figure 5a
shows the SEM micrograph of E. coli bacterial cell and Figure 5b shows the E. coli covered
with rGO-TiO,; nanocomposites. After sunlight exposure, bacterial cells were damaged as
shown in Figure 5¢,d [57]. Similarly, Zhou et al. [58] reported the excellent antibacterial
behavior of rGO-TiO, nanocomposites under UV and visible light environment against
E. hormaechei. Dhanasekar et al. [60] reported on rGO-Cu doped TiO, nanocomposites
that showed excellent ambient light antibacterial performance against several bacteria
(Figure 5e). The material modification i.e., doping [62,63] and forming the composite with
rGO, enhanced the visible light activity in ambient conditions by reducing the recombi-
nation of photogenerated charge carriers and their transport, respectively, for powerful
ROS production for activation. From a practical application point of view, the nanocom-
posite was explored as a coating embedded in a polymer film/coating [37,64] which
exhibited equal performance, showing the potential for its use as an antibacterial coating
for different applications in surface protection. Similarly, complete disinfection under low
intensity-simulated solar light irradiation was shown by Bonnefond et al. [61] using hybrid
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acrylic/TiO, films. This kind of photocatalytic film with a self-cleaning ability [54] and
high disinfection performance could be applied for surfaces in ambient conditions in the
indoor environment to stop the spreading of bacterial germs/viruses, etc. (Figure 5f).
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Figure 5. SEM images of (a) E. coli bacterial cell; (b) E.coli covered with TiO,-rGO before sunlight
irradiation; (c,d) damaged bacterial cells after sunlight irradiation (reproduced with permission from
Ref. [57] Copyright 2018-Elsevier); (e) antibacterial effect of rGO-Cu doped TiO, nanocomposites
in ambient light against several microbes (reproduced with permission from Ref. [60] Copyright
2018-Elsevier) and (f) self-cleaning ability hybrid acrylic/TiO; films (reproduced with permission
from Ref. [61]. Copyright 2015-Elsevier).

The usse of photocatalysts in airborne bacterial disinfection is very important in indoor
environment but very challenging [65-67]. Herndndez-Gordillo et al. [65] demonstrated
that CuO- and CdS-modified TiO, monoliths surfaces could be efficient for the removal
and inactivation of airborne bacteria under visible light irradiation in a continuous flow
photoreactor. The flow cytometry and SEM micrograph results were used to study the dam-
aging of the bacteria. The SEM micrographs exhibited the collapsing of the cell membrane
of bacteria due to the lipid peroxidation because of interaction with ROS generated on the
monolith surface as shown in Figure 6a—g. The photocatalytic inactivation of TiOp /CdS
monoliths, was found to be maximum (99.9%). Similarly, Valdez-Castillo et al. [68] demon-
strated bioaerosols disinfection using perlite-supported ZnO and TiO;. It was found that
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these photocatalysts showed better disinfection performance leading to cell death. It
was concluded that these photocatalytic systems could be potentially used for practical
applications in removing viable airborne microorganisms from air.

Various TiO; based floating photocatalysts were proposed to efficiently disinfect the
polluted water [69,70]. Varnagiris et al. [69] reported on the disinfection application of C-
doped TiO; films supported on high-density polyethylene (HDPE) beads in polluted water
as floating photocatalysts. Interesting results of microbial disinfection i.e., 95% of Salmonella
typhimurium bacteria in water environment along with recyclability of the substrates were
observed. Similarly, they used polystyrene (PS) beads to coat with photocatalytic TiO, and
used for the photocatalytic disinfection of E. coli in antibacterial contaminated water as
shown in Figure 6h [70]. More than 90% of inactivation was observed. Recently, Sboui
et al. [71] proposed TiO; and Ag,O nanocomposites immobilized on cellulose paper as an
excellent floating photocatalytic antibacterial system against E. coli.
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Figure 6. SEM images of bioaerosols adsorbed on TiO; based monoliths: (a,b) m-TiO,/CdS; (¢,d) m-
TiO,/CuO and (e,f) m-TiO,, before and after photocatalysis, respectively; (g) Bioaerosol inactivation
mechanism in the continuous flow photoreactor. (1) airborne bacteria are adsorbed on the monoliths.
(2) photocatalysis produces ROS affecting the adsorbed bacteria. (3) inactive bioaerosols are released,
the monolith surface becomes available to adsorb new airborne bacteria. Inset shows schematically
the generation of reactive oxygen species from the monolith surface under blue light, causing
lipid peroxidation (reproduced with permission from Ref. [65] Copyright 2021-Springer Nature);
(h) schematic of E. coli bacteria hoto-decomposition using floating photocatalyst (reproduced with
permission from Ref. [70]. Copyright 2020-Elsevier).

