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• Plant-based NPs have advantages and ap-
plications in the field of medicine and
the pharmaceutical industry.

• NPs can exert antimicrobial properties
alone or in combination with antibiotics.

• Need to assess the safety of its use and di-
minish the environmental impact of their
synthesis.

• Studies of the action mechanisms that me-
diate the antibacterial effect of NPs are
necessary.

• They are a realistic strategy for satisfying
society's demand for an effective solution
against antibiotics resistance.
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Background: Antibiotic resistance is one of the current threats to human health, forcing the use of drugs that are more
noxious, costlier, and with low efficiency. There are several causes behind antibiotic resistance, including over-
prescription of antibiotics in both humans and livestock. In this scenario, researchers are shifting to new alternatives
to fight back this concerning situation.
Scope and approach: Nanoparticles have emerged as new tools that can be used to combat deadly bacterial infections
directly or indirectly to overcome antibiotic resistance. Although nanoparticles are being used in the pharmaceutical
industry, there is a constant concern about their toxicity toward human health because of the involvement of well-
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known toxic chemicals (i.e., sodium/potassium borohydride) making their use very risky for eukaryotic cells.
Key findings and conclusions:Multiple nanoparticle-based approaches to counter bacterial infections, providing crucial
insight into the design of elements that play critical roles in the creation of antimicrobial nanotherapeutic drugs, are
currently underway. In this context, plant-based nanoparticles will be less toxic than many other forms, which consti-
tute promising candidates to avoid widespread damage to the microbiome associated with current practices. This ar-
ticle aims to review the actual knowledge on plant-based nanoparticle products for antibiotic resistance and the
possible replacement of antibiotics to treat multidrug-resistant bacterial infections.
Keywords:
Plant-derived nanoparticles
Antibiotic-resistant bacteria (ARB)
Nanoparticles and their applications
Environmental and health impact
Nanoparticles toxicity/nanotoxicology
Global economies and public health
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1. Introduction

Nanotechnology constitutes an emerging science proceeding from na-
ture, which can be considered a supplier of different particles ranging
from those derived from inorganic soot, ash, and minerals to sulfur and se-
lenium nanoparticles (NPs) produced by many bacteria and yeasts (Griffin
et al., 2018) or cellulose that is present in wood, hemp, cotton, and other
plant-based materials (Hitam and Jalil, 2022), including propolis that con-
sists of resinous exudates from various plant parts which are collected by
bees, transported to hives, and then modified with bee enzymes (Tiri
et al., 2022). In addition to these naturally occurring particles, the possibil-
ity of creating NPs has been known for decades now, with the quantity and
variety ofmethods increasing year after year. Fig. 1 shows theNPs currently
used as drug delivery systems. Currently sold nanostructures include lipo-
somes and lipid NPs, polyethylene glycated polymer nanodrugs, other poly-
mers, nanocrystals, protein and metal-based NPs (Farjadian et al., 2019;
Mitra et al., 2022). Metals NPs, such as nanosilver or nanogold of various
shapes and sizes, were created by methods such as laser ablation, during
vacuum sputtering, chemical reduction, photochemical reduction, micro-
wave irradiation (Kowalska-Góralska et al., 2010), gamma and electron ir-
radiation, thermal decomposition of silver oxalate in water and in ethylene
glycol, and biological synthetic methods (Iravani et al., 2014). However,
physical and chemical methods of synthesizing NPs are costly and environ-
mentally toxic. Thus, there is a need to produce NPs using nontoxic, envi-
ronmentally friendly, and reliable methods to expand their use. The best
option to achieve this goal is to use biological entities such as plants andmi-
croorganisms (Nayantara and Kaur, 2018) which can be a good strategy es-
pecially for remediating metal contaminants and waste (Iravani, 2014).

In the biological synthesis of nano-elements, strictly controlled parame-
ters during the processes are important, including the choice of the biological
source, incubation period, pH, and temperature (Iravani, 2011; T. Khan et al.,
2019; Mirzaei and Darroudi, 2017;Mittal et al., 2013; Singh et al., 2016). For
example, pH played an important role in controlling the size of NPs
(Sathishkumar et al., 2010) and, in general, green-based synthesis methods,
including plant-based ones, can provide NPs with controlled size and mor-
phology (Mirzaei and Darroudi, 2017). Furthermore, the biological synthesis
of metallic NPs is an inexpensive, one-step and environmentally friendly
method (Kuppusamy et al., 2016) and seems to be developing in the future
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(Mirzaei and Darroudi, 2017), especially with the great hope placed on nano-
particles produced with the participation of plants.

The so-called green nanotechnology is gaining great interest in phar-
macy and medicine (Griffin et al., 2018) as it uses, for example, plants
that are convenient ‘eco-friendly nano-factories’ (Nayantara and Kaur,
2018) and encourage their deeper exploration to meet the demand for
nano-products in various fields (Singh et al., 2016). According to the previ-
ous literature, most reports on the production of green NPs have focused on
the green biosynthesis of silver nanoparticles (AgNPs). This environmentally
friendly technique involves the use of biological agents, especially plants, as
reducing and encapsulating agents. For example, AgNPs synthesized by
green chemistry are a new and potential alternative to chemically synthesized
NPs (Roy et al., 2019). Therefore, this is the simplest method to create condi-
tions for spontaneous creation ofNPs inside living organisms, including plants
and even diatoms (as in phyco-nanotechnology (Griffin et al., 2018; Iravani,
2011) with their nanopatterned silica-based cell walls (biosilica) that, when
modified in vivo and along with potentially low culturing costs (Malabadi
et al., 2012),make theman attractive rawmaterial for industrial applications,
and thus are a promising source of synthesis of ‘green’ material (Pytlik and
Brunner, 2018)). In the case of ‘green’ synthesis, most of the costs will be sup-
ported solely by the cost of the metal salts, as, for example, vegetable waste
from the food industry can serve as reducing agents (when chemical synthesis
is used, there are also other costs for reducing agents). Thus, it is also conceiv-
able that companies involved in the food industry and interested in recycling
waste will partially pay for the production of NPs, which also highlights the
environmental benefits of ‘green’ synthesis compared to traditional methods
of production (Makarov et al., 2014).

Interestingly, NPs naturally obtained are surrounded by capping layers
and seem to be more stable and biocompatible (Kowalska-Góralska et al.,
2010; P. Singh et al., 2018), which is of the utmost benefit to the use of
this method (Vilando et al., 2019) and thus also supports the use of plants
in the production of nanoparticles. These capping layers provide an active
surface for interactionwith biological components. Their free active surface
functional groups are available for modification, such as conjugation with
antimicrobial drugs, genes, and peptides, to increase their efficacy and de-
livery (P. Singh et al., 2018). A comparison of NPs formed by biological and
chemical processes has shown that biogenic NPs (formed in living organ-
isms, including plants) have a better antibacterial effect than chemically



Fig. 1. Nanoparticles used as drug delivery systems: A. Liposomes. B. Viral vector. C. Self-assembled proteins. D. Polymeric nanoparticle. E. Metallic nanoparticle. F. Single-
walled carbon nanotube. G. Astruc's 54-ferrocene dendrimer. H. Coated magnetic NPs with core/shell structure. I. Micelle formulation. Figure adapted from (Beltrán-Gracia
et al., 2019).
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synthesized NPs, especially against recently developed multidrug-resistant
organisms (MDROs), both individually and in synergy with current/con-
ventional antibiotics (P. Singh et al., 2018). Therefore, especially in terms
of biocompatibility, it is important to understand how active groups from
biological sources attach to the surface of NPs and which active groups
are involved to produce NPs with greater efficacy (Singh et al., 2016).
Also importantly, biogenic NPs are easy to produce, biocompatible, and en-
vironmentally friendly (P. Singh et al., 2018) and for these reasons, the use
of plant-based NPs in agriculture, which have some beneficial effects on
crops, will be a promising step toward nano-revolution in the agriculture in-
dustry (Nayantara and Kaur, 2018).

Inorganic NPs may also have interesting properties, which can be used in
medicine, as is the case of magnetic iron oxides (IONPs) in the nano-size ver-
sion. IONPs showmagnetic properties and can be used to carry drugs in place
of, for example, developing tumors (Wu et al., 2015) or in a selected organ,
tissue, using an external magnetic field for hyperthermic treatment of pa-
tients. The non-toxic conduct and biocompatible applications of magnetic
NPs can be further enriched with a special surface coating with organic or in-
organicmolecules, including drugs, proteins, enzymes, antibodies, starch, nu-
cleotides, surfactants, non-ionic detergents, polyelectrolytes, polymers, silica,
and metals (Ali et al., 2016; Wu et al., 2015, 2008). The interest in magnetic
NPs of ferrite materials, as well as fullerenes and carbon nanotubes, is ex-
plained by the potential use of magnetic NPs in catalysis, biomedicine,
3

magnetic resonance imaging, magnetic separation and visualization, and hy-
perthermia of malignant tumors (Vedernikova, 2015).

Regarding other iron nanoparticles, nanosized zero-valent iron (nZVI) is
a new material in the field of industrial and municipal wastewater treat-
ment and remediation of contaminated soil and groundwater due to its
high reactivity and expected low environmental impact due to the high
iron content in the earth's crust (Pasinszki and Krebsz, 2020). Furthermore,
the nZVI particles showed striking disinfecting properties compared to
other widespread disinfection technologies such as chlorination. Therefore,
the results obtained introduce nZVI particles as a promising disinfection
technology (Sadek et al., 2021).

Similarly, sulfidated nanoscale zero-valent iron (S-nZVI) has been suc-
cessfully used to remove antibiotic resistance genes (ARGs) and mobile
gene elements (MGEs) from secondary effluents in wastewater treatment
plants and weaken their ability to regrow their bacterial carrier (W. Z.
Zhang et al., 2020). Bacterial death and vivid staining experiments and
transmission electron microscopy also showed that the cellular structure
of antibiotic resistant bacteria (ARBs) and intracellular DNA were severely
damaged after S-nZVI treatment (Wang et al., 2020). As a result, S-nZVI
may be an available reductive approach to dealing with bacteria and
ARGs (W. Z. Zhang et al., 2020) and to control antibiotic resistance, espe-
cially in the aquatic environment (Chowdhury et al., 2021; Wang et al.,
2020). Therefore, both (nZVI and S-nZVI) are important because present
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and past anthropogenic pollution of the hydrosphere and lithosphere is a
growing problem worldwide for sustainable development and human
health (Pasinszki and Krebsz, 2020; Yin et al., 2021; Zhang et al., 2022).
However, numerous studies also explain their phytotoxicity in terms of
plant growth and their fate in the plant system, and these issues should
also be taken into account when planning to use them (Ghosh et al., 2017).

Concerningmicrobial-derivedNPs, the extracellularmodeof bacterial syn-
thesis is preferable to the intracellular mode because of the easy recovery of
NPs. Therefore, the bacterial synthesis of extracellular and intracellular
AgNPs is possible using biomass, supernatant, cell-free extract, and derivative
components (Singh et al., 2015). For example, in the case of AgNPs, silver-
resistant genes, peptides, c-type cytochromes, enzymes (such as nitrate reduc-
tase) and reducing cofactors play a significant role in their synthesis. Addition-
ally, the fungus Aspergillus niger in the research by Ninganagouda et al. (2014)
research was grown in 250 ml Erlenmeyer flasks that contained malt extract,
glucose, and yeast extract. After incubation, the mycelium was separated by
filtration and distilled in water for about 48 h. The suspension was then fil-
tered. Cellfiltratewas challengedwith silver nitrate (1mM) for AgNPs biosyn-
thesis. In parallel, simpler methods are used most often to produce NPs, also
using seaweeds and microalgae, including cyanobacteria (Iravani, 2011;
Kuppusamy et al., 2016). Recently, the AgNPs biosynthesis by the human
gut microbiota has also been reported (Yin et al., 2019). It seems to be inter-
esting, as the perspective of effects on intestinal health when using AgNPs
may prevail over antibiotics to some extent (Li and Zhang, 2021).

However, plants are suggested to be the best candidates for large-scale
biosynthesis of NPs due to the occurrence of secondary metabolites
(Anand et al., 2019), also conferring high stability and a faster rate of NPs
(Malabadi et al., 2012) than those of microorganisms.

Naturally occurring nanomaterials, as well as artificially produced nano-
materials of natural products and naturally occurring or manufactured nano-
materials of natural products, exhibit their own specific chemical and
physical properties, biological activity, and promising applications, especially
in the fields of medicine, nutrition, cosmetics, and agriculture (Griffin et al.,
2018). For example, silver, silica and platinum NPs are used as ingredients
in various products such as sunscreen, toothpaste, anti-aging creams, hair
care products (shampoo), mouthwashes (soap, detergent), and perfumes
(Kumar and Yadav, 2009). According to this, we can also anticipate specific
optimized biogenic factories, valuable new waste-based materials, effective
removal of nano-bioremediation contamination, and conversion of poorly sol-
uble substances and materials into bioavailable forms for practical applica-
tions (Ahmed et al., 2022; Griffin et al., 2018). Among the different
applications, potentially attributed to natural NPs, current worldwide trends
in the abuse of antibiotics in different sectors such as the human, veterinary
and aquatic industries have led to the emergence of antibiotic-resistantmicro-
organisms (Aguilar-Pérez et al., 2021; Anand et al., 2019; Reddy et al., 2022;
Ruddaraju et al., 2020), leading to a burst of persistent infections that have
become one of the major concerns in health systems due to their associated
high mortality (Baptista et al., 2018; Khare et al., 2021).

As a solution, the design of plant-based NPs with antimicrobial activity
becomes an efficient and modern strategy to counter the microbial resis-
tance to antibiotics (Anand et al., 2020), thus helping their treatment and
alleviating the complications attributed to a plethora of infectious diseases.
Thus, this review focuses on the recent approaches developed for the syn-
thesis of plant-based NPs, which are committed to providing a sustainable
and efficient platform for the design of novel antibiotics with promising ex-
ploitation in the food and pharmaceutical industries.

2. Study design

To provide a systematic, critical, and comprehensive analysis of the lit-
erature on plant-based nanoparticles products for antibiotic resistance, this
work was organized by a literature search and analysis using specific
Fig. 2. a) Cooccurrence of abstract data for articles extracted from SCOPUS, on ‘nanopart
used for cluster analysis in a). Updated on December 16, 2021 by ‘VOSviewer version 1
correlate, are located close to each other. The bubble diameter indicates the publication
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criteria. A search in the SCOPUS database (in the titles, abstracts and key-
words fields) for ‘nanoparticles’, ‘plant’, and ‘antibiotic resistance’ showed
the existence of 205 articles, with India as the leading publishing country
(with more than 60 papers). The first dedicated document was published
in 2007, showing the relative novelty of this research activity. In the last
year, more than 50 papers have been published, reaching the higher annual
publication number, also because of COVID-19 and related environmental
pollution aspects. Patents concerning the same keywords resulted in 6836
(the first was published in 1985). They are 6584 considering data from
2007 to December 16, 2021. Most patents were deposited at the United
States Patent& Trademark Office (5397), followed by the Japan Patent Of-
fice (861), and the European Patent Office (469). Some of the last year pub-
lished patents are expressly addressed to SARS-CoV-2.