140



Catalysts 2022, 12, 1047

Tong et al. [29] demonstrated that TiO; coating could be efficiently used to inhibit
hepatitis C virus (HCV) infection under the effect of weak indoor light. It was explained that
OH radicals (as compared to O, radicals) produced by photo-activated TiO, were mainly
responsible for damaging RNA genome by inactivating the virus without destroying the
virion global structure and contents. The overall experiment has been described in Figure 7a.
More details can be found elsewhere [29]. Figure 7b shows the effect of photoactivated TiO,
on the inhibition of HCV infection in different conditions (light/off). Figure 7c,d show that
there is no change in the quantity of HCV protein and RNA in the virions which proves
that there is no destruction by photoactivated TiO,-produced ROS on the virion structures.
Figure 7e,f show the effect of photocatalytic treatment on the cells post-transfection. It
signified that there were no viral amplifications after the photocatalytic TiO, inactivation
suggesting that although there was no change in the amount of viral RNA after interaction
with photocatalytic TiO, but their biological activity was impaired. This resulted in the
realization of the damaging effect of RNA genome for the inactivation without destroying
the virion structure. The formation of ROS was studied by electron spin-resonance (ESR)
spectroscopy measurements as shown in Figure 7g,h. The ESR results exhibited presence
of both ¢OH and O, ™ radicals under the effect of light in indoor environments, whereas
no peaks corresponding to these radicals were observed in dark conditions [29]. These
results show that ROS were produced and played a major role in the inactivation of the
HCV viruses.
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Figure 7. (a) Schematic representation of TiO, photocatalytic inhibition of HCV infection in dark and
light; (b) the HCV-positive foci as determined by immunofluorescence of HCV NS3 proteins and
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expressed as the percentage of the mock/dark group; (c,d) HCV E2 and Core proteins (c) and genome
RNA (d) in the input virions after the TiO2/light treatment (as quantified by Western blotting and
RT-qPCR, respectively); (e) the intracellular HCV RNA levels; (f) immunofluorescence of NS3 proteins
(red) transfected with the extracted RNA from TiO, /light treated virions on day six post-transfection.
Nuclei (blue) were stained with Hoechst dye; (g,h) ESR results show the presence of both «OH and
¢, — radicals under the effect of light in indoor environment whereas, no peaks corresponding
to these radicals were observed in the dark conditions (reproduced with permission from Ref. [29]
Copyright 2021-Elsevier).

Similarly, Khaiboullina et al. [28] studied the photocatalytic TiO, coating effect on
HCoV-NL63 virus, which is known to be an alpha coronavirus causing acute respiratory
distress symptoms. It was found that TiO, coating effectively inactivated HCoV-NL63
viruses by reducing the viral genomic RNA stability and virus infectivity. The HCoV-NL63
viruses, placed on TiO, nanoparticles (NPs) coated surfaces, were treated with UV, and
complete disinfection was observed even after one minute of UV light exposure. In order
to make sure of the disinfection activity, a virus infectivity assay was carried out by adding
the recovered viruses (from TiO; coated and uncoated surfaces after UV light exposure)
onto the monolayer of HEK293L cells. As observed in immunofluorescent signals from
HEK293L cells as shown in Figure 8 (when compared A-D to E-H), it was found that those
HCoV-NL63 viruses taken from TiO, coated surfaces after UV exposure were completely
inactivated, while those on uncoated TiO, surface were not fully inactivated and live
infectious viruses were detected. The overall experiment concluded that the viruses on the
TiO, coated surface could be disinfected very quickly as compared to that of the uncoated
surface under the UV light exposure [28].

Imin UV Smin UV 10min UV
.

Figure 8. Post-UV treatment, HCoV-NL63 virus was collected and subjected to the infection of
HEK293L monolayer. Viral protein, indicator of virus infectivity and replication, was detected by

Without TiO2

Positive (NL63) ctrl.

With TiO2

Un-infected ctrl.

immune localization through IFA (green fluorescent dots): (A) NL63 infection (positive control);
(B) 1 min UV light exposure without TiOy; (C) 5 min UV light exposure without TiO,; (D) 10 min UV
light exposure without TiO,; (E) uninfected control (negative control); (F) 1 min UV light exposure
with TiOy; (G) 5 min UV light exposure with TiO,; and (H) 10 min UV light exposure with TiO; [28].

Mathur et al. [72] demonstrated that the UV activation killing mechanism of TiO,
could be effectively used for purifying the air in a closed cabin by killing living organic
germs, bacteria, pathogen viruses, etc., from the cabin air in recirculation mode. It was
suggested that by using this model, various air condition systems could be designed to
make the cabin free of bacterial and viral infections. Similarly, Matsuura et al. [20] studied
the disinfection of SARS-CoV-2 in liquid/aerosols using coated TiO, nano-photocatalyst
activated by a light-emitting diode in an air cleaner. The photocatalytic disinfection was
explained by observing the virion morphology using transmission electron microscopy
(TEM) by detecting damaged viral RNA and proteins as shown in Figure 9a. These
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nano-photocatalysts are shown to be very promising antiviral coatings for protecting
surfaces against the spread of viruses such as COVID-19 [73-75]. Recently Uppal et al. [74]
performed the study of a TiO, photocatalytic coating for virucidal activity against the
HCoV-OC43 virus which is a member of the beta coronaviruses family just like SARS-
CoV-2 under the influence of UV irradiation using T-qPCR and virus infectivity assays. It
was found that the glass surface coated with TiO, exhibited better antiviral response as
compared to uncoated glass against the virus. UV exposure reduced the viral RNA copies
and the infectious virus with increasing exposure time and a 60 min exposure completely
disinfected the viruses, as shown in Figure 9b,c.
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Figure 9. (a) TEM images SARS-CoV-2 virus showing the effect of TiO, and UV irradiation on the
stability of human coronavirus [20]; TiO, photocatalytic coating for virucidal activity against the
HCoV-OC43 virus (b) followed by exposure to UVA light (Post UV-irradiation, total viral RNA was
extracted for the detection of intact viral genome copies via RT-qPCR.) (c) followed by infection of
A549-hACE2 cells (total viral RNA was extracted to detect intracellular viral genome copies following
infection and replication) [74].

Only UV exposure has also been reported to be effective against corona and other
viruses spreading but has limited applications in surgical instruments, respiratory masks,
and indoor environments that are also very challenging [76]. TiO, coating on the tile surface
was also studied to investigate the effect of the coating against virus contamination keeping
in mind public places such as hospitals. It was found that ambient light could not have any
effect on the viral viability but when the tiles were coated with TiO, /Ag-TiO;, complete
inactivation of the viruses under the same ambient light conditions in 5 h was exhibited.
The coating was also found very stable after 4 months and showed similar disinfection
response in indoor environment [77]. Nakano et al. [73] reported on antiviral effect of
CuxO/TiO; induced inactivation of SARS-CoV-2 virus, including its Delta variant [78]
under dark conditions as well as light irradiation using a normal white fluorescent bulb.
Figure 10a,b show the morphology of the nanocomposites of CuxO/TiO, photocatalyst and
the enhanced visible light absorption spectra respectively. Role of CuxO/TiO, photocatalyst
was examined against SARS-CoV-2 virus which revealed the inactivation through damaging
proteins and RNAs in the virus even under the dark conditioned. The damaging action
was enhanced further under the white bulb illumination in presence of visible light active
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CuO/TiO, photocatalyst as shown in the graph of Figure 10c. These results provide
an important and promising implication of such photocatalysts for virus disinfection in
dark and indoor as well as outdoor environments. This is evidenced by the presence of
virus (white spots in Figure 10d) in the digital image of active SARS-CoV-2 virus without
Cu,O/TiO; photocatalysts while when the photocatalysis was conducted under visible
light irradiation using a white fluorescence bulb, no virus was seen (Figure 10e [73]). It
is evident that the TiO, coating could be a potential nanomaterial for limiting the virus
spread in poorly ventilated as well as in high-traffic public places [28,74,77].
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Figure 10. (a) Morphology of CuxO/TiO; and (b) UV-Vis spectra of CuxO/TiO, showing the
visible light active photocatalyst. Inactivation of wild-type strain of SARS-CoV-2 by photocatalyst;
(c) experimental results of inactivation of virus titer of SARS-CoV-2; photograph of (d) viral plaques
infected by SARS-CoV-2 without photocatalyst; and (e) viral plaques infected by SARS-CoV-2 for
CuxO/TiO, photocatalyst under visible light irradiation [73].

3.2. ZnO Based Nano-Photocatalysts as Potential Antibacterial and Antiviral Agents

Zinc oxide (ZnO) is the most capable wide band gap (3.37 eV) semiconductor inorganic
material with a broad range of applications in the field of sensors, UV laser, photocatalysis
and photovoltaics [79]. ZnO have also been used in different biological and environmental
applications. The food and drug administration of United States has already provided
the safety confirmation about ZnO [80]. Many biological applications of ZnO have been
reported by the research in the field of biosensors, glucose, biomedical imaging, estimations
of enzyme, etc. [81]. Particularly, as a potential antibacterial and antiviral agent, ZnO shows
promising disinfection activities due to the creation of ROS and zinc ions which leads to
the cell membrane disintegration, cell lysis, membrane protein damage, resulting in cell
death [82]. The largely valuable antibacterial mechanism is the production of ROS, which is
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directly related to cell death by damaging functional cellular components, such as proteins
and DNA.

As discussed in the last section, use of nano-photocatalysts in environmental disin-
fection is promising for the health of society and can be achieved by producing efficient
nanomaterials with excellent antimicrobial and antiviral agents that can work in disinfecting
air, water and common surfaces [83]. ZnO is another highly researched nano-photocatalysts
which has been investigated in previous years during the pandemic period for such pur-
poses in the environmental and healthcare applications. The ZnO based nanostructures
have been modified by different approaches such as tailoring of size, surface modifications
by doping, annealing, or forming heterojunctions [12,19,23,84-86] for making an efficient
antimicrobial, and antiviral nanomaterials. For example, Silva et al. [19] reported that
the surface modification of the ZnO NPs using (3-glycidyloxypropyl) trimethoxy silane
which allowed the dispersion of ZnO NPs in water providing an important pathway for
uniform water disinfection without further contamination. Similarly, use of ZnO NPs was
demonstrated for the bacterial decontamination on the surfaces as well as in drinking water,
remotely, and most importantly, in the absence of sunlight by Milionis et al. [85]. ZnO
based superhydrophobic, and self-cleaning surfaces were prepared by depositing highly
conformal, biodegradable, and water-soluble fluoroalkylsilane (FAS) or ethanol-soluble
stearic acid (SA) as shown in Figure 11a—c. The low bacterial adhesion was recorded on
superhydrophobic ZnO substrates due to the self-cleaning properties. Hence, inhibition
of surface bacterial contamination was observed. The wetting properties were studied
using contact angle measurements as shown in Figure 11a. It was found that optimal
concentrations for SA and FAS resulted in advancing contact angle (ACA) of 160° and
CAH of 5° for the case of SA and ACA of 158° and contact angle hysteresis (CAH) of 3° for
the FAS and corresponding morphologies were studied with SEM micrographs shown in
Figure 11b (SA) and Figure 11c (FAS). Mechanism of interaction with ZnO nanostructures
with microbes was proposed as shown in Figure 11d—e. When microbes were in contact
with the ZnO surface, antibacterial action took place through the released zinc ions (Zn?*)
and ROS as shown schematically in Figure 11d(i,ii). When interaction took place with
superhydrophilic ZnO nanostructures, due to the sharp edges of the ZnO nanostructures
via killing mechanism puncturing of the cell walls occurred as shown in Figure 11d(iii).
These mechanisms of antibacterial actions of ZnO nanosctures on E. coli are shown in SEM
micrographs on different surfaces as shown in Figure 11e(i-iii). They applied these ZnO
superhydrophilic surfaces in inactivation of E.coli in water disinfection under static and
shaking conditions as shown in Figure 11f-g. It was found that these ZnO nanostructures
showed the highest efficacy.