The data extracted from the SCOPUS platform includes all the papers
document titles, authors, abstracts, and keywords, for the analysis and in-
terpretation, allowing to obtain a good synthesis of available information.
The bibliographic search was followed by cluster analysis. This makes it
possible to investigate the co-occurrence text data deriving from the biblio-
metric database, allowing to perform a systematic analysis of the literature
(see Fig. 2). For this purpose, the VOSviewer software (‘VOSviewer version
1.6.16’, 2020) has been used. The study design (with the connected litera-
ture) was updated on December 16, 2021.

Fig. 2a is obtained by the analysis of co-occurrence of bibliography ab-
stracts and highlights that the available literature can be grouped in 2 clus-
ters. The first one (35 items), represented by red bubbles, is mainly devoted
to the study of antibiotic resistance mechanisms. The second cluster (35
items), shown by green bubbles, is mainly addressed to characterization ac-
tivities, involving specific instruments (spectroscopies, microscopies, and
X-ray techniques).

Fig. 2b shows the cluster data analysis resulting from the co-occurrence
network of keywords of the papers extracted from the SCOPUS search. Data
shows that 4 clusters can be highlighted. The first one (91 items) high-
lighted by red bubbles is mainly devoted to the antibacterial (or antimicro-
bial) activity, with great attention to inhibitory mechanisms. The second
cluster (85 items) represented by green bubbles, concerns the chemistry
of anti-infective (and antibacterial) agents, with great attention to metal
nanoparticles (mainly zinc, copper and iron). The third cluster (82 items)
highlighted by blue bubbles contains keywords related to antibiotic resis-
tance. The fourth one (79 items), represented by yellow bubbles, essentially
concerns plant extracts, also involving several keywords related to their
characterization.

Based on the resulted cluster analysis (see Fig. 2), the literature was
carefully analyzed, and through the reading of the selected full-text articles,
the work was conceived as presented in the following.

3. Plant-based nanoparticles

Plant natural products are derived from different plant tissues and or-
gans, including leaves, stems, shoots, flowers, bark, seeds, and roots, as a re-
sult of plant secondary metabolism, which can be easily enhanced by
external signals, since it is highly influenced by environmental conditions
(García-Pérez et al., 2021; Kuppusamy et al., 2016). Due to the high stabil-
ity and fast rate of plant-based NPs, the biosynthesis of metal NPs raised in-
terest in the elucidation and characterization of the mechanisms of uptake
and bioreduction of metal ions by plants (Iravani, 2011). In this sense,
many studies have shown that plant extracts can act as potential precursors
for the safe synthesis of nanomaterials, caused by the presence of multiple
secondary metabolites, such as alkaloids, saponins, flavonoids, tannins, ste-
roids, phenolic compounds, terpenoids, and many others, and coenzymes,
thus acting as reducing and stabilizing agents in the bioreduction reaction
involved in the synthesis of metallic NPs (Aromal and Philip, 2012;
Kuppusamy et al., 2016; Mittal et al., 2013). Consequently, plants have
icles’ and ‘plant’, and ‘antibiotic resistance’; b) Cooccurrence of keywords for articles
.6.16’, 2020. In a 2D representation of a research field, related terms, that strongly
s number where the reported term (or keyword) appears.
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been successfully used in the synthesis of different biobased NPs such as co-
balt, copper, silver, gold, palladium, platinum, zinc oxide and magnetite
(Amarnath et al., 2012; Kuppusamy et al., 2016; Ramanathan et al.,
2013), and extracts from a wide range of plant species have already been
applied to the biosynthesis of NPs (Mittal et al., 2013). In addition to
plant extracts, live plants can also be used for synthesis (Mittal et al.,
2013). Some plants, e.g., Brassica juncea (Mustard greens, Brassicaceae),
Medicago sativa (Alfalfa, Fabaceae), or Helianthus annuus (Sunflower,
Asteraceae) can accumulate a significant amount of silverwhen it is present
in the substrate. Ni, Co, Zn, and CuNPs have also been synthesized in living
plants (Gardea-Torresdey et al., 2003; Prathna et al., 2011).

Interestingly, NPs produced by plants have amore varied shape and size
compared to those produced by other organisms (Iravani, 2011). Makarov
et al. (2014) pointed out that their size and shape depend greatly on the lo-
cation of the NPs. Thus, when acquiring the NPs accumulated in one plant,
it should be taken into account that the others will be different depending
on the part of the plant from which they are isolated. In the study by
Zhang et al. (2016), AgNPs, formed as a result of green synthesis, had an an-
tibacterial and antifungal effect in direct proportion to concentration,
while AgNPs formed from fungi appeared to have better antifungal proper-
ties against superficial mycoses, viz. Candida albicans andMalassezia furfur
(=Pityrosporum ovale) (Roy et al., 2019) or even inmethylene blue dye deg-
radation activities (Mechouche et al., 2022). For example, the synthesis of
AgNPs from Curcuma longa (Zingiberaceae) was higher in the tuber extract
compared to the powder, which was attributed to the high and easy avail-
ability of water-soluble reducing agents in the extract, which were mainly
responsible for the reduction of silver ions in AgNPs (Sathishkumar et al.,
2010). Rapid synthesis of AgNPs, within 5 h, by reduction of aqueous
Ag+ ions using Dioscorea bulbifera tuber extract (Dioscoreaceae) has also
been reported, and the AgNPs obtained have strong antibacterial activity
against both Gram-negative and Gram-positive bacteria. This plant species
also has profound therapeutic uses due to its unique phytochemistry
(Ghosh et al., 2012).
Table 1
Plant-based nanoparticles (NPs) with antimicrobial activity.

Plant (Family) Part NPs Microorganism

Curcuma longa (Zingiberaceae) Tuber AgNPs Escherichia coli BL-21 strain

Dioscorea bulbifera
(Dioscoreaceae)

Tuber AgNPs MDROs: Acinetobacter baumanni
Pseudomonas aeruginosa
E. coli

Catharanthus roseus
(Apocynaceae)

Cell cultures
from leaves,
callus, roots

AgNPs Bacillus subtilis, Staphylococcus au
pneumoniae, Candida albicans

Brillantaisia owariensis
(Acanthaceae), Crossopteryx
febrifuga (Rubiaceae), Senna
siamea (Fabaceae)

Aqueous
leaves
extracts

AgNPs Gram (+): S. aureus. Gram (−):

Fagonia indica (Zygophyllaceae) Callus cell
cultures

AgNPs E. coli, Citrobacter amalonaticus,

Urtica dioica (Urticaceae) Aqueous
leaves
extracts

AgNPs Gram (+): Bacillus cereus, B. sub
epidermidis. Gram (−): E. coli, K
marcescens, Salmonella typhimuri

Ocimum tenuiflorum Leaves
extract

NiNPs Gram (−): Klebsiella pneumoniae
Gram (+): Staphylococcus epider
Candida albicans, C. tropicalis, As
and A. niger

Piper guineense (Piperaceae) Aqueous
leaves
extracts

AuNPs S. aureus, Streptococcus pyogenes

Zea mays (Poaceae) Corn leaf
waste
extract

AgNPs B. cereus, Listeria monocytogenes,

Typha angustifolia (Typhaceae) Leaf extract AgNPs E. coli and K. pneumoniae

Phyllanthus reticulatus
(Phyllanthaceae), Erigeron
bonariensis (=Conyza
bonariensis) (Asteraceae)

Leaf extract CuONPs E. coli

Abbreviations: n.c.: not combined with antibiotics.
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AgNPs are the most investigated plant-based NPs, being primarily asso-
ciatedwith the development of potent antimicrobial and antifungal proper-
ties (Table 1). Malabadi et al. (2012) used cell cultures from leaves, callus,
and roots of Catharanthus roseus (Apocynaceae) in the form of an aqueous
extract to synthesize AgNPs. Their studieswere carried out against different
clinical pathogens such as Bacillus subtilis, Staphylococcus aureus, Escherichia
coli, Klebsiella pneumoniae, and Candida albicans. The highest effectiveness
of the stabilized AgNPs obtained against all pathogens tested has been
shown. This alternative, quick possibility of producing NPs with specified
properties, efficient, with relatively low costs (Malabadi et al., 2012) and
environmentally friendly, gives hope that plant-based NPs will be used
(Makarov et al., 2014). Brillantaisia owariensis (=B. patula, Acanthaceae),
Crossopteryx febrifuga (Rubiaceae), and Senna siamea (Fabaceae) were suc-
cessfully used for the green production of AgNPs using their aqueous leaf
extracts. AgNPs derived from them showed higher antimicrobial activity
against the three human skin bacterial pathogens compared to their respec-
tive crude extracts and AgNO3. This indicates that the biomolecules coating
the NPs can increase the biological activity of metal NPs (Kambale et al.,
2020).

The AgNPs from Fagonia indica (Zygophyllaceae), a widely known me-
dicinal plant, had a better effect on E. coli, Citrobacter amalonaticus, Shigella
sonnei, and Salmonella typhiwhen combined with ciprofloxacin than AgNPs
alone. Therefore, it is worth noting the possible interactions between anti-
biotics and AgNPs (Adil et al., 2019) (Table 1). Prasher et al. (2018) and
Jyoti et al. (2016) confirm a beneficial synergistic effect between ‘green’
AgNPs andmainstream antibiotics compared to AgNPs alone. For example,
maximum effect, with a 17.8-fold increase in inhibition zone, was observed
for amoxicillin with easy bottom-up ‘green’ synthesized AgNPs against Ser-
ratia marcescens, confirming the synergistic augmenting role of the aqueous
extract ofUrtica dioica (Urticaceae) leaves capped AgNPs-amoxicillin (Jyoti
et al., 2016). Other synergies of plant-based NPs and antibiotics have also
been observed. For example, AgNPs and corn leaf waste of Zea mays extract
(Poaceae), and a combination of kanamycin and rifampicin against five
Antibiotic Ref.

n.c. (Sathishkumar
et al., 2010)

i Piperacillin, erythromycin (Ghosh et al.,
2012)Chloramphenicol, vancomycin

Streptomycin
reus, E. coli, Klebsiella n.c. (Malabadi

et al., 2012)

E. coli, P. aeruginosa n.c. (Kambale
et al., 2020)

Shigella sonnei, Salmonella typhi Ciprofloxacin (Adil et al.,
2019)

tilis, S. aureus, Staphylococcus
lebsiella pneumoniae, Serratia
um

Amikacin, kanamycin, tetracycline,
cefotaxime, amoxicillin, ampicillin,
cefepime vancomycin streptomycin

(Jyoti et al.,
2016)

, Salmonella typhi and E. coli,
midis, Bacillus subtilis; Fungi:
pergillus fumigatus, A. clavatus

n.c. (Pandian
et al., 2016)

n.c. (Shittu et al.,
2017)

S. aureus, E. coli, S. typhimurium Kanamycin, rifampicin (Patra and
Baek, 2017)

Gentamicin, cefotaxime, meropenem (Gurunathan,
2015)

n.c. (Potbhare
et al., 2019)
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strains of bacteria (Patra and Baek, 2017), or AgNPs and leaf extract of
Typha angustifolia (Typhaceae) and a combination of gentamicin, cefotax-
ime, meropenem against E. coli and Klebsiella pneumoniae were effective
(Gurunathan, 2015). Thus, the combination of synthesized green metallic
NPs with antibiotics appears to be a viable form to combat MDROs by mit-
igating resistance and toxicity (Ruddaraju et al., 2020). The identification
of green synthesis routes taking into account the need for harmless
solvents, reducing and capping agents along these routes also places
AgNPs' candidacy in a strong position as potential antimicrobial agents
(Kaweeteerawat et al., 2017), including the possibility to reduce the stabil-
ity of the structure of the bacterial community inmicroplastic (MP) biofilms
in eutrophic water (Niu et al., 2022).

On the other hand, Kaweeteerawat et al. (2017) suggest that AgNPs in-
crease bacteria's resistance to antibiotics, as bacteria preexposed to a suble-
thal dose of AgNPs exhibited increased resistance to antibiotics with IC50

(half-maximal inhibitory concentrations), elevated 3 to 13 times. However,
biosynthesized AgNPs show good antibacterial activity, and their combina-
tion may be more effective having the synergistic potential to enhance the
antimicrobial effect of broad-spectrum antimicrobials. Beta-lactam antibi-
otics (piperacillin) and macrolides (erythromycin) showed a 3.6 and a 3-
fold increase in efficacy, respectively, when combinedwith the synthesized
Dioscorea bulbifera (Dioscoreaceae) tuber extract AgNPs selectively against
MDROs Acinetobacter baumannii. Clear synergy was also observed between
such AgNPs and chloramphenicol or vancomycin against Pseudomonas
aeruginosa and streptomycin-AgNPs against E. coli. The extract of Dioscorea
bulbifera tuber was rich in flavonoids, phenols, reducing sugars, starch,
diosgenin, ascorbic acid and citric acid, which can also have an impact on
the results obtained (Ghosh et al., 2012).

Therefore, the development of an ecological NP synthesis process with
the use of plant extracts is justified, which is an important step in the
field of nanotechnology applications (Malabadi et al., 2012). However,
even though AgNPs are the most studied biobased metallic NPs with anti-
microbial properties, such properties are not restricted to them. Nickel
NPs (NiNPs) obtained from Ocimum tenuiflorum (=O. sanctum, Lamiaceae)
leaf extract has also been shown to be an effective disinfectant against path-
ogenic Gram-negative bacteria (K. pneumoniae, Salmonella typhi, and
E. coli), Gram-positive (Staphylococcus epidermidis, Bacillus subtilis) and
fungi (Candida albicans, C. tropicalis, Aspergillus fumigatus, A. clavatus, and
A. niger) compared to leaf extract alone and antibiotics (Pandian et al.,
2016). TiO2 nanoparticles (TiO2NPs) are highly active in biological activi-
ties such as antimicrobial (and antitumor) activity compared to other
metal oxides, including the possibility of their interaction with antibiotics
in water (Peterson et al., 2015; Van Wieren et al., 2012). TiO2 photoexcita-
tion also promotes horizontal transfer of resistance genes mediated by
phage transduction (Xiao et al., 2021), however, there is still a need to eval-
uate the influence of NPs on bacterial survival and resistance genes in bac-
teria with higher NP resistance than NP-sensitive bacteria (Yuan et al.,
2021). Many plant extracts have been used to synthesize TiO2NPs or treat
NPs obtained before, for example, Clove (Myrtaceae), Cardamom
(Zingiberaceae), Cinnamon (Lauraceae), Withania somnifera (Solanaceae),
Eclipta prostrata (Asteraceae), Glycyrrhiza glabra (Fabaceae) (Maheswari
et al., 2021; Shiva Samhitha et al., 2021). It was also observed that herb-
modified TiO2NPs exhibit better antibacterial and anti-cancer properties
compared to pure nanoparticles, for example, using Ledebouria revoluta
(Asparagaceae) extract (Aswini et al., 2021). Moreover, biosynthesized se-
lenium NPs (SeNPs) by the aqueous extract of nettle leaves (Urtica dioica,
Urticaceae) showed potential antibacterial, antifungal, and antitumor activ-
ity, which makes them useful in general medicine (Hashem and Salem,
2022).

However, gold NPs (AuNPs) are recognized as the most potent, biocom-
patible, and environmentally friendly ones. AuNPs have also been designed
by modifying sizes and shapes for increased activity and optimal perfor-
mance in a wide variety of applications, including biomedical, antimicro-
bial, diagnostic, and environmental ones (T. Khan et al., 2019). For
example, the high liver protective capacity of AuNPs mediated by Azolla
microphylla (Salviniaceae) has been attributed to its high antioxidant
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activity, which has been assigned to the high polyphenols present in its
methanol extracts that are absorbed onto the AuNP surface during synthesis
(T. Khan et al., 2019). Improvement in lincomycin delivery was also re-
ported when the drug was encapsulated in AuNPs synthesized by bio-
reduction with an aqueous extract of Piper guineense leaves (Piperaceae)
(Shittu et al., 2017). Other recent studies report the use of leaf extracts of
Euphrasia officinalis (Orobanchaceae) (H. Singh et al., 2018), Ziziphus jujuba
(=Z. zizyphus, Rhamnaceae) (Aljabali et al., 2018) and Indigofera
suffruticosa (=I. tinctoria, Fabaceae) (Vijayan et al., 2018) for ecological, ex-
tracellular synthesis of stable AuNPs. Similar reports also refer to the use of
grape polyphenols for the synthesis of palladium NPs and their effective
prevention of bacterial diseases (Amarnath et al., 2012). Examples of effec-
tive use of exogenous biomatrices (peptides, proteins, and virus particles)
for the preparation of NPs in plant extracts have also been discussed
(Makarov et al., 2014).

Metal plant-based NPs can also effectively control the malaria popula-
tion in the environment (Kuppusamy et al., 2016). For example, AuNP-
mediated leaf extracts of Cymbopogon citratus (Poaceae) have been tested
for malaria and dengue larvae and pupae vectors (Murugan et al., 2015),
but much work is needed to solve the problem. Plant-derived NPs are also
a potential cure for other acute diseases such as human immunodeficiency
viruses (HIV) and hepatitis (Kuppusamy et al., 2016). That is, bio-AgNPs
have a convincing effect against HIV at an early stage of the reverse tran-
scription mechanism, and therefore are promising antiviral drugs against
retroviruses (Suriyakalaa et al., 2013). Biosynthesized nanomaterials are ef-
fective in combating various endemic diseases with fewer negative effects
as well (Kuppusamy et al., 2016).

Namely, plant-based nano-zero-valent iron (nZVI) was found to be non-
toxic to human keratinocytes, and cell viability tests did not show a stress
response depending on the lactate dehydrogenase assay, confirming a
lesser stress to the cell membrane (Nadagouda et al., 2010). NZVI can be
synthesized using Camellia sinensis extract (green tea, Theaceae), which is
very useful as tea polyphenols play an important role in reducing and cap-
ping NPs (Hoag et al., 2009). Similar biosynthesis of iron NPs at room tem-
perature is also possible with the use of aqueous Sorghum sp. bran extract
(Poaceae) (Njagi et al., 2011). The leaf extract of Eucalyptus globulus
(Myrtaceae) was also used as a reducing agent for the synthesis of nZVI
(Oza et al., 2020). It was found that a polyphenol such as oenothein B
was responsible for the reduction and stabilization of this nanoparticle (T.
Wang et al., 2014; Wang, 2013). Moreover, NZVI modified with Ginkgo
biloba leaf extract (G-nZVI) as an effective catalyst exhibited excellent acti-
vation of sodium persulfate (PS), which allowed the removal of antibiotic
resistance genes (ARGs) to be achieved more efficiently than the PS +
nZVI system. In this way, G-nZVI can be used for the treatment of secondary
effluents from wastewater treatment plants (Duan et al., 2021). The leaves
of Eucalyptus tereticornis,Melaleuca nesophila (both from theMyrtaceae fam-
ily) and Rosmarinus officinalis (Lamiaceae) were also used for the synthesis
of FeNPs (Z. Wang et al., 2014).

Fe0/Fe3O4 NPs synthesized using pomegranate leaves (Punica granatum,
Lythraceae) can be coated on heat-killed Yarrowia lipolytica to effectively
remove hexavalent chromium, which is an important contaminant of
groundwater (Rao et al., 2013). The iron oxide/reduced graphene oxide
nano-hybrid was capable of removing 10 ppm of tetrabromobisphenol A
in 30 min, while lead and cadmium could be removed in 10 min. This
type of NPs can be synthesized using banana peel ash extract (Musa sp.,
Musaceae), while the aqueous leaf extract of Colocasia esculenta (Araceae)
reduced graphene oxide (Thakur and Karak, 2014). In situ sampling of tet-
racycline antibiotics in culture wastewater using diffusive gradients in thin
films equipped with graphene nanoplatelets also exhibited good precision
and accuracy (You et al., 2020). Similarly to the novel ZnO/biochar com-
posites (produced from Salvinia molesta (Salviniaceae), sugarcane bagasse
(Poaceae), and exhausted black wattle bark (Acacia mearnsii, Fabaceae))
(Gonçalves et al., 2020), the catalytic activity of rod-shaped magnetic FeO
NPs was also investigated for the removal of dyes from wastewater, and
thus it can serve as a potent wastewater treatment agent. Their biological
synthesis was prepared from the leaf extract of Peltophorum pterocarpum
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(Fabaceae) (Anchan et al., 2019). Other magnetic FeO NPs, which demon-
strated excellent photocatalytic activity in the degradation of methylene
blue dye, are synthesized from inedible fruit waste, i.e., using the fruit ex-
tract of Cynometra ramiflora (Fabaceae) (Bishnoi et al., 2018). Several
other plant extracts have also been used to synthesize FeO NPs, e.g., leaf ex-
tracts of Ruellia tuberosa (Acanthaceae) and Tridax procumbens (Asteraceae)
(Senthil and Ramesh, 2012; Vasantharaj et al., 2019), or Terminalia chebula
aqueous extract (Combretaceae) (Kumar et al., 2013). Rod-shaped FeO NPs
synthesized with Eichhornia crassipes (Pontederiaceae) show antibacterial
activity against Staphylococcus aureus and Pseudomonas fluorescens, with
the highest inhibition zone observed at a concentration of 100 μg/ml
(Jagathesan and Rajiv, 2018). Furthermore, the ultrasonic method has re-
cently been applied to the ecological synthesis of FeO NPs (as well as
AgNPs), in which the Trigonella foenum-graecum seed extract (fenugreek,
Fabaceae) acts as a reducing, caping, and stabilizing agent (Deshmukh
et al., 2019).

Polyphenol-coated Fe3O4@γFe2O3 NPs, synthesized from Cinnamomum
verum (Lauraceae) and Vanilla planifolia (Orchidaceae), showed the phe-
nomenon of in vitro magnetic hyperthermia, which has a huge impact on
therapeutic and diagnostic applications (Ramirez-Nuñez et al., 2018). Sim-
ilarly, Fe3O4 NPs with desirable physicochemical properties for potential
magnetic hyperthermia and colon cancer treatment were synthesized
using Garcinia × mangostana (Clusiaceae) fruit peel extract, which turned
out to be a new good stabilizer of this biosynthesis (Yusefi et al., 2021).
Superparamagnetic magnetite/gold (Fe3O4/Au) nanohybrid NPs have
been used as contrast agents for computed tomography (CT) and have
been found to be biocompatible in various biomedical applications. They
were synthesized from the seeds of Vitis vinifera (grape, Vitaceae)
proanthocyanidin (GSP) (Narayanan et al., 2012).

It should be noted here that the antimicrobial activity of FeNPs is differ-
ent from that of AgNPs. Recently, the antimicrobial properties of reduced
iron and FeONPs, which damage bacterial cells by disrupting the bacterial
membrane and generating oxidative stress within the cell, have been inves-
tigated (Baranwal et al., 2018; N. Y. Lee et al., 2019). Semicrystalline bio-
genic iron oxide nanoparticles (FeONPs) with a size of 80–100 nm, which
were developed from Tridax procumbens leaf extract (Asteraceae), showed
bactericidal activity against gram-negative bacteria such as P. aeruginosa
(Senthil and Ramesh, 2012). The extract mediated by FeNPs Gardenia
jasminoides (Rubiaceae) and Lawsonia inermis (Lythraceae) leaves success-
fully inhibited the growth of S. aureus, S. enterica, P. mirabilis and E. coli
(Naseem and Farrukh, 2015). Antibacterial activity against P. aeruginosa,
E. coli, S. aureus, S. typhi, and P. multocida was also confirmed when using
FeNPs synthesized from Moringa oleifera leaf extract (Moringaceae)
(Aisida et al., 2020).

Amazing antimicrobial potential against both Gram-positive and Gram-
negative bacteria has been shownwhen positively charged FeNPs easily at-
tach to the surface of negatively charged bacterial cells, resulting in cell
wall rupture and subsequent cell death (Singh et al., 2020). Such
bioreductively prepared FeNPs using root and leaf extracts of Ageratum
conyzoides (Asteraceae) exhibited maximum activity against P. aeruginosa
compared to E. coli, B. subtilis, S. aureus, and C. albicans due to the physical
interaction between bacterial cells and FeNPs (Madivoli et al., 2019). Leaf
extract of Eichhornia crassipes (Pontederiaceae) was used to bioproduce
rod-shaped FeNPs that showed good inhibitory activity against S. aureus
and P. fluorescens with maximum efficiency at 100 mg/ml of aqueous
FeNPs (Jagathesan and Rajiv, 2018). FeNPs synthesized using an aqueous
extract of Sageretia thea (Rhamnaceae) were also found to inhibit
the growth of P. aeruginosa, S. epidermidis, B. subtilis, E. coli and
K. pneumoniae, and the first two bacteriamentionedwere themost sensitive
at a minimum inhibitory concentration of 7.8 mg/l (Khalil et al., 2017).
Biocompatible FeNPs synthesized from the peel extract of Punica granatum
(Lythraceae) also showed effective antibacterial activity against
P. aeruginosa (Irshad et al., 2017). Antibacterial activity against Gram-
negative bacteria such as K. pneumoniae MTCC 530, E. coli MTCC 2939,
and S. typhi MTCC 3917 was confirmed better than against Gram-positive
S. aureus MTCC 96 when using FeNP Couroupita guianensis fruit extract
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(Lecythidaceae) (Sathishkumar et al., 2018). Pure hematite phasemagnetic
FeNPs were synthesized from Callistemon viminalis (Myrtaceae) flower ex-
tract, which was further used as a new antibacterial agent that was most ef-
fective against S. typhi, S. aureus, S. enterica, and K. pneumoniae, while
S. dysenteriaewasmoderately inhibited (Hassan et al., 2018). Also, hematite
(α-Fe2O3) nanosized materials synthesized using Anacardium occidentale
(Anacardiaceae) leaf extract were confirmed to be convincingly effective
in inhibiting S. aureus and E. coli strains (Rufus et al., 2017). The spherical
and crystalline FeNPs obtained in the bioreduction process induced by the
leaf extract of Cynometra ramiflora (Fabaceae) showed significant bacteri-
cidal potential against E. coli and S. epidermidis at 37 °C (Groiss et al.,
2017). Highly stable FeNPs from Lantana camara plant extract
(Verbenaceae) were used for effective inhibition of Pseudomonas, Klebsiella,
and Staphylococcus species (Singh et al., 2020). Furthermore, polydispersed
FeNPs synthesized using Skimmia laureola (Rutaceae) extract showed re-
markable antibacterial activity through disintegration of the cell wall of a
wild pathogen Ralstonia solanacearum (Alam et al., 2019).

Taking all of these into account, however, it should be noted that the in-
fluence of plant-basedNPs on resistance genes in the treatment of biological
wastewater is still not well understood. Some strategies to counter antibi-
otic resistance (AR) are being explored, for example, the combined use of
plant-derived NPs and antimicrobials to overcome toxicity problems
(Ebomah and Okoh, 2020). Genes conferring resistance to critical stress
factors were found to increase both the survival and performance of
the designed catalyst in biological wastewater treatment. Furthermore,
combined ecological approaches such as nanoremediation with
phytotechnologies can address current challenges and upgrade existing
and emerging technologies in biological wastewater treatment
(Benjamin et al., 2019) and the in situ remediation of soils and ground-
waters (Marcon et al., 2021).

Among plant products, essential oils (EOs) have significant antimicro-
bial properties, making them promising agents in the fight against drug-
resistant human pathogens (Carpena et al., 2021). EOs in combinatorial
and nanotechnology-based strategies may also deal with infections caused
by drug-resistant bacteria and may offer opportunities to reduce antibiotic
use (Trifan et al., 2020). EO encapsulation in nanometric systems is one of
themost promising tools for increasing antimicrobial efficacy. Such systems
enable efficient delivery and release of EOs for microbiological purposes
(especially for ‘ESKAPE’ pathogens: Enterococcus spp., Staphylococcus au-
reus, Klebsiella spp., Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp.), prolonged activity and weakening of bacterial biofilms
(Trifan et al., 2020).Many of these bacteria, including clinically relevant re-
sistant organisms, can also be easily imported from mainly Asian and
African countries and their international markets, where plant-based
foods are sold (Jung and Rubin, 2020), or simply from hospital sewage to
be discharged into the environment and the community to increase health
outcomes (Cai et al., 2021; Wang et al., 2021). All these examples confirm
that green chemistry has many advantages, such as fast production, cost-
effectiveness, and an easy way to produce plant-based NPs (Malabadi
et al., 2012).

4. The multifaceted effects of nanoparticles on antibiotic resistance

As stated before, during the 21st century there is increasing consump-
tion of antibiotics (Fig. 3), which has involved a growing concern about
the exponential emergence of antibiotic-resistant bacteria and the subse-
quent development of a crisis in global public health. Due to the ineffective-
ness of previously existing antibiotics in alleviating these persistent diseases
and the lack of new antimicrobials (Khare et al., 2021), nanomaterials, es-
pecially NPs, have been widely explored as alternatives. It is generally as-
sumed that antimicrobial nanomaterials present a wide range of
mechanisms, thereby overcoming antibiotic resistance simultaneously
(Smerkova et al., 2020). Therefore, three main mechanisms have been pro-
posed for the effectiveness of antibiotics, affecting different physiological
processes in bacteria cells: 1) cell wall synthesis, 2) translationalmachinery,
and 3) inhibition of DNA replication (Beyth et al., 2015) (Fig. 4).