The size and concentration change of the ZnO NPs are another important factors
which influence the antimicrobial/viral activities. The smaller sizes are more effective and
promising antimicrobial agents, however, the structural differences in various pathogens
are also important to consider the effectiveness of the NPs. Raj et al. [84] studied the
disinfection activities with emphasis on effect of size and concentration of ZnO NPs on
microbes with different structures. It was found that the bacterial strains are important
factor and due to the structural differences between E. coli and P. aeruginosa, the antibacterial
efficiency of ZnO NPs was also not same. It was also found that the zone of inhibition
was increased with increasing the concentration and decreasing the size of ZnO NPs. The
smaller ZnO NPs showed better bactericidal activity whereas the larger NPs presented
the bacteriostatic activity. The doped ZnO nanostructures show enhanced properties such
as surface area and charge transfer which are beneficial for the disinfection activities.
A number of investigations have been carried out on doped ZnO with an emphasis on
improving its surface, optical and charge transport properties for particularly photocatalysis
and antibacterial activities [87-89]. These all contribute to the production of greater ROS
which enhances disinfection activities. Naskar et al. [90] reported that the antibacterial
activity of ZnO NPs was improved with Ni doping because of the increased surface area
and decreased crystallite size. The morphological changes occurred in multidrug-resistant
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strains of E. coli and A. baumannii were investigated by SEM technique before and after
exposure to 5% Ni doped ZnO (NZO) as shown in Figure 12a—d. It can be seen in the
SEM micrographs that untreated E. coli and A. baumannii cells are with smooth and intact
surfaces (Figure 12a,c respectively). However, variations in morphologies of the cells were
observed as a result of membrane corrugations after treatment with 5% doped NZO due to
wrinkling and damaging of the cell membranes as shown by red circles indicating the areas
of cell membrane disruption (Figure 12b,d corresponding to the Figure 12a,c respectively).
The 5% doped NZO NPs demonstrated better antibacterial activity with respect to other
concentration which was attributed to the high production of ROS which was studied and
quantified using fluorescence intensity at 520 nm of E. coli ATCC 25922 cells as shown
Figure 12e.
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Figure 11. (a) Wetting properties using contact angle measurements done for different ZnO based
samples. SEM micrographs of: (b) SA-coated; (c) FAS-coated ZnO nanostructures; (d) schematic
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representation mode of interactions of surface-bacteria on flat Zn substrates, nanostructured superhy-
drophilic ZnO surfaces, and nanostructured hydrophobized ZnO surfaces; (e) SEM micrographs of E.
coli on (i) glass coverslip, (ii) flat zinc, and (iii) nanostructured ZnO superhydrophilic surface; and (f,g)
ZnO superhydrophilic surfaces in inactivation of E.coli in water disinfection under static and shaking
conditions. (reproduced with permission from Ref. [85] copyright-2020 American Chemical Society).

I ZO [T 2NZO [ SNZO
(e)

Relative ROS production

0 125 200 250
Concentration (ug mL)