Fig. 3. Antibiotic-defined daily dose (DDD) per 1000 individuals (from The Center for Disease, Dynamics Economics & Policy. Resistance map: Antibiotic resistance 2021,
https://resistancemap.cddep.org/AntibioticUse.php. Date accessed: 21 September 2021). Data were derived from antibiotic sales. Sales (expressed in kilograms) were
converted into the DDD using the Anatomical Therapeutic Chemical Classification System.
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Extreme, not necessarily imperative, use and misuse of antibiotics in-
creases selection pressure and genetic association that can increase antibi-
otic resistance and virulence in pathogens through various adaptations
(Allen et al., 2010; Anand et al., 2020; Sharma et al., 2016). For example,
Fig. 4. Antibiotics' effects on bacterial cells. The main mechanisms that have been prop
membrane synthesis disruption 3) translational machinery, and 4) inhibition of DNA re
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antibiotic-resistant bacteria (ARB) and antibiotic resistance genes (ARGs)
in the aquatic environment, including drinking water resources and sewer
biofilms, have become an emerging pollution problem with ramifications
for human health and the environment (Anand et al., 2021b; Li et al.,
osed for the effectiveness of antibiotics are 1) cell wall synthesis inhibition, 2) cell
plication (Beyth et al., 2015).

https://resistancemap.cddep.org/AntibioticUse.php
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2019; Sharma et al., 2016). Bacteria have evolved in many ways that have
made them resistant to antimicrobials. These include, but are not limited to,
enzyme inactivation, decreased cell permeability, altered target site/en-
zyme, target protection, target overproduction, increased efflux due to
overexpression of efflux pumps Fig. 5 (Anaya et al., 2015; Khare et al.,
2021). Other more complex phenotypes, such as biofilm formation and
quorum detection, do not appear from exposure to bacteria to antibiotics,
although it is known that biofilm formation can be induced by antibiotics.
These phenotypes are related to the tolerance of bacteria to antibiotics
(Baptista et al., 2018). The development of resistance may be intrinsic, ac-
quired through spontaneous mutations (de novo), or may occur as a result
of the horizontal transfer of genes from donor bacteria, phages, or free DNA
to the recipient bacteria (Sharma et al., 2016; Sultan et al., 2018) and may
be increased by sub-lethal concentration of NPs, especially in wastewater
and receiving environments (Cui and Smith, 2022).

Recently, antimicrobial nanomaterials have been used to fight MDROs
(Kaur et al., 2021; Singh et al., 2014). The use of nanoelements as disinfec-
tants brings hope for their prophylactic use: their action proves effective in
the fight against pathogenic bacteria (Aruguete et al., 2013; Ruddaraju
et al., 2020) and fungi so as well as in food sensing and storage (Singh
et al., 2019) and also against indoor mould growth (Ogar et al., 2015).
Nano-structured materials can be used to transport antimicrobial agents, aid
in the delivery of new drugs, or, ultimately, have antimicrobial activity on
their own. Additionally, NPs (e.g., metallic, organic, carbon nanotubes, etc.)
can bypass bacterial drug resistance mechanisms and, due to their antimicro-
bial potential, inhibit biofilm formation or other important processes (Baptista
et al., 2018). For example, TeNPs (tellurium NPs) showed a greater ability to
inhibit E. coli biofilm than S. aureus one, reducing nearly a 90% of the
biovolume (Gómez-Gómez et al., 2020). Other strategies are also being ex-
plored, including the combined use of plant-based antimicrobials (Chandra
et al., 2017) and NPs to overcome toxicity problems (Ruddaraju et al., 2020).

Studies on NPs are based on numerous factors. Apart from the structure
of NPs, many other essential elements influence the operation of NPs,
namely the environment. The reaction, exposure time, temperature, and ox-
ygen content – all of these parameters can affect the properties of NPs, ex-
cept for their size, shape, or chemical structure. This multitude of
Fig. 5. Antibiotic resistance can be of two types: intrinsic (or inherent) resistance and ac
the chromosomes. Acquired resistance mechanisms are typically acquired through horiz
antibiotic resistance. Antibiotic resistance is caused by changes in membrane compon
antibiotic targets, limiting drug uptake, bypassing the drug-inhibited pathway, degradin
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influencing factors does not help the search for their antibacterial proper-
ties, and some of the published results may sometimes seem contradictory
because the applied conditions have significantly affected their properties.
Passive targeting of nanomaterials is an often-used treatment strategy for
bacterial infections, including intracellularmacrophage infections. Further-
more, specific targeting increases the effectiveness of antimicrobials and re-
duces side effects (Smerkova et al., 2020). It is similar in the case of NPs
used in studies on antifungal properties (Kowalska-Góralska et al., 2020;
Ostaszewska et al., 2016) or in studies on toxicity of NPs (Bubel et al.,
2013; Kowalska-Góralska et al., 2019, 2015) especially on planktons and
microbes in the water environment (Chen et al., 2016; Zhu et al., 2019).
This is important since population growth and urbanization, as well as
poor water supply and environmental hygiene, are the main reasons for
the increase in the incidence of infectious pathogens, including re-
emerging influenza (A/H5N1), diarrhea (E. coli) and cholera (Vibrio
cholerae) outbreaks that are a significant burden on global economies and
public health (Anand et al., 2019; Tran et al., 2013).

It should also be said that bacterial resistance to NPs has also been ob-
served, which is a clinical concern (Zhao and Jiang, 2013). Although rare,
bacteria resistant to Ag, Au, or Cu-NPs have been reported even after expo-
sure to a single dose of NPs (Finley et al., 2015; Zazo et al., 2016; Zhao and
Jiang, 2013). However, functional Au-NPs are potent antimicrobial agents
against multidrug resistant bacteria (MDRB), e.g., they were effective
against both Gram-negative and Gram-positive uropathogens. These
AuNPs showed low toxicity to mammalian cells and no bacterial resistance
was observed after 20 generations (Li et al., 2014). Thus, the use of Ag, Au,
or Cu-NPs remains a therapeutic challenge, and more research is needed to
address this problem (Baptista et al., 2018), especially since antibiotic op-
tions for infections caused by MDROs are often limited (Kaur et al.,
2021). However, such infections are appearing as causes of morbidity and
mortality around the world. These clinical challenges highlight the
critical need for alternative and effective antimicrobial strategies (N. Y.
Lee et al., 2019). Consequently, the most popular topics published on
nanopharmaceuticals and nanonutraceuticals in the 2000s included drug
delivery, toxicity/biocompatibility, biodistribution, and cancer as well
(Das et al., 2021; Yeung et al., 2020).
quired resistance. Intrinsic antibiotic resistance mechanisms are usually encoded by
ontal gene transfer (HGT) and include plasmid-encoded and transposons-mediated
ents that reduce cell membrane permeability, modification of cell wall proteins as
g a drug by enzymes, and pumping out a drug.
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Furthermore, NP-based therapies in plants are also increasingly popu-
lar, allowing the study of ways to treat plant diseases and prevent the devel-
opment of phytopathogens (including bacteria, fungi, oomycetes, and
viruses) (Malandrakis et al., 2020), leading to the growing use of
engineered nanomaterials (Singh et al., 2019). Recent studies also show
that green-synthesized or biogenic metallic NPs using plants and microbes
without hazardous chemicals hold promise for combating plant pathogens
(Ali et al., 2020).

4.1. Interaction of bacteria with nanoparticles

Bacteria bind to the surface and secrete molecules such as proteins that
cause them to become irreversibly attached (Zhao et al., 2017). Once set-
tled, they form colonies in peptidoglycan envelopes, which leads to the cre-
ation of a biofilm (Riga et al., 2017). Then, bacteria are not available for
antibacterial agents and the body's immune system cannot fight against
them either (Rex et al., 2019; Watnick and Kolter, 2000). In addition,
biofilms react poorly to antibiotics, causing antibiotic resistance (Høiby
et al., 2010).

NPs can exert antimicrobial activity through a number of mechanisms,
such as (1) direct interaction with the bacterial cell wall; (2) inhibiting bio-
film formation; (3) triggering an innate and adaptive host immune re-
sponse; (4) production of reactive oxygen species (ROS); and (5) inducing
intracellular effects (e.g., interactions with DNA and/or proteins)
(Baptista et al., 2018). For example, one of the mechanisms of action of
NPs is as follows: NPs induce ROS generation; the generated radicals induce
oxidative stress and influencemembrane lipids by changing the structure of
mitochondrial DNA and cell proteins (Oberdörster et al., 2005), sometimes
mutagenesis or oxidation of lipids. This affects the development of the in-
flammatory process and consequently can lead to cell death or inflamma-
tion. Beyth et al. (2015) pointed out that nano-elements can be used;
however, it is important to constantly remember their toxic properties
also against human cells. Based on them, different interactions of the NPs
do not create resistance mechanisms such as bacteria do when in contact
with antibiotics. Therefore, NPs seem to be useful to combat pathogenic
Fig. 6. The influence of nanoparticles (NPs) on a bacterial membrane is twofold: I) disr
production.
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bacteria (Trifan et al., 2020), and since they do not exhibit the same mech-
anisms of action as standard antibiotics, they can be extremely useful
against MDROs (Baptista et al., 2018; Kaur et al., 2021).

Physicochemical properties are crucial for the antimicrobial activity of
NPs. It is worth noting, however, that the bacterial strain (the structural
and chemical composition of the surface of the bacteria) or the environmen-
tal conditions are also very important for the interaction of microorganisms
with NPs (N. Y. Lee et al., 2019; Westmeier et al., 2018). The temperature
and pH of test media have already been shown to influence the dissolution
and antimicrobial activity of NPs in vitro (Smerkova et al., 2020). Lowering
the pH increases the solubility of NPs and enhances the antimicrobial effect.
The solubility of NPs is, therefore, better in an acidic environment
(Peretyazhko et al., 2014; Saliani et al., 2015). When testing AgNPs and
AuNPs, the diffusion method was found to be suitable for AgNPs due to
the release of toxic and highly diffusive ions into the culture medium. On
the contrary, the antibacterial activity of AuNPs is due to the physical inter-
action with the bacteria, and Au ions are not released into the medium
(Kourmouli et al., 2018).

4.2. Bacterial membrane penetration by nanoparticles

NPs can act as nanoscale molecules to interact with bacterial cells, reg-
ulate cell membrane penetration, and disrupt molecular pathways (Dakal
et al., 2016; Durán et al., 2016; Hemeg, 2017; Rai et al., 2012). In general,
NPs, including AgNPs, are generally easy to penetrate into cells
(Brandenberger et al., 2010; Kim et al., 2012; Limbach et al., 2005; Sahay
et al., 2010; Sokolova and Epple, 2008; Teeguarden et al., 2007). Non-
transforming cells absorb AgNPs by endocytosis and macropinocytosis,
and this depends on the cell type. On these bases, the influence of NPs on
a bacterial membrane is twofold: first, disruption of membrane potential
and integrity occurs, and then ROS production follows (Fig. 6). Currently
acceptedmechanisms also include: triggering host immune responses, inhi-
bition of biofilm formation; and inhibition of RNA and protein synthesis by
inducing intracellular effects (Beyth et al., 2015; Pelgrift and Friedman,
2013).
uption of membrane potential and integrity, and II) reactive oxygen species (ROS)
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Gram-positive and Gram-negative bacteria differ in their membrane
components and structure and have different adsorption pathways for
NPs (Lesniak et al., 2013). In some cases, bacterial resistance to NPs may
be associated with changes in the permeability of the outer membrane
and high expression of efflux pumps (Finley et al., 2015; Zhao and Jiang,
2013). Disorders caused by NPs lead to abnormal transport through the
membrane, abnormal cell respiration, and energy deficiencies, which affect
even the lysis of these cells (Barros et al., 2018; Gahlawat et al., 2016; Lok
et al., 2006; Pelgrift and Friedman, 2013; Sondi and Salopek-Sondi, 2004).
The method of action in this way, although not yet fully understood, states
that the smaller the NPs, the more effective they are, due to their larger sur-
face area (Panáček et al., 2006). However, the larger surface area also has
some disadvantages: together with the smaller molecule, the aggregates
are formed faster, which usually reduces the antibacterial effectiveness.

Moreover, before switching to the use of NPs, many different concentra-
tions need to be carefully studied to determine precisely thosewhose effects
on organismswill only be beneficial (Bartłomiejczyk et al., 2013; Drake and
Hazelwood, 2005; Tolaymat et al., 2010) and only unfavorable for bacteria,
fungi, or viruses. It is also necessary to check the question of the adaptation
of bacteria to the NPs used. There are also reports that NPs affect not only
the respiratory chain. Some studies point out the affinity of Ag for sulfur
and nitrogen, which may affect protein structure (Choi et al., 2008) and
through the photocatalytic properties of Ag (Kumar et al., 2014) can induce
ROS (Carlson et al., 2008; Ninganagouda et al., 2014; Piao et al., 2011;
Zhang et al., 2015) causing cytotoxicity by apoptosis and damage to cellular
components, although ROS depends on the type of cells (Greulich et al.,
2011; Luther et al., 2011; Piao et al., 2011). However, bimetallic Au-Pt
NPs have an antibacterial effect against multi-drug resistant E. coli by dissi-
pating the bacterial membrane potential and increasing the levels of aden-
osine triphosphate (ATP) (Baptista et al., 2018). The antibacterial
properties of reduced iron and FeO NPs that damage bacterial cells by
disrupting the bacterial membrane and generating oxidative stress inside
the cell were also investigated (Baranwal et al., 2018). Synergistic antibac-
terial activity of Ag, Au, and ZnO NPs and antibiotics have been observed
against S. aureus, E. faecium, E. coli, A. baumannii, and P. aeruginosa by pen-
etrating the bacterial cell membrane and interfering with important molec-
ular pathways, creating unique antimicrobial mechanisms (Hemeg, 2017).
At this time, there are reasons to believe that bacteria are less susceptible to
develop resistance to AgNPs than to antibiotics (Chernousova and Epple,
2013; Leid et al., 2012).

4.3. Antimicrobial mechanisms of nanoparticles

Once NPs interact and penetrate bacteria, several mechanisms of action
have been reported to them, whose efficiency depends on multiple factors
including particle size and shape and their superficial coating, among
others. In this sense, different authors have addressed the various antimi-
crobial mechanisms of action of NPs, as described by countless examples
previously available in the literature.

Monodispersity is another significant parameter to be controlled during
nanoparticle synthesis, which can be controlled by adjusting the reaction
conditions, such as the inclusion of stabilizers and reducing agents, as
part of different synthetic methods. For example, the diverse morphology
of bioreduced AgNPs obtained with Dioscorea bulbifera tuber extract cov-
ered spheres, triangles, and hexagons (Ghosh et al., 2012). Therefore, effec-
tive control of the morphology, size, and monodispersity of NPs should be
investigated to define the effects of reaction conditions facing synthesis op-
timization. By using screened organisms with high production capacity and
controlling reaction conditions, well-characterized NPs can be obtained
faster (Malabadi et al., 2012) and more consistently, compared to chemical
and physicalmethods. This environmentally friendlymethod has the poten-
tial to be used in a variety of fields, including pharmacy, medical applica-
tions, cosmetics, and food (Iravani et al., 2014).

Regarding the importance of NPs size, E. coli susceptibility to antimicro-
bial NPs was stable between different particle sizes, showing similar effec-
tiveness in different ranges of AuNPs, while B. subtilis exhibited a higher
12
size-dependent sensitivity (Hayden et al., 2012). The shape of NPs also
plays an important role, as it has been found for Klebsiella pneumoniae
whose susceptibility to antibiotics was higher using spherical AgNPs com-
pared to rod-shaped AgNPs (Acharya et al., 2018). Regarding coating,
bacteria-released products act as natural protectors and stabilizers on
AgNPs, thus preventing aggregation and ensuring their long-term stability,
promoting at the same time coordinated activity combined with their anti-
cancer and antioxidant properties (Singh et al., 2015). Such a superficial
coating is also known as biofunctionalization, which stands for an efficient
strategy to improve the effectiveness of NPs. Thus, biofunctionalized
ZrO2NPsmay also have antibacterial properties when coated with glutamic
acid (Khan et al., 2020), promoting the regulation of the morphology, dis-
persion, and yield of NPs (Singh et al., 2015). The highly effective AgNP
coated gloves (ex situ coated using Corymbia citriodora (=Eucalyptus
citriodora) ethanolic leaf extract (Myrtaceae) as reducing and capping
agents) have the potential to provide additional protection against the
transmission of healthcare associated infections (Paosen et al., 2021).
Biofunctionalization can, in the last term, improve the effectiveness of
AgNPs in terms of antimicrobial activity by promoting new chemical enti-
ties, as proven by the synthesis of AgNPs using ampicillin (Amp-AgNPs), re-
sulting in the production of a compound with properties combined from
those of both antibiotic and silver (Khatoon et al., 2019). The results of
Khatoon et al. (2019) also show that the analyzed bacterial strains do not
show resistance to these Amp-AgNPs even after exposure to 15 consecutive
cycles. This compound proved to be more effective against E. coli and
S. aureus than chemical NPs or antibiotics. This variety of research and in-
teresting results give hope for the still undiscovered possibilities of NPs
applications.

Among the multiple examples of antimicrobial mechanisms of NPs,
Sinha et al. (2011) described the effect of nano Ag and ZnO on various
mesophilic and halophilic bacteria in cell cultures. The results proved to de-
pend on the nature of the NP and the type of bacteria, as nanotoxicity was
more pronounced toward Gram-negative bacteria. Sondi and Salopek-
Sondi (2004) and also Sharma et al. (2009) indicated that AgNP cytotoxic-
ity toward E. coli was due to the induction of proton leakage through cell
membranes. Sinha et al. (2011) pointed out the high dependence of cell
membrane charge on the effectiveness of metal NPs, as positively charged
Ag and ZnO NPs undergo an electrostatic interaction with the negatively
charged cell surface and influence the change of membrane permeability,
thus affecting cytotoxicity (Feng et al., 2013a, 2013b; Morones et al.,
2005). Therefore, the main cause of nanotoxicity is the interaction of NPs
with the walls of bacterial cells, being highly influenced by the struc-
ture, as Gram-negative cells have a thin layer of peptidoglycan, rich in
lipopolysaccharides, which presents a higher negative charge compared
to Gram-positive cells, which possess a thicker layer of peptidoglycan,
making the penetration of NPs more difficult (Sanpui et al., 2008).
This differential wall composition constitutes a relevant cause of
Gram-positive resistance to AgNPs, as reported by Stoimenov et al.
(2002). In contrast to the enhanced resistance of Gram-positive strains,
halophilic bacteria are Gram-negative microorganisms that present a
thinner layer of peptidoglycan substituted with negatively charged
cardiolipins, which makes them more susceptible to metallic NPs
(Ventosa et al., 1998). This electrostatic-mediated susceptibility to
NPs was studied in depth by Sinha et al. (2011) in the Gram-negative
Marinobacter sp. and the Gram-positive EMB4 strain, showing that
ZnO was harmful to both species, showing a clear effect on growth re-
striction caused by the accumulation of NPs in the cytoplasm, while
AgNPs did not affect the development of EMB4, as they were unable to
penetrate bacteria. Indeed, the electrostatic incorporation of NPs can
also be mediated by the interaction with proteins, as demonstrated by
Chwalibog et al. (2010) on Staphylococcus aureus and the fungal species
Candida albicans. Compared to AgNPs, AuNPs molecules have different
mechanisms of action and accumulation, which interacted without con-
tact with microorganisms but nonetheless damaged fungal cells, while
PtNPs caused cell damage as a consequence of the disintegration of
the cytoplasmic membrane and the cell wall (Chwalibog et al., 2010).
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In addition to metallic NPs, Rusciano et al. (2009) paid attention to the
effectiveness of organic carbon-based NPs (NOCs) produced by normal
combustion processes, reporting that NOCs were able to cause oxidative
damage to liposome membranes by induction of lipid peroxidation,
which influenced changes inmembrane permeability through fullerene for-
mation (Zhang et al., 2013). Therefore, four silver carbene complexes
(SCCs) showed a high antimicrobial efficiency against resistant bacterial
strains at low concentrations (0.5–90 mg/l), such as Staphylococcus aureus
and MDRO such as Acinetobacter baumannii, Bacillus anthracis, and Yersinia
pestis (Leid et al., 2012).

Besides the general antimicrobial mechanisms of action of NPs men-
tioned above, other relevant mechanisms were also spotted to a lesser ex-
tent. For example, Ninganagouda et al. (2014) pointed out the reduction
in E. coli growth by induction of cell death through ROS production after
AgNP application at 10 mg/l, which was similar to the studies of Zhou
et al. (2012) on E. coli. Consequently, research on NP functional character-
ization is constantly evolving, but more information is still needed on the
mechanisms behind the antimicrobial activity of nanomaterials (Aruguete
et al., 2013).

5. Nanoparticles in medicine and pharmaceutical industry

NPs have different properties due to their small size (1–100 nm) (Gadad
et al., 2014), compared to other similarmaterials, such as powderedmatter,
thus conferring novel perspectives in the field of pharmacological and bio-
medical research, considered as major elements that make up the new ad-
vances in biosensors and bio-nanotechnology (J. Lee et al., 2019; Medina
et al., 2007; Mirzaei and Darroudi, 2017) (Table 2). NPs, due to their asso-
ciated antimicrobial properties, revolutionized medicine through their
pharmaceutical applications, opening a new paradigm for the treatment
of infectious diseases (N. Y. Lee et al., 2019). Initially, silver and gold
were used for this purpose due to their disinfection properties and ease of
obtaining (Garncarek et al., 2019; Kowalska-Góralska et al., 2015, 2010;
Perelshtein et al., 2015), for example, making the hospital a safer place
thanks to the sonochemical coating of textiles with AgNPs that demon-
strated excellent bactericidal effect (Perelshtein et al., 2015). AgNP immo-
bilization in cotton fabric with sterile water showed better bactericidal
activity compared to polyvinylidene fluoride (PVDF) immobilized fabric,
but after another wash, this activity decreased drastically in a cloth
Table 2
Applications of NPs in medicine and pharmaceutical industry.

NPs Application Advantages

ZnO-NPs Sonochemical coating of textiles Bactericida
AgNPs Immobilization on cotton fabric with sterile water Better bacte

ZnO-NPs Treatment of skin conditions and anti-cancer
properties

Drug delive

QL-NPs Topical application skin layers, intended for skin
cancer

Gradual rel
and perman

PAA-DOXL-NPs Transdrug® Multi-drug
Abraxane® Treatment

Squalene-NPs Improved concentrations of drugs absorbed in the
space of nanostructures

Slow down

CPEO Entrapment of proteins and delivery system Protein rele
Insulin-loaded
polymer-coated NPs

Diabetes, oral administration on in vivo systems Sustained a

Polysorbate-coated NPs Administration of proteins and peptides Penetration
pVNPs Prevention of autoimmune diabetes or alleviate

rheumatoid arthritis
Peptide-rel

AgNPs Reduced inflammation and tissue regeneration
promotion

Inhibition o

NPs Treatment of viral infections (SARS-CoV2) Inhibition o
protein at t

mRNA-NPs Vaccines' design mRNA-base
Polymeric NPs Drug or antigen delivery system Controlled

Abbreviations: Polyvinylidene fluoride (PVDF), quercetin-loaded (QL), polyalkylcyano
solid lipid NPs (SLNPs), Plant-viral NPs (pVNPs), angiotensin-converting enzyme 2 (AC
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immobilized in sterile water (Sathishkumar et al., 2010). NPs with spe-
cific antibacterial properties also include ZnO, CuO, and MgO (Ma et al.,
2020; X. Zhang et al., 2020), all produced by a simple, efficient, inex-
pensive, and one-step procedure using environmentally friendly re-
agents (Perelshtein et al., 2015), and which must be free of toxic
contaminants as required in therapeutic applications (Mirzaei and
Darroudi, 2017). Among the potential contaminant, metal nano-oxides
are one of the major examples, as they strongly adhere to the NPs, al-
though they can be easily removed by successive washes without affect-
ing their effectiveness (Perelshtein et al., 2015). Concerning the
antimicrobial properties of NPs, these are mostly used for pharmaceuti-
cal purposes as disinfectants due to their inherent antipathogenic prop-
erties and/or their ability to inactivate viruses, bacteria, fungi, or yeasts
photothermally (Kaur et al., 2021) or by the generation of via
photocatalysis-induced ROS (Weiss et al., 2020). Such properties have
motivated the development of other potential applications of nanomate-
rials as antibiotic nanocarriers to overcome bacterial defense mecha-
nisms (Smerkova et al., 2020). Because of their small size and unique
surface properties, nanocarriers enable the effective delivery of various
drugs by changing solubility, permeability, and pharmacokinetics.
Nanocarriers protect encapsulated molecules against degradation and
thus increase stability (Saka and Chella, 2021) and also alter and im-
prove the pharmacokinetic and pharmacodynamic properties of various
types of drugs. NPs have been used in vivo to protect drug molecules in
the systemic circulation, to target the drug to specific parts of the body
(Farjadian et al., 2019), and to deliver the drug at a controlled and con-
stant rate at the site of action (Gadad et al., 2014).

Regarding the dosage, different forms of administration of NPs can
be distinguished: magnetic microcapsules, fluids, and plasters,
magnetorheological suspensions, magnetic ointments, and supposito-
ries. The magnetic behavior of small particles is essentially dependent
on the properties of the individual particles and the collective general
effects that are caused by the magnetic interaction between the particles
(Vedernikova, 2015). The development of methods for the mixed fer-
rites synthesis with a nanometric range and the study of their properties
are aimed at solving the problem of searching for new structures with
unique functional properties, which certainly has practical importance
and contributes to the development of nanotechnology in
pharmacy. However, the use of magnetic NPs as a magnetic filler in
Ref.

l effect against MDROs (Perelshtein et al., 2015)
ricidal activity compared to PVDF (Sathishkumar et al.,

2010)
ry and detection horizon (Mirzaei and Darroudi,

2017)
ease, dose and frequency reduction of drug administration,
ence in the body

(Sahu et al., 2013)

resistant liver cancer (Couvreur, 2013)
of metastatic breast cancer
release (Couvreur et al., 2006)

ase by a simple desorption process mechanism (Calvo et al., 1997)
nd controlled release (Zhu et al., 2016)

through the blood-brain barrier (Kreuter, 1996)
ated mechanism: peptide scaffold and adjuvant (Zampieri et al., 2020)

f PI3K/Akt signaling pathways (Gurunathan et al., 2009)

f the interaction between ACE2 receptors and the viral S
he respiratory tract

(Weiss et al., 2020)

d vaccines delivered via lipid NPs (Shin et al., 2020)
and permanent drug release, enhanced bioavailability (Gadad et al., 2014; Reis

et al., 2006)

acrylate (PAA), doxorubicin-loaded (DOXL), chitosan–polyethylene oxide (CPEO),
E2).
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pharmaceuticals requires the study of the collective effects of magnetic
NPs (Vedernikova, 2015). The contribution of medical, biological, and
pharmaceutical nanotechnologies is projected to peak in 2025–2035
(Gusev, 1998).

In practical terms, NPs have been classically used in the pharmaceutical
industry in the form of independent preparations, but their combination
with different pharmacological agents has grown exponentially in the last
years. For example, ZnO-NPs are widely used in the treatment of a wide va-
riety of skin conditions and also have anticancer properties and have
emerged as a suitable tool in drug delivery and detection horizon
(Mirzaei and Darroudi, 2017). On the other hand, the release and retention
of quercetin-loaded NPs in a sustained and controlled manner in topically
applied skin layers, intended for skin cancer, has also been described, show-
ing a gradual release of this compound from NPs, thus reducing the dose
and frequency of drug administration and its permanence in the body
(Sahu et al., 2013). One of the first papers on the application of nanotech-
nology in pharmacy was concerning the slow release of antigen during pre-
ventive vaccination (Birrenbach and Speiser, 1976). The same team, in a
slightly wider composition, discovered the lysosomotropic action of NPs,
which facilitate the incorporation of drug compounds into cells (Couvreur
et al., 1977). Transdrug® developed by BioAlliance Pharma, France is
now most likely in the second phase of the clinical trial and is also a poly
(alkyl cyanoacrylate) NPs loaded with doxorubicin. They can be used to
treat multidrug-resistant liver cancer. Abraxane® for the treatment of me-
tastatic breast cancer is paclitaxel linked to albumin. These and others
nanocarriers have been used in the treatment of various diseases such as
the liver or retina due to their ability to concentrate in these tissues after in-
travenous application (Bandopadhyay et al., 2022; Couvreur, 2013). Such
molecular addressing attributed to NPs constitutes a promising role in the
treatment of tumors (Das et al., 2021), as well, as the use of NPs may direct
the release of chemotherapeutic drugs toward a specific malignant tissue,
without interfering with healthy tissues (Birrenbach and Speiser, 1976).
As a result, NP technology has emerged as an efficient solution not only
as a drug delivery platform of choice for cancer treatment (Liao et al.,
2019; Ray et al., 2016), but also playing a key role in tumor diagnosis at
the initial stage by allowing photothermal therapy and bioimaging
(Barabadi et al., 2017). Among the different strategies aimed at the design
of drug nanocarriers, the synthesis of polymeric NPs constitutes an efficient
solution to achieve a controlled and permanent drug release, with en-
hanced bioavailability toward tissue and cells, which gives hope for an
ideal drug or antigen delivery system (Gadad et al., 2014; Reis et al.,
2006). There is also a potential possibility to deliver genes, nucleic acids
by means of NPs (Ramasamy et al., 2021), although their effectiveness is
not yet satisfactory (Reis et al., 2006).