Figure 12. The surface morphology of bacterial cells: (a) untreated samples of E. coli; (b) treated
sample of E coli by 5% doped NZO; (c) untreated samples of A. baumannii; (d) treated samples of A.
baumannii with 5% doped NZO; and (e) quantification of ROS production using fluorescence dye [90].
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Stability of such functionalized ZnO nanostructures is one of the important concerns
for real practical applications. In this context, different approaches have been applied.
For example, concerning air pollution with bacterial contaminants which really causes
several type of health problems, Geetha et al. [91] produced stable and low cost ZnO
nanofibers based polymer nanocomposites as a promising coating for face masks, with
an aim to filter both particulate and bacterial contaminants. ZnO NPs were dispersed
homogeneously in the mixed PVA/PVP polymer blend solution and using electrospinning
system, ZnO nanofilbers-polymer nanocomposites were produced with different ZnO NPs
concentrations as shown in Figure 13a—d. Figure 13a Shows the SEM micrographs of the
ZnO NPs which are agglomerated having NPs of different sizes. The morphology of the
only polymer nanofibers shows uniform and smooth morphology as shown in Figure 13b.
Whereas, ZnO based polymer nanocomposites are shown in Figure 13c,d which exhibit
rough surface morphology attributed to the embedded ZnO NPs. ZnO based polymer
nanofibers are also shown to be of increased size attributed to the increased concentration
of ZnO NPs. Several bacteria were treated with these ZnO based polymer nanocomposites
and their antibacterial effects were studied. The microbial growth inhibition efficiency of
ZnO NPs, only polymer, and ZnO-polymer nanocomposite fibers for the S. aureus, E. coli,
K. pneumonia and S. aeruginosa bacteria are shown in Figure 13e. It was found that around
the electrospun circular mask, there was no bacterial growth observed for a particular
distance when nanocomposite was applied with different concentration of ZnO NPs in
nanocomposites to the mask, whereas there was no any disinfection/inhibition zone effect
observed for only polymer nanofibers. These results show good results, indicating the
usefulness of the prepared nanofibrous material for antimicrobial face masks as shown in
Figure 13f.
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Figure 13. SEM micrographs of (a) ZnO NPs; (b) PVA/PVA; (¢) ZnO (0.1 g)/PVA/PVP;
(d) ZnO (1 g)/PVA/PVP composites; (e) the microbial growth inhibition efficiency of ZnO/PVA /PVP
nanocomposite fiber against S.aureus, E. coli, K. pneumonia and S. aeruginosa; and (f) schematic of
synthesis of ZnO-polymer based composite nanofibers for the application of face mask (eproduced
with permission from Ref. [91]. Copyright 2022-Elsevier).
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ZnO NPs are exploited as promising antiviral nanomaterials against different kind of
viruses including SARS-CoV-2 [83,92]. ZnO NPs have been used against herpes simplex
virus type 111 and HIN1 influenza virus [93-97]. Usually, zinc is an important element that
observed in bone, muscle, brain, and skin of human. This vital element is also concerned
in different enzyme processes like protein and metabolism [98]. Zn is observed to impede
both SARS-CoV and retrovirus in vitro RNA polymerase activity, as well as zinc ionophores
which hinder the viruses replication in cell culture [99]. Zn was also established to reduce
the viral replication of different RNA viruses like respiratory syncytial virus influenza virus,
and numerous picornaviruses [97,100]. ZnO NPs show better performance in antiviral
activity as compared to the other antiviral materials because they have also emanated
from their good compatibility to biological systems, high safety, low price, and good
stability [101]. Additionally, visible fluorescence of ZnO is used in bioimaging and control
monitoring of the drug. All the premises of ZnO NPs presented show potential in the
design of nanomedical viral-targeting therapies.

Hamdi et al. [93] reported that ZnO could be used for vitro characterizations and
cellular uptakes in human lung fibroblast cells and then proposed a mechanism of ZnO
against COVID-19. They synthesized ZnO NPs and studied its surface, structural and
morphological properties in view of its interaction with virus. The estimation of surface
charge of ZnO NPs was found to be important to understand the interaction with the
biological membranes. The value of zeta potential for optimized ZnO NPs was recorded
from +25.32 to —18.78 and found to be highly dependent on the dispersant medium pH.
The release profiles of Zn?* at different pH was optimized and it was found that higher
Zn?* solubility in the acidic medium was the reason for the higher Zn release at pH 5.5. In
silico molecular docking was investigated to speculate the possible interaction between
ZnO NPs and COVID-19 targets including the ACE2 receptor, COVID-19 RNA-dependent
RNA polymerase, and main protease. Interestingly, felicitous binding of these ZnO NPs
with the three tested COVID-19 targets, via hydrogen bond formation, was observed and
an enhanced dose-dependent cellular uptake was proposed. The proposed mechanism of
interaction of ZnO NPs with SARS-CoV-2 has been shown schematically in Figure 14.
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Figure 14. Schematic of interaction of ZnO NPs with SARS-CoV-2 [93].
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3.3. CuO and Other Metal Oxides Based Nano-Photocatalysts as Potential Antimicrobial and
Antiviral Agents

Due to their narrow band structure and open surface sites, structurally modified
inorganic metals NPs and their oxide forms possess special physical and chemical charac-
teristics that make them more suitable to interact with pathogens and microorganisms. In
this regard, a number of antiviral medicines made of transitional metal-oxide such as ZnO,
CuO, and TiO, were found. It has been discovered that after entering the host cells, viruses
attach, invade, duplicate, and branch out. While the antiviral properties of the metal-based
nanomaterials may interact with the virus to restrict the insertion of the virus into the cell
body. Additionally, the metal-oxides generate extremely potent free radical species that
damage the nucleus of the virus and prevent it from killing the organelles of living cells.

Due to its functionalized surfaces and electronic band structures, CuO has been
investigated as an antibacterial and antiviral agent among the many metal oxides [102-104].
As one of the most effective nanocatalysts for fighting bacteria, fungus, and viruses at the
right concentration, it is also one of the least poisonous and expensive nanomaterials [103].
The antimicrobial activity of CuO NPs is due to their close interaction with bacterial
membranes and the release of metal ions. When the NPs are near the lipid membrane, they
slowly oxidize, release copper ions, and generate harmful hydroxyl free radicals. These
free radicals separate the lipids from the cell membrane through oxidation and destroy
the membrane [105]. The entire genome order of the virus is frequently destroyed in
the nuclei by these reactive ions or radicals [106]. Mechanistically, the free radical ions
damage the host’s proteins, lipids, and viral glycoproteins in the outermost receptor surface.
The damaged cell membranes (coenzyme A) therefore, disrupted metabolic processes
(respiration), leading to cell lysis or virus destruction [107,108]. Consequently, in the
case of CuQ, the free Cu ions produced from Cu,O/CuO inspire the formation of free
radicals that prompt the destruction of the outer capsid level of the virus. It eventually
destroys their genomic sequences and the replication process is stopped at a non-cytotoxic
amount [109]. In order to remove organic pollutants and different pathogens from waste
water, it has also been employed as a better photocatalyst [110,111]. The band gap of CuO is
~1.7eV [110]. It has demonstrated excellent promise for use in the creation of antibacterial
compounds as well as the photocatalytic destruction of organic contaminants. For instance,
Akhavan et al. [112] showed that the Cu and CuO NPs covering had antibacterial action
both in the dark and when exposed to light.

The information above demonstrates the potential of CuO NPs to function as effec-
tive antibacterial or antiviral agents in indoor or outdoor settings, i.e., in the absence of
sunshine or underwater. A composite coating made of Cu,O NPs and linear low-density
polyethylene, for instance, showed antibacterial characteristics for the disinfection of water
as studied by Gurianov et al. [113]. The composite exhibited no or very low leaching of
copper ions into the aqueous phase, showing good antibacterial activity against S. aureus
and E. coli. Similarly, Domagala et al. [114] investigated the antiviral effectiveness of CuyO
nanostructures encapsulated on multi-walled carbon nanotubes (MWCNTs) based filters
and their stability for virus removal from water. Three different procedures were followed
to produce different nanocomposites with MWCNTs such as (1) direct Cu ion attachment,
(2) Cu(OH), extraction, and (3) [Cu(NH3)4]** complex bonding with MWCNTs. The forma-
tion of nanocomposites and distribution of CuyO on MWCNTs were confirmed by TEM
images as shown in Figure 15a—c. The MS2 bacteriophages elimination assays were carried
out twice, once before (day 1) and again (day 2) post treating filters using water at pH of
5and 7. (24 h) as shown in Figure 15d,e. The effective removal outcomes showed how
important the methodology is for the removal of viruses, the efficiency of disinfection in
CuyO-coated MWCNTSs, and the potential for virus elimination due to copper’s antibacte-
rial capabilities as well as retaining viral electrostatic adsorption in MWCNTs. Similarly,
Mazukow et al. [115] developed a spray based on alumina granules deposited with CuO
NPs filters for virus removal from water as schematically depicted in Figure 15f and also
investigated the effect of copper oxidation state on virus removal capacity. It was found that
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an alumina support of this kind offered a porous structure to ensure extended interaction
with water-harbouring viruses. It was discovered that the principal virus-removing phases
were copper (I) oxide and metallic copper, and 99.9% of MS2 bacteriophages could be
eliminated [115].

Antimicrobial property of thermocycled polymethyl methacrylate denture base resin
reinforced with CuO NPs was studied by Giti et al. [104]. The CuO NPs may also be effective
as a potential control agent or candidate for avoiding dental infections or caries [116]. In a
study, it was found that CuO NPs doped with Fe were effective against biofilm forming
bacteria and fungi [103]. These Fe doped CuO NPs showed better photocatalytic and
antimicrobial efficacy because of reduced band gap of 1 eV. By co-culturing CuO NPs with
HSV-1-infected cells at a certain concentration of CuO NPs (100 g/mL), Ahmad Tavakoli
and colleagues [109] showed that the CuO NPs had excellent anti-HSV-1 viral efficacy. This
disinfection level of the cell was subsequently increased to 83.3%. ROS were discovered to
be mostly produced by semiconducting CuO NPs, which were then bound to the HSV-1
and destructed the virus’s DNA. The HCV was also discovered to be resistant to Cu,O
NPs [117] (Figure 15g-k). According to this study, Cu,O NPs exhibited inhibitory effect on
virus infection on the target cells by blocking the virus infection both at the attachment and
entry stages.
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Figure 15. TEM images of CuyO-MWCNTs nanocomposites: (a) composite 1; (b) composite 2;
(c) composite 3. MS2 removal test results for composite 1, composite 2 and composite 3 at (d) pH 5
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and (e) pH 7, and the associated copper concentrations detected in the permeate (reproduced with
permission from Ref. [114] Copyright 2020-Elsevier); (f) Schematic representation of nano-sized
copper (Oxide) on alumina granules filters for water filtration. Reproduced with permission from
Ref. [115] Copyright 2020, American Chemical Society. Cu,O (CO) NPs inhibited HCV infection.
HCVec (MOI = 0.1) virions were added with the indicated concentrations of Cu,O NPs or interferon-
(IFN-, 500 TU/mL) to Huh7.5.1 cells. After incubation at 37 °C for 2 h, the cells were washed
three times to remove the virus and treated with the indicated concentrations of Cu,O NPs for
additional 72 h; (g) the TEM image of CupyO NPs; (h) Huh7.5.1 cells were treated with CuyO NPs at
the indicated doses for 72 h. The effect of Cu,O NPs on cell viability was measured by a CCK8 assay
kit; (i) Huh7.5.1 cells at 72 h post-infection were stained with HCV-positive serum from patients and
with DAPI. Representative fluorescence images are shown (80x magnification); (j) The intracellular
HCV RNA content was determined by qRT-PCR; and (k) Western blot analysis of the harvested cell
lysates using the anti-core or anti-GAPDH antibodies. Results are represented as the mean + SD
from 3 independent experiments (p < 0.001) (reproduced with permission from Ref. [117]. Copyright
2015-Elsevier).