However, the effectiveness of drug nanocarriers in the targeted treat-
ment of different diseases is not applicable as a general rule, as shown by
Couvreur (2013), who indicated that NP technologies have failed to im-
prove the activity of some drugs, potentially due to weak drug-NP interac-
tions, resulting in abnormal drug release. As a solution, squalenylation
(Couvreur et al., 2006) emerged as a reliable strategy to improve the con-
centrations of drugs absorbed in the space of nanostructures, and perhaps
even slow down their release, which will result in their greater effective-
ness. Furthermore, the targeted efficacy of nanodrug carriers, especially
for cancer treatment, motivated the establishment of personalized diagnos-
tics and treatment regimens, collectively known as ‘Nanotheranostics’
(Arias et al., 2011).

In addition to drug administration, another major concern on pharma-
cology is the administration of macromolecules, as is the case of proteins,
whose gradual administration is commonly considered a difficult task. As
a solution, the inclusion of NPs as part of hydrophilic polymers can be
regarded as a promising strategy, as they can retain up to 80% of protein
without losing their ability to release them over time, as already proved
for bovine serum albumin (Calvo et al., 1997). Other authors also high-
lighted the role of insulin-loaded polymer-coated NPs in sustained and con-
trolled diabetes release, as already reported for oral administration of these
nanomaterials in in vivo systems (Zhu et al., 2016). Additionally, such a
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strategy has gained much attention for the administration of proteins and
peptides that should penetrate the blood-brain barrier, by injecting 80-
coated polysorbate NPs (Banerjee et al., 2021; Kreuter, 1996). In the
same way, liposomal NPs, solid lipid NPs (SLNPs), and nanoemulsions
can be expected to target different neurotherapeutic agents to treat differ-
ent neurological disorders (Naqvi et al., 2020). Furthermore, the use of
modified NPs can affect the prevention of autoimmune diabetes or alleviate
rheumatoid arthritis and can now be tested for clinical treatment (Zampieri
et al., 2020). Finally, inflammation is another pathogenic process that can
be treated by the application of NPs, as biosynthesized AuNPs and AgNPs
were shown to be effective in reducing inflammation and promoting tissue
regeneration (Gurunathan et al., 2009).

Pharmacological research on NPs for the treatment of viral infections
has grown exponentially due to the current paradigm related to the SARS-
CoV2 pandemic (Anand et al., 2021a). In this regard, nanomaterials have
already been considered efficient drug delivery systems to inhibit the inter-
action between angiotensin-converting enzyme 2 (ACE2) receptors and the
viral S protein in the respiratory tract (Weiss et al., 2020). Thus, nanotech-
nologymayfind an important place in the fight against viruses andmost in-
fectious diseases in general, including in preparation for future pandemics
(Anand et al., 2021a; Weiss et al., 2020). It is already known that there
are possibilities of introducing mRNA or siRNA into NPs, with the aim of
designing vaccines, as it was already recorded as a result of different clinical
trials focused on the production ofmRNA-based vaccines delivered via lipid
NPs, known as nano-vaccines (Anand et al., 2021a; Shin et al., 2020).

6. Toxicity of nanoparticles toward human health

The application of NPs as part of therapeutic strategies for human dis-
eases is limited by their toxicity, as already found for cell cultures from dif-
ferent tissues, including red blood cells, human peripheral blood
mononuclear cells, liver cells, human bronchial epithelial cells, human um-
bilical vein endothelial cells, immortal human keratinocytes, etc. (Yang
et al., 2012). As a general rule, biogenicmetallic NPs also have the potential
to be toxic to plants and beneficial plant-related microorganisms and ulti-
mately to humans (Ali et al., 2020). Medina et al. (2007) already warned
about the simultaneous threats attributed to the application of nanotech-
nology on human health. Because of the above-mentioned health-
promoting and therapeutic properties of NPs, there is an urgent need to
characterize the toxicological profile of these substances, as limited re-
search has been conducted on this concern. Thus, there are several factors
affecting NP toxicity and individual studies should be performed for each
nanopreparation and its application conditions (Garncarek et al., 2019;
Kowalska-Góralska et al., 2020, 2019), with the aim of determining the bal-
ance between the benefits and drawbacks of each preparation, in terms of
the benefit-risk ratio (Medina et al., 2007).

Among the different NPs, AgNPs are the most characterized nanomate-
rials in terms of toxicity, being found to be toxic to several human cell lines
in a dose-, size-, and time-dependent manner, especially those with size
≤10 nm (Liao et al., 2019). However, in absolute terms, AgNPs and
AuNPs have been shown to be the least toxic to human cells, which gives
hope for their use in antibacterial therapy and other therapeutic purposes
(Chandran et al., 2012). To date, most studies on NP toxicity are conducted
in animal models (Wei et al., 2015), in which AgNPs have been found to
cross the murine blood-brain barrier, reaching the circulatory system in
in vivo assays (Recordati et al., 2016).Mo et al. (2018) discovered that plas-
matic administration of black phosphorus nanomaterials increased
immunotoxicity, inducing inflammatory cytokine secretion in human mac-
rophages, and macrophage-mediated immune disorders through higher
production of nitric oxide and tumor necrosis factor-α. Therefore, AgNPs
tend to accumulate in mice organs, such as the liver, kidneys, brain and
spleen, after intravenous, intraperitoneal, and endotracheal administration,
thus considering AgNPs as a double-edged sword that can promote benefi-
cial effects on health, but also induce cytotoxicity in mammalian cells (Liao
et al., 2019). As a consequence, AgNP toxic effects may cause reproductive
disorders, malformations, and morphological deformities in many
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nonmammalian animal models, as well, due to the induction of oxidative
stress, DNA damage, and apoptosis (Tran et al., 2013). Thus, the definition
of the therapeutic window for nongreen AgNPs is narrower than is often as-
sumed and should eventually be characterized prior to their use in human
applications (Chernousova and Epple, 2013).

Despite the inherent toxicity of metallic NPs, it is important to note that
such preparations show lower toxicity than those attributed to pure metal.
It was evaluated in the case of zinc, where ZnO-NPs were determined to be
less toxic than Zn itself (Vicario-Parés et al., 2014). The widespread use of
ZnO-NPs in the global consumer market makes people more susceptible
to their adverse effects, especially at the hepatic level. Such hepatoxicity
of ZnO-NPs was recorded in HepG2 cells exposed to ZnO-NPs for 12 h,
showing a decrease in cell viability by induction of apoptosis and DNA ox-
idative damage (Sharma et al., 2012). In contrast, other authors revealed
that ZnO-NP mediated by Amaranthus caudatus (Amaranthaceae) leaf ex-
tract did not cause any toxic effect on zebrafish embryos while preserving
their excellent antimicrobial activity against Staphylococcus epidermidis
and Enterobacter aerogenes (Jeyabharathi et al., 2017; Vicario-Parés et al.,
2014). The accumulation of NPs (of CuO and ZnO) in silkworm tissues
was also found, and the treatment with NPs reduced body weight, survival,
and cocoon production. Treatment induced changes in the gene expression
and activity of antioxidant enzymes, impaired the metabolism of nutrients
and caused dysbiosis of the gut microbiota. CuONPs are less toxic than ZnO
NPs for silkworms (Muhammad et al., 2022).

Keeping all this in mind, greater efforts are now being made to counter
NP toxicity with respect to their use in nanomedicine, thus overcoming
their main disadvantages: cytotoxicity and low bioavailability (Min et al.,
2015). Therefore, the combination of NPs with biopolymers, such as chito-
san, polylactic acid, or collagen, emerged as an efficient solution (Alavi and
Rai, 2019). Consequently, it is essential to assess the half-life of nanomate-
rials in plasma and their rate of degradation, tissue cytotoxicity, immunoge-
nicity, and genotoxicity (Naeem et al., 2018). In fact, to evaluate promising
candidates for the development of therapeutic nanomaterials with antimi-
crobial properties, the design of experiments aimed at maximizing their ac-
tivity while lowering their associated toxicity at the same time is required
(Marassi et al., 2018), togetherwith the characterization of their pharmaco-
kinetic profile and mechanism of action prior to their clinical application
(Wei et al., 2015). In this sense, promising results are seen in NP-
mediated cancer treatment, as these nanopreparations were shown to be
toxic to neoplastic lesions without affecting healthy cells at the same dose
(Barabadi et al., 2017).

7. Environmental safety and quality control

In addition to characterization of their mode of action and toxicity eval-
uation, there is a growing interest in the determination of the biological and
environmental safety faced by the large-scale production of metallic NPs,
which is an important aspect of current nanotechnology research (Ghosh
et al., 2012). In this concern, the nonbiological methods used in the synthe-
sis of NPs (either chemical or physical procedures) pose a serious risk and
high toxicity to living organisms, including not only microorganisms but
also plants and animals (Kuppusamy et al., 2016; Makarov et al., 2014).
In the case of plant toxicity, the implementation of nanofertilizers emerged
as a reliable solution to overcome such limitations, as has been the case of
ZnNPs, successfully used in the fields of agricultural nutrition and protec-
tion due to their dual role as nanofertilizers and nanopesticides
(Sturikova et al., 2018). For example, foliar spraying of Fe-based NPs in-
creased the photosynthesis rate and chlorophyll content in maize plants
and increased the biomass of maize seedlings (Li et al., 2020). However,
the use of metallic NPs for agricultural purposes is not exempt from nega-
tive effects, mainly due to their associated phytotoxicity (Kole et al.,
2016; Yang et al., 2017), which depends on the type of NPs and their con-
centration. In fact, several authors have indicated the deleterious impact of
metallic NPs on plant physiology. For example, the treatment of seeds with
quantum dots loaded with cadmium selenide inhibited rice seed germina-
tion (Nair et al., 2011), while carbon, aluminum, and zinc NPs adversely
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affected the germination of lettuce, radish, corn, cucumber, and ryegrass
seeds and rape canola (Lin and Xing, 2007; Zuverza-Mena et al., 2016). In
addition to the impairment of seed germination, Al2O3-NPs caused phyto-
toxic effects by inhibiting corn, soybean, cucumber, cabbage, and carrot
root growth (Yang andWatts, 2005). On the other hand, the use of metallic
NPs has also been shown to develop positive plant physiological responses,
contributing to the improvement of radiation absorption, CO2 assimilation,
and delaying chloroplast aging, although the molecular mechanisms in-
volved in these processes remain to be investigated (M. R. Khan et al.,
2019).

Among metallic NPs, AgNPs have been revealed, as they are the main
metallic NPs characterized in terms of synthesis, mode of action, and safety,
but due to the inherent toxicity of Ag as metal, many efforts are being cur-
rently conducted in the characterization of other metals with lower related
toxicity, such as Zn, Fe, Mg, and Mn. Regarding their effectiveness as anti-
microbial agents, the minimum inhibitory concentration of metallic NPs
should be determined in vitro and in vivo for eachmicroorganism, referring
to their effect on plant growth and development at the working concentra-
tion, as well (Ali et al., 2020). Additionally, with this agricultural safety as-
sessment, the environmental impact of metallic NPs is another concern that
should be carefully addressed, as the administration of NPs to crop plants
also influences the surrounding ecosystem, including the soil microflora
and nitrifying microorganisms (Parada et al., 2019). Thus, the positive
and negative effects of metallic NPs on agriculture and the environment,
along with an assessment of their potential risks, should be analyzed in de-
tail prior to their commercial use in plant disease management directly in
the field (Ali et al., 2020). Furthermore, the synthesis of NOCs also shows
a negative environmental impact, since it involves a harsh combustion pro-
cedure that produces a significant proportion of total human carbon emis-
sions yearly (Rusciano et al., 2009). Consequently, one of the challenges
proposed for nanotechnology in the upcoming years should be directed at
this concern, finding revolutionary applications to improve the perfor-
mance of agri-food systems, especially for better crop production and
food preservation and safety, especially in the context of high population
growth and climate change (Yata et al., 2018).

In addition to the environmental impact of metallic NPs due to their ex-
ploitation in agriculture, the presence of NPs in wastewater and sludge de-
rived from inefficient industrial waste management has gained ecological
relevance in recent decades. As a consequence, the presence of nanomateri-
als in industrial waste has been identified as a possible cause of the promo-
tion of antibiotic resistance in the environment (Aruguete et al., 2013).
However, little is known about the induction of such resistance, which in-
cludes both the proliferation of antibiotic-resistant bacteria (ARBs) and an-
tibiotic resistance genes (ARGs) (Anand et al., 2021b; Peterson and Kaur,
2018; Sharma et al., 2016). Thus, further researchmay focus on unraveling
the contribution of nanomaterials to the development of antibiotic resis-
tance in environmental systems (Aruguete et al., 2013). As a result, compre-
hensive environmental strategies should be adopted to prevent the
proliferation of resistant bacteria, which would eventually lead to efficient
control of epidemics (Tran et al., 2013).

8. Concluding remarks and future perspectives

There is an interesting future for NPs to combine them so that they
could act as ‘nanomachines’: their mode of interaction through the use of
multiple NPs would have a non-linear dependence on changed parameters,
such as temperature or pH. This approach seems to be working and the
nanotechnology future is nearer; however, its potential threatsmust be con-
sidered, and before implementing new procedures, their effects must be
carefully examined. For example, the toxicity of NPs is critically discussed
to reflect potential problems before they are widely used in medicine. On
the other hand, synthesis mediated by plant extracts is said to be environ-
mentally benign. One of themost outstanding trends in the synthesis of me-
tallic NPs from plant extracts, which could be a positive strategy from the
point of view of characterizing the mode of action of NPs. It is a controlled
synthesis that can be transferred to a large scale with ease and that ensures
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environmental safety while at the same time reducing the environmental
impact of the process.

Taken together, the use of plant-based NPs has shown different advan-
tages and applications in the field of medicine and the pharmaceutical in-
dustry. More precisely, studies confirm that NPs can exert antimicrobial
properties alone or in combination with antibiotics, thus diminishing the
present issue of acquired resistance due to the overconsumption or misuse
of antibiotics. Considering this potential application, future research should
focus on two directions: assessing the safety aspects of the use of plant-
based NPs (toxicity toward human health and environmental safety) and
diminishing the environmental impact of their synthesis. More detailed de-
velopment of synthesis procedures is necessary, but also the study of action
mechanisms that mediate the antibacterial effect of NPs is necessary to turn
plant-based NPs into a realistic strategy capable of satisfying the society's
demand for an effective solution against antibiotic resistance.