The aforementioned examples demonstrate the potent antiviral and antibacterial char-
acteristics of CuO and Cu,O NPs, as well as how these properties can be maintained even
when embedded in layers of polymeric covering. This may hold promise for effective real-
world applications against viral and microbial diseases on surfaces used for public usage.
Without altering the mask’s standard filtration procedure, Borkow et al. [118] demonstrated
that CuO impregnated masks could be helpful in lowering the danger of pathogen trans-
mission/contamination in the air. It was proposed that such masks containing CuO NPs
also provide protection from any kind of pathogens and are very important for combatting
against the spread of and infection by dangerous pathogens attributed to the potent antivi-
ral and antibacterial properties of CuO. As shown in Figure 16a—c [118], a respiration face
mask was prepared containing CuO as an antiflu treatment. It was found that these CuO
containing masks effectively filtered more than 99% of inhalational influenza viruses such
as HIN1 and the HIN2. Very recently, Leung et al. also proved a high efficacy of CuO NPs
decorated respiratory masks that efficiently decrease viral infections [119].
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Figure 16. (a) CuO impregnated masks; (b) outer coating of mask covering CuO NPs; (c) inner
coating of mask covering CuO NPs. [118]; (d) schematic of cupric Oxide coating on the common
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surfaces such as door locks that rapidly reduces infection by SARS-CoV-2 (reproduced with permis-
sion from Ref. [120] Copyright 2021-American Chemical Society); and (e) schematic of the flame
aerosol deposition process of antiviral nanoparticle coatings on solid flat substrates as well as on
porous filter materials. The as-prepared nanoparticle coatings are then incubated with SARS-CoV-2,
and their antiviral activity is examined by the plaque assay [121].

The primary cause of the coronavirus illness, COVID-19, is the SARS-CoV-2 virus,
which spreads through repeated contact or aspiration of respiratory secretions. CuO and
CupO are ionic forms of the Cu ions, and their antiviral, antifungal, and antibacterial
properties imply that they may also be useful against the SARS-CoV-2 virus. The effects of
a CupO coating on a SARS-CoV-2 virus disseminated solution in an aqueous droplet were
investigated by Hosseini et al. [120]. In the experiment, they used a live SARS-CoV-2 strain
rather than a proxy virus on BSL-3 environments. It was discovered that the developed
coating was quite helpful in reducing COVID-19 transmission and contacting concerns. To
reduce disease transmissions, the cost-effective and stable coating was created and applied
to places where the public can touch, like door handles (Figure 16d). The CuyO NPs were
compacted into a strong coating followed by thermal annealing which allows forming the
crystalline solid phase of CuO crystals. The CuO coated on SARS-CoV-2 infectivity was
lowered by 99.8% in 30 min and then 99.9% in an hour, while the coating stayed hydrophilic
for around 5 months. Merkl et al. [121] investigated the effect of antiviral coating of various
nanomaterials such as Ag, CuO and ZnO by depositing on both solid flat surfaces as well
as porous filter media. The antiviral studies were carried out against SARS-CoV-2 viability
and were compared with a viral plaque assay. The coatings were prepared by aerosol
nanoparticle self-assembly during their flame synthesis as shown in Figure 16e. It was
found that as compared to ZnO, other coatings were more effective including CuO showing
their potential as antiviral coatings on variety of surfaces to reduce the transmission of
viruses. Recently, Delumeau et al. [122] demonstrated that Cu and Cu,O thin-film coatings
deposited on glass had very strong antiviral effect on human coronavirus HCoV-229E.
Additionally, the coating was placed to a N95 mask, and it was discovered through droplet
studies that the coating decreased viral infectivity by 1-2 orders of magnitude in just over
an hour.

In addition to everything mentioned above, CuO has demonstrated superior an-
tiviral and antimicrobial photocatalyst properties, as well as being a better supporting
material to increase the photocatalytic disinfection efficiency of other wide band gap pho-
tocatalysts like TiO, NPs in both indoor and outdoor environments [123]. Inactivation
of various variant types of SARS-CoV-2 by indoor-light-sensitive TiO;-based photocata-
lyst [110]. For example, Farah et al. [123] studied the E. coli disinfection in indoor air under
the photoreactor and found that CuO-TiO, nanocomposite acted as excellent photocat-
alyst. Nakano et al. [73] studied antiviral behaviour of Cu,O/TiO; photocatalyst under
the indoor light environment and found the excellent antiviral effect against COVID-19.
Kanako et al. [124] demonstrated the photocatalytic antibacterial activity of TiO,, TiO, +
CuO, and WO3 + CuO and found that composite with CuO enhanced the photocatalytic
antibacterial activity of TiO, and WOj3; photocatalysts. In addition, WO3 has been inves-
tigated for its potential photocatalytic properties for disinfection activity [125,126]. It is
an n-type semiconductor capable of absorbing the visible light up to 480 nm (bandgap
energy ranges between 2.5-3.0 eV) with an excellent photostability and surface transport
properties [127]. The potential application of WO3 based nano-photocatalyst coating in
inactivation of SARS-CoV-2 under the visible light was demonstrated by Uema et al. [125]
in different environmental conditions. A low-cost multiphase photocatalyst from indus-
trial waste and WO3 was proposed by Hojamberdiev et al. [127] for photocatalytic re-
moval of SARS-CoV-2 antiviral drugs (lopinavir and ritonavir) in real wastewater for
practical applications.
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4. Challenges, Future Prospects and Summary