CRediT authorship contribution statement

All the authors of this manuscript have substantially contributed to the
concept, literature mining, writing and methodology of the review, pro-
vided critical feedback and revised the manuscript critically. All authors
contributed to the writing or revision of the final manuscript. Uttpal
Anand: Conceptualization/conceived the study idea, planned and designed
the review structure, wrote thefirst draft of themanuscript, data validation,
visualization, figure captions, arranged references, revision, responded to
reviewer comments, final draft. M. Carpena, Monika Kowalska-
Góralska, and P. Garcia-Perez: Writing—original draft preparation, pre-
pared the tables and figures, revised the manuscript, visualization. Kumari
Sunita: Literature survey, writing—review& editing, arranged references,
response, suggestions. Elza Bontempi: Writing—review& editing, investi-
gation, study design, methodology, software, formal analysis, prepared the
figures, validation, response, addressed referee comments. Abhijit Dey:
Writing—review & editing, suggestions. M.A. Prieto: Writing—review &
editing, response, suggestions, project administration and funding acquisi-
tion. Jarosław Proćków: Writing—original draft preparation, data valida-
tion, resources, arranged references, completed the critical revision of the
manuscript, response, suggestions, addressed reviewer comments, final
draft. J. Simal-Gandara: Conceptualization, completed the critical revision
of the entire manuscript, supervised the drafting process of the review, re-
sponse, final draft, resources, project administration and funding acquisi-
tion. All authors have read and approved the final version of the
manuscript for submission to this journal.

Declaration of competing interest

The authors declare no conflict of interest.

Acknowledgments

The research leading to these results was supported by MICINN
supporting the Ramón y Cajal grant for M.A. Prieto (RYC-2017-22891);
by Xunta de Galicia for supporting the program EXCELENCIA-ED431F
2020/12 and the predoctoral grant ofM. Carpena (ED481A 2021/313). Au-
thors are grateful to Ibero-American Program on Science and Technology
(CYTED—AQUA-CIBUS, P317RT0003), to the Bio Based Industries Joint
Undertaking (JU) under grant agreement No 888003 UP4HEALTH Project
(H2020-BBI-JTI-2019) that supports thework of P. Garcia-Perez. The JU re-
ceives support from the European Union's Horizon 2020 research and inno-
vation program and the Bio Based Industries Consortium. The project
SYSTEMIC Knowledge hub on Nutrition and Food Security, has received
funding from national research funding parties in Belgium (FWO), France
(INRA), Germany (BLE), Italy (MIPAAF), Latvia (IZM), Norway (RCN),
Portugal (FCT), and Spain (AEI) in a joint action of JPI HDHL, JPI-
OCEANS and FACCE-JPI launched in 2019 under the ERA-NET ERA-
HDHL (n° 696295). Funding for open access charge: University of Vigo/
CISUG.All the authors are highly grateful and acknowledge to the authority
16
of the respective departments and institutions for their support in carrying
out this research. The authors also express their sincere gratitude to the un-
known referee for critically reviewing themanuscript and suggesting useful
changes.

References

Acharya, D., Singha, K.M., Pandey, P., Mohanta, B., Rajkumari, J., Singha, L.P., 2018. Shape
dependent physical mutilation and lethal effects of silver nanoparticles on bacteria. Sci.
Rep. 8, 201. https://doi.org/10.1038/s41598-017-18590-6.

Adil, M., Khan, T., Aasim, M., Khan, A.A., Ashraf, M., 2019. Evaluation of the antibacterial po-
tential of silver nanoparticles synthesized through the interaction of antibiotic and aque-
ous callus extract of Fagonia indica. AMB Express 9, 75. https://doi.org/10.1186/
s13568-019-0797-2.

Aguilar-Pérez, K.M., Avilés-Castrillo, J.I., Ruiz-Pulido, G., Medina, D.I., Parra-Saldivar, R.,
Iqbal, H.M.N., 2021. Nanoadsorbents in focus for the remediation of environmentally-
related contaminants with rising toxicity concerns. Sci. Total Environ. 779, 146465.
https://doi.org/10.1016/j.scitotenv.2021.146465.

Ahmed, S.F., Mofijur, M., Rafa, N., Chowdhury, A.T., Chowdhury, S., Nahrin, M., Islam,
A.B.M.S., Ong, H.C., 2022. Green approaches in synthesising nanomaterials for environ-
mental nanobioremediation: technological advancements, applications, benefits and
challenges. Environ. Res. 204, 111967. https://doi.org/10.1016/j.envres.2021.111967.

Aisida, S.O., Madubuonu, N., Alnasir, M.H., Ahmad, I., Botha, S., Maaza, M., Ezema, F.I.,
2020. Biogenic synthesis of iron oxide nanorods using Moringa oleifera leaf extract for
antibacterial applications. Appl. Nanosci. 10, 1–11. https://doi.org/10.1007/s13204-
019-01099-x.

Alam, T., Khan, R.A.A., Ali, A., Sher, H., Ullah, Z., Ali, M., 2019. Biogenic synthesis of iron
oxide nanoparticles via skimmia laureola and their antibacterial efficacy against bacterial
wilt pathogen ralstonia solanacearum. Mater. Sci. Eng. C 98, 101–108. https://doi.org/
10.1016/j.msec.2018.12.117.

Alavi, M., Rai, M., 2019. Recent progress in nanoformulations of silver nanoparticles with cel-
lulose, chitosan, and alginic acid biopolymers for antibacterial applications. Appl.
Microbiol. Biotechnol. 103, 8669–8676. https://doi.org/10.1007/s00253-019-10126-4.

Ali, A., Zafar, H., Zia, M., ul Haq, I., Phull, A.R., Ali, J.S., Hussain, A., 2016. Synthesis, charac-
terization, applications, and challenges of iron oxide nanoparticles. Nanotechnol. Sci.
Appl. 9, 49–67. https://doi.org/10.2147/NSA.S99986.

Ali, M.A., Ahmed, T., Wu, W., Hossain, A., Hafeez, R., Masum, M.M.I., Wang, Y., An, Q., Sun,
G., Li, B., 2020. Advancements in plant and microbe-based synthesis of metallic nanopar-
ticles and their antimicrobial activity against plant pathogens. Nanomaterials 10, 1146.
https://doi.org/10.3390/nano10061146.

Aljabali, A.A.A., Akkam, Y., Al Zoubi, M.S., Al-Batayneh, K.M., Al-Trad, B., Alrob, O.A.,
Alkilany, A.M., Benamara, M., Evans, D.J., 2018. Synthesis of gold nanoparticles using
leaf extract of Ziziphus zizyphus and their antimicrobial activity. Nanomaterials 8, 174.
https://doi.org/10.3390/nano8030174.

Allen, H.K., Donato, J., Wang, H.H., Cloud-Hansen, K.A., Davies, J., Handelsman, J., 2010.
Call of the wild: antibiotic resistance genes in natural environments. Nat. Rev. Microbiol.
8, 251–259. https://doi.org/10.1038/nrmicro2312.

Amarnath, K., Kumar, J., Reddy, T., Mahesh, V., Ayyappan, S.R., Nellore, J., 2012. Synthesis
and characterization of chitosan and grape polyphenols stabilized palladium nanoparti-
cles and their antibacterial activity. Colloids Surf. B Biointerfaces 92, 254–261. https://
doi.org/10.1016/j.colsurfb.2011.11.049.

Anand, U., Jacobo-Herrera, N., Altemimi, A., Lakhssassi, N., 2019. A comprehensive re-
view on medicinal plants as antimicrobial therapeutics: potential avenues of bio-
compatible drug discovery. Metabolites 9, 258. https://doi.org/10.3390/
metabo9110258.

Anand, U., Nandy, S., Mundhra, A., Das, N., Pandey, D.K., Dey, A., 2020. A review on antimi-
crobial botanicals, phytochemicals and natural resistance modifying agents from
Apocynaceae family: possible therapeutic approaches against multidrug resistance in
pathogenic microorganisms. Drug Resist. Updat. 51, 100695. https://doi.org/10.1016/
j.drup.2020.100695.

Anand, U., Jakhmola, S., Indari, O., Jha, H.C., Chen, Z.S., Tripathi, V., Pérez de la Lastra, J.M.,
2021a. Potential therapeutic targets and vaccine development for SARS-CoV-2/COVID-
19 pandemic management: a review on the recent update. Front. Immunol. 12,
658519. https://doi.org/10.3389/fimmu.2021.658519.

Anand, U., Reddy, B., Singh, V.K., Singh, A.K., Kesari, K.K., Tripathi, P., Kumar, P., Tripathi,
V., Simal-Gandara, J., 2021b. Potential environmental and human health risks caused
by antibiotic-resistant bacteria (ARB), antibiotic resistance genes (ARGs) and emerging
contaminants (ECs) from municipal solid waste (MSW) landfill. Antibiotics 10, 374.
https://doi.org/10.3390/antibiotics10040374.

Anaya, N.M., Faghihzadeh, F., Ganji, N., Bothun, G., Oyanedel-Craver, V., 2015. Comparative
study between chemostat and batch reactors to quantify membrane permeability changes
on bacteria exposed to silver nanoparticles. Sci. Total Environ. 565, 841–848. https://doi.
org/10.1016/j.scitotenv.2016.03.039.

Anchan, S., Pai, S., Sridevi, H., Varadavenkatesan, T., Vinayagam, R., Selvaraj, R., 2019. Bio-
genic synthesis of ferric oxide nanoparticles using the leaf extract of Peltophorum
pterocarpum and their catalytic dye degradation potential. Biocatal. Agric. Biotechnol.
20, 101251. https://doi.org/10.1016/j.bcab.2019.101251.

Arias, J.L., Reddy, L.H., Othman, M., Gillet, B., Desmaële, D., Zouhiri, F., Dosio, F., Gref, R.,
Couvreur, P., 2011. Squalene based nanocomposites: a new platform for the design of
multifunctional pharmaceutical theragnostics. ACS Nano 5, 1513–1521. https://doi.
org/10.1021/nn1034197.

Aromal, S.A., Philip, D., 2012. Green synthesis of gold nanoparticles using Trigonella foenum-
graecum and its size-dependent catalytic activity. Spectrochim. Acta A Mol. Biomol.
Spectrosc. 97, 1–5. https://doi.org/10.1016/j.saa.2012.05.083.

https://doi.org/10.1038/s41598-017-18590-6
https://doi.org/10.1186/s13568-019-0797-2
https://doi.org/10.1186/s13568-019-0797-2
https://doi.org/10.1016/j.scitotenv.2021.146465
https://doi.org/10.1016/j.envres.2021.111967
https://doi.org/10.1007/s13204-019-01099-x
https://doi.org/10.1007/s13204-019-01099-x
https://doi.org/10.1016/j.msec.2018.12.117
https://doi.org/10.1016/j.msec.2018.12.117
https://doi.org/10.1007/s00253-019-10126-4
https://doi.org/10.2147/NSA.S99986
https://doi.org/10.3390/nano10061146
https://doi.org/10.3390/nano8030174
https://doi.org/10.1038/nrmicro2312
https://doi.org/10.1016/j.colsurfb.2011.11.049
https://doi.org/10.1016/j.colsurfb.2011.11.049
https://doi.org/10.3390/metabo9110258
https://doi.org/10.3390/metabo9110258
https://doi.org/10.1016/j.drup.2020.100695
https://doi.org/10.1016/j.drup.2020.100695
https://doi.org/10.3389/fimmu.2021.658519
https://doi.org/10.3390/antibiotics10040374
https://doi.org/10.1016/j.scitotenv.2016.03.039
https://doi.org/10.1016/j.scitotenv.2016.03.039
https://doi.org/10.1016/j.bcab.2019.101251
https://doi.org/10.1021/nn1034197
https://doi.org/10.1021/nn1034197
https://doi.org/10.1016/j.saa.2012.05.083


U. Anand et al. Science of the Total Environment 821 (2022) 153472
Aruguete, D.M., Kim, B., Hochella, M.F., Ma, Y., Cheng, Y., Hoegh, A., Liu, J., Pruden, A.,
2013. Antimicrobial nanotechnology: its potential for the effective management of micro-
bial drug resistance and implications for research needs in microbial nanotoxicology. En-
viron Sci Process Impacts 15, 93–102. https://doi.org/10.1039/c2em30692a.

Aswini, R., Murugesan, S., Kannan, K., 2021. Bio-engineered TiO2 nanoparticles using
ledebouria revoluta extract: larvicidal, histopathological, antibacterial and anticancer ac-
tivity. Int. J. Environ. Anal. Chem. 101, 2926–2936. https://doi.org/10.1080/03067319.
2020.1718668.

Bandopadhyay, S., Anand, U., Gadekar, V.S., Jha, N.K., Gupta, P.K., Behl, T., Kumar, M.,
Radha, Shekhawat, M.S., Dey, A., 2022. Dioscin: A review on pharmacological properties
and therapeutic values. BioFactors, 1–34 https://doi.org/10.1002/biof.1815 in print.

Banerjee, S., Anand, U., Ghosh, S., Ray, D., Ray, P., Nandy, S., Deshmukh, G.D., Tripathi,
V., Dey, A., 2021. Bacosides from Bacopa monnieri extract: an overview of the ef-
fects on neurological disorders. Phyther. Res. 35, 1–12. https://doi.org/10.1002/
ptr.7203.

Baptista, P.V., McCusker, M.P., Carvalho, A., Ferreira, D.A., Mohan, N.M., Martins, M.,
Fernandes, A.R., 2018. Nano-strategies to fight multidrug resistant bacteria-"a battle of
the Titans". Front. Microbiol. 9, 1441. https://doi.org/10.3389/fmicb.2018.01441.

Barabadi, H., Ovais, M., Shinwari, Z.K., Saravanan, M., 2017. Anti-cancer green
bionanomaterials: present status and future prospects. Green Chem. Lett. Rev. 10,
285–314. https://doi.org/10.1080/17518253.2017.1385856.

Baranwal, A., Srivastava, A., Kumar, P., Bajpai, V.K., Maurya, P.K., Chandra, P., 2018. Pros-
pects of nanostructure materials and their composites as antimicrobial agents. Front.
Microbiol. 9, 422. https://doi.org/10.3389/fmicb.2018.00422.

Barros, C.H.N., Fulaz, S., Stanisic, D., Tasic, L., 2018. Biogenic nanosilver against multidrug-
resistant bacteria (MDRB). Antibiotics 7, 69. https://doi.org/10.3390/antibi-
otics7030069.

Bartłomiejczyk, T., Lankoff, A., Kruszewski, M., Szumiel, I., 2013. Silver nanoparticles - allies
or adversaries? Ann. Agric. Environ. Med. 20, 48–54.

Beltrán-Gracia, E., López-Camacho, A., Higuera-Ciapara, I., et al., 2019. Nanomedicine re-
view: clinical developments in liposomal applications. Cancer Nano 10, 11. https://doi.
org/10.1186/s12645-019-0055-y.

Benjamin, S.R., de Lima, F., Florean, E.O.P.T., Guedes, M.I.F., 2019. Current trends in nano-
technology for bioremediation. Int. J. Environ. Pollut. 66, 19–40. https://doi.org/10.
1504/IJEP.2019.104526.