In conclusion, this paper provides a concise overview of the research background
and significance of recent advances in metal oxide-based nano-photocatalysts as potential
antimicrobial and antiviral agents. Emphasis is placed on understanding photomechanism
processes and potential applications in the outdoor and indoor environment including
water and air contamination [128]. To advance current technologies, many research groups
have focused on the development of new photoreactors based on metal oxides. Using
nanomaterial components not only enables more efficient and speedier regulation of the
spread of dangerous viruses such as HIN1, SARS-CoV, and SARS-CoV-2, but also tends
to make protective masks, fabrics, and screens reproducible in community settings. More
research into the antiviral properties of transition metal oxides is required to reduce the
severity of viral infections and prevent potential pandemics. As a result, it is reasonable to
assume that in the coming years, such novel transitional metal oxide photocatalysts will
undoubtedly pave the way toward an effective way to completely overcome the dangerous
SARS-CoV-2. Metal oxide semiconductor photocatalysts have been extensively investigated
for their ability to inactivate a variety of viruses and microorganisms. Examples of these
photocatalysts include TiO, and ZnO. The photocatalytic inactivation of microorganisms
is a synergistic bactericidal and virucidal effect of electromagnetic radiation at a given
wavelength and the oxidative radicals produced by the photocatalyst when exposed to UV
light. In this context, TiO; has been the subject of extensive research and has been success-
fully implemented in various well-known disinfection technologies. The crystallinity and
concentration of the photocatalyst, as well as the appropriate combination of the intensity
of the light applied, and the irradiation time, play a major role in determining the efficiency
of UV-induced TiO, photocatalysis. The efficiency is a function of several parameters.

At present copper oxide impregnated masks safely reduce the risk of influenza virus
environmental contamination without altering the filtration capacities of the masks. Due to
the potent antiviral and antibacterial properties of copper oxide, we believe that these masks
also confer protection from additional pathogens, and, as such, are an important additional
armament in the combat against the spread of and infection by dangerous pathogens. The
production of the mask layers with copper oxide and the manufacture of the mask using
these materials do not add any significant costs to the price of the masks. It is suggested
that copper oxide should be also included in other personal protective equipment to further
confer protection to the wearer and to the environment [118]. Pathogens and certain
other infectious germs cannot enter the wearer’s nose or mouth using defensive breathing
face masks. Nevertheless, improper handling and maintenance of masks, particularly
when they are used by non-professionals like the common person, could probably induce
pathogen transmission. The ROS-based concepts have already been reported by several
different types of studies for the improved antibacterial and antifungal properties using
semiconducting metal oxides nanomaterials. This improvement is attributed to the fast
productions of ROS and the slow recombination rate of the electron-hole charges in the
nanomaterials. Therefore, to reduce the spread and infections of viruses like SARS-CoV-2,
numerous reasonable precautions including antiviral medications, passive vaccination,
many antiseptic solutions, UV irradiation, antibodies are in practice [129-131].

As a result, CuO might find use in medical research and in the design of healthy
environments in the form of NPSs, thin films, or functionalized nanostructures. Overall,
the semiconducting metal-oxides (photocatalyst) like CuO, TiO,, and ZnO have been
appreciated for enhanced antiviral activities due to their structural, optical, and surface
engineering at the nanoscale. The best method for inactivating encapsulated viruses is
thought to be photocatalytic nanomaterials, which need illumination as their power source.
Therefore, photocatalytic reactions take place because of a cumulative impact of solar
energy at a fixed frequency and the photoactive substance, which captures a diverse range
of sunlight wavelengths. These could be more practically applicable for the betterment of
society and the environment.
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5. Challenges

1.  Due to the wide bandgap that it possesses, natural TiO, can only be excited by the
near-UV photons that are present in the solar spectrum (390 nm). However, visible
light accounts for approximately 42% of solar radiation [132], despite the fact that
UV makes up only 4% of solar light. Because of its wide bandgap, it is not useful
for applications involving the environment. As a result, boosting the photocatalytic
activity of TiO, is a difficult problem;

2. Itis common knowledge that photocatalytic nanomaterials could generate ROS, which
can then destroy the structural components of viruses. However, the light source has
a significant impact on their performance, which may result in an increase in the cost
of their application;

3. Itis important to tailor the development and choice of antiviral nanomaterials to
their intended uses. The high flow rate of air purifiers makes it easier for viruses to
gain momentum when antiviral materials are used. Because of this, nanomaterials’
electrostatic effects on their surfaces should be amplified to improve their adsorption
capacities toward viruses, and their physical structures should be strengthened to
break viruses;

4.  Thebiodistribution of metal oxide NPs is influenced by their interactions with proteins,
which take place through a process known as opsonization. As a result, the NP’s
properties are altered [133];

5.