Beyth, N., Houri-Haddad, Y., Domb, A., Khan, W., Hazan, R., 2015. Alternative antimicrobial
approach: nano-antimicrobial materials. Evid.Based Complement. Altern. Med. 2015,
246012. https://doi.org/10.1155/2015/246012.

Birrenbach, G., Speiser, P.P., 1976. Polymerized micelles and their use as adjuvants in immu-
nology. J. Pharm. Sci. 65, 1763–1766. https://doi.org/10.1002/jps.2600651217.

Bishnoi, S., Kumar, A., Selvaraj, R., 2018. Facile synthesis of magnetic iron oxide nanoparti-
cles using inedible Cynometra ramiflora fruit extract waste and their photocatalytic deg-
radation of methylene blue dye. Mater. Res. Bull. 97, 121–127. https://doi.org/10.1016/
j.materresbull.2017.08.040.

Brandenberger, C., Mühlfeld, C., Ali, Z., Lenz, A.G., Schmid, O., Parak, W.J., Gehr, P., Rothen-
Rutishauser, B., 2010. Quantitative evaluation of cellular uptake and trafficking of plain
and polyethylene glycol-coated gold nanoparticles. Small 6, 1669–1678. https://doi.org/
10.1002/smll.201000528.

Bubel, F., Dobrzański, Z., Kowalska-Góralska, M., Opaliński, S., Trziszka, T., 2013. Effect of
mineral-organic feed additives on the content of elements in raw egg material. Przem.
Chem. 92, 962–965.

Cai, L., Sun, J., Yao, F., Yuan, Y., Zeng, M., Zhang, Q., Xie, Q., Wang, S., Wang, Z., Jiao, X.,
2021. Antimicrobial resistance bacteria and genes detected in hospital sewage provide
valuable information in predicting clinical antimicrobial resistance. Sci. Total Environ.
795, 148815. https://doi.org/10.1016/j.scitotenv.2021.148815.

Calvo, P., Remuñán-López, C., Vila-Jato, J.L., Alonso, M.J., 1997. Novel hydrophilic chitosan-
polyethylene oxide nanoparticles as protein carriers. J. Appl. Polym. Sci. 63, 125–132.
https://doi.org/10.1002/(SICI)1097-4628(19970103)63:1<125::AID-APP13>3.0.CO;2-
4.

Carlson, C., Hussein, S.M., Schrand, A.M., Braydich-Stolle, L.K., Hess, K.L., Jones, R.L.,
Schlager, J.J., 2008. Unique cellular interaction of silver nanoparticles: size-dependent
generation of reactive oxygen species. J. Phys. Chem. B 112, 13608–13619. https://
doi.org/10.1021/jp712087m.

Carpena, M., Nuñez-Estevez, B., Soria-Lopez, A., Garcia-Oliveira, P., Prieto, M.A., 2021. Essen-
tial oils and their application on active packaging systems: a review. Resources 10, 1–20.
https://doi.org/10.3390/resources10010007.

Chandra, H., Bishnoi, P., Yadav, A., Patni, B., Mishra, A.P., Nautiyal, A.R., 2017. Antimicrobial
resistance and the alternative resources with special emphasis on plant-based antimicro-
bials - a review. Plants 6, 16. https://doi.org/10.3390/plants6020016.

Chandran, P.R., Naseer, M., Udupa, N., Sandhyarani, N., 2012. Size controlled synthesis of
biocompatible gold nanoparticles and their activity in the oxidation of NADH. Nanotech-
nology 23, 015602. https://doi.org/10.1088/0957-4484/23/1/015602.

Chen, D., Li, X., Soule, T., Yorio, F., Orr, L., 2016. Effects of solution chemistry on antimicro-
bial activities of silver nanoparticles against Gordonia sp. Sci. Total Environ. 566–567,
360–367. https://doi.org/10.1016/j.scitotenv.2016.05.037.

Chernousova, S., Epple, M., 2013. Silver as antibacterial agent: ion, nanoparticle, and metal.
Angew. Chem. Int. Ed. 52, 1636–1653. https://doi.org/10.1002/anie.201205923.

Choi, O., Deng, K.K., Kim, N.J., Ross, L., Surampalli, R.Y., Hu, Z., 2008. The inhibitory effects
of silver nanoparticles, silver ions, and silver chloride colloids on microbial growth.
Water Res. 42, 3066–3074. https://doi.org/10.1016/j.watres.2008.02.021.

Chowdhury, N.N., Cox, A.R., Wiesner, M.R., 2021. Nanoparticles as vectors for antibiotic re-
sistance: the association of silica nanoparticles with environmentally relevant extracellu-
lar antibiotic resistance genes. Sci. Total Environ. 761, 143261. https://doi.org/10.1016/
j.scitotenv.2020.143261.

Chwalibog, A., Sawosz, E., Hotowy, A., Szeliga, J., Mitura, S., Mitura, K., Grodzik, M.,
Orlowski, P., Sokolowska, A., 2010. Visualization of interaction between inorganic
17
nanoparticles and bacteria or fungi. Int. J. Nanomedicine 5, 1085–1094. https://doi.
org/10.2147/IJN.S13532.

Couvreur, P., 2013. Nanoparticles in drug delivery: past, present and future. Adv. Drug Deliv.
Rev. 65, 21–23. https://doi.org/10.1016/j.addr.2012.04.010.

Couvreur, P., Tulkenst, P., Roland, M., Trouet, A., Speiser, P., 1977. Nanocapsules: a new type
of lysosomotropic carrier. FEBS Lett. 84, 323–326. https://doi.org/10.1016/0014-5793
(77)80717-5.

Couvreur, P., Stella, B., Harivardhan Reddy, L., Hillaireau, H., Dubernet, C., Desmaěie, D.,
Lepêtre-Mouelhi, S., Rocco, F., Dereuddre-Bosquet, N., Clayette, P., Rosilio, V.,
Marsaud, V., Renoir, J.M., Cattel, L., 2006. Squalenoyl nanomedicines as potential thera-
peutics. Nano Lett. 6, 2544–2548. https://doi.org/10.1021/nl061942q.

Cui, H., Smith, A.L., 2022. Impact of engineered nanoparticles on the fate of antibiotic resis-
tance genes in wastewater and receiving environments: a comprehensive review. Envi-
ron. Res. 204 (Part D), 112373. https://doi.org/10.1016/j.envres.2021.112373.

Dakal, T.C., Kumar, A., Majumdar, R.S., Yadav, V., 2016. Mechanistic basis of antimicrobial
actions of silver nanoparticles. Front. Microbiol. 7, 1831. https://doi.org/10.3389/
fmicb.2016.01831.

Das, T., Anand, U., Pandey, S.K., Ashby, C.R., Assaraf, Y.G., Chen, Z.S., Dey, A., 2021. Thera-
peutic strategies to overcome taxane resistance in cancer. Drug Resist. Updat. 55,
100754. https://doi.org/10.1016/j.drup.2021.100754.

Deshmukh, A.R., Gupta, A., Kim, B.S., 2019. Ultrasound assisted green synthesis of silver and
iron oxide nanoparticles using fenugreek seed extract and their enhanced antibacterial
and antioxidant activities. Biomed. Res. Int. 2019, 1–14. https://doi.org/10.1155/
2019/1714358.

Drake, P.L., Hazelwood, K.J., 2005. Exposure-related health effects of silver and silver com-
pounds: a review. Ann. Occup. Hyg. 49, 575–585. https://doi.org/10.1093/annhyg/
mei019.

Duan,W., Gao, J., Li, D., Dai, H., Wang, Z., Zhang, W., Wang, Y., Liu, J., 2021. Unravelling the
roles of Ginkgo biloba L. For modification of nanoscale zero valent iron in persulfate sys-
tem to remove antibiotic resistance genes by the tool of metabonomic analysis. Chem.
Eng. J. 417, 128038. https://doi.org/10.1016/j.cej.2020.128038.

Durán, N., Durán, M., de Jesus, M.B., Seabra, A.B., Fávaro, W.J., Nakazato, G., 2016. Silver
nanoparticles: a new view on mechanistic aspects on antimicrobial activity. Nanomedi-
cine nanotechnologyBiol. Med. 12, 789–799. https://doi.org/10.1016/j.nano.2015.11.
016.

Ebomah, K.E., Okoh, A.I., 2020. An african perspective on the prevalence, fate and effects of
carbapenem resistance genes in hospital effluents and wastewater treatment plant
(WWTP) final effluents: a critical review. Heliyon 6, e03899. https://doi.org/10.1016/
j.heliyon.2020.e03899.

Farjadian, F., Ghasemi, A., Gohari, O., Roointan, A., Karimi, M., Hamblin, M.R., 2019.
Nanopharmaceuticals and nanomedicines currently on the market: challenges and oppor-
tunities. Nanomedicine 14, 93–126. https://doi.org/10.2217/nnm-2018-0120.

Feng, Y., Cui, X., He, S., Dong, G., Chen, M., Wang, J., Lin, X., 2013. Erratum: addition to the
role of metal nanoparticles in influencing arbuscular mycorrhizal fungi effects on plant
growth (Environmental Science and Technology (2013) 47:16 (9496?9504) DOI:
10.1021/es402109n). Environ. Sci. Technol. 47, 10718. https://doi.org/10.1021/
es403789p.

Feng, Y., Cui, X., He, S., Dong, G., Chen, M., Wang, J., Lin, X., 2013b. The role of metal nano-
particles in influencing arbuscular mycorrhizal fungi effects on plant growth. Environ.
Sci. Technol. 47, 9496–9504. https://doi.org/10.1021/es403789p.

Finley, P.J., Norton, R., Austin, C., Mitchell, A., Zank, S., Durham, P., 2015. Unprecedented
silver resistance in clinically isolated enterobacteriaceae: major implications for burn
and wound management. Antimicrob. Agents Chemother. 59, 4734–4741. https://doi.
org/10.1128/AAC.00026-15.

Gadad, A.P., SM, VK, Dandagi, P.M., Bolmol, U.B., Pallavi, N.P., 2014. Nanoparticles and their
therapeutic applications in pharmacy. Int. J. Pharm. Sci. Nanotechnol. 7, 2509–2519.
https://doi.org/10.37285/ijpsn.2014.7.3.2.

Gahlawat, G., Shikha, S., Chaddha, B.S., Chaudhuri, S.R., Mayilraj, S., Choudhury, A.R., 2016.
Microbial glycolipoprotein-capped silver nanoparticles as emerging antibacterial agents
against cholera. Microb. Cell Factories 15, 25. https://doi.org/10.1186/s12934-016-
0422-x.

García-Pérez, P., Miras-Moreno, B., Lucini, L., Gallego, P.P., 2021. The metabolomics reveals
intraspecies variability of bioactive compounds in elicited suspension cell cultures of
three Bryophyllum species. Ind. Crop. Prod. 163, 113322. https://doi.org/10.1016/j.
indcrop.2021.113322.

Gardea-Torresdey, J.L., Gomez, E., Peralta-Videa, J.R., Parsons, J.G., Troiani, H., Jose-
Yacaman, M., 2003. Alfalfa sprouts: a natural source for the synthesis of silver nanopar-
ticles. Langmuir 19, 1357–1361. https://doi.org/10.1021/la020835i.

Garncarek, M., Kowalska-Góralska, M., Senze, M., Czyż, K., 2019. The influence of available
cu and au nanoparticles (NPs) on the survival of water fleas (Daphnia pulex). Int.
J. Environ. Res. Public Health 16, 3617. https://doi.org/10.3390/ijerph16193617.

Ghosh, S., Patil, S., Ahire, M., Kitture, R., Kale, S., Pardesi, K., Cameotra, S.S., Bellare, J.,
Dhavale, D.D., Jabgunde, A., Chopade, B.A., 2012. Synthesis of silver nanoparticles
using Dioscorea bulbifera tuber extract and evaluation of its synergistic potential in com-
bination with antimicrobial agents. Int. J. Nanomedicine 7, 483–496. https://doi.org/10.
2147/ijn.s24793.

Ghosh, I., Mukherjee, Amitava, Mukherjee, Anita, 2017. In planta genotoxicity of nZVI: influ-
ence of colloidal stability on uptake, DNA damage, oxidative stress and cell death. Muta-
genesis 32, 371–387. https://doi.org/10.1093/mutage/gex006.

Gómez-Gómez, B., Sanz-Landaluce, J., Pérez-Corona, M.T., Madrid, Y., 2020. Fate and effect
of in-house synthesized tellurium based nanoparticles on bacterial biofilm biomass and
architecture. Challenges for nanoparticles characterization in living systems. Sci. Total
Environ. 719, 137501. https://doi.org/10.1016/j.scitotenv.2020.137501.

Gonçalves, M.G., da Silva Veiga, P.A., Fornari, M.R., Peralta-Zamora, P., Mangrich, A.S.,
Silvestri, S., 2020. Relationship of the physicochemical properties of novel ZnO/biochar
composites to their efficiencies in the degradation of sulfamethoxazole and methyl

https://doi.org/10.1039/c2em30692a
https://doi.org/10.1080/03067319.2020.1718668
https://doi.org/10.1080/03067319.2020.1718668
https://doi.org/10.1002/biof.1815
https://doi.org/10.1002/ptr.7203
https://doi.org/10.1002/ptr.7203
https://doi.org/10.3389/fmicb.2018.01441
https://doi.org/10.1080/17518253.2017.1385856
https://doi.org/10.3389/fmicb.2018.00422
https://doi.org/10.3390/antibiotics7030069
https://doi.org/10.3390/antibiotics7030069
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201262243313606
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201262243313606
https://doi.org/10.1186/s12645-019-0055-y
https://doi.org/10.1186/s12645-019-0055-y
https://doi.org/10.1504/IJEP.2019.104526
https://doi.org/10.1504/IJEP.2019.104526
https://doi.org/10.1155/2015/246012
https://doi.org/10.1002/jps.2600651217
https://doi.org/10.1016/j.materresbull.2017.08.040
https://doi.org/10.1016/j.materresbull.2017.08.040
https://doi.org/10.1002/smll.201000528
https://doi.org/10.1002/smll.201000528
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270032557490
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270032557490
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270032557490
https://doi.org/10.1016/j.scitotenv.2021.148815
https://doi.org/10.1002/(SICI)1097-4628(19970103)63:1&lt;125::AID-APP13&gt/;3.0.CO;2-4
https://doi.org/10.1002/(SICI)1097-4628(19970103)63:1&lt;125::AID-APP13&gt/;3.0.CO;2-4
https://doi.org/10.1021/jp712087m
https://doi.org/10.1021/jp712087m
https://doi.org/10.3390/resources10010007
https://doi.org/10.3390/plants6020016
https://doi.org/10.1088/0957-4484/23/1/015602
https://doi.org/10.1016/j.scitotenv.2016.05.037
https://doi.org/10.1002/anie.201205923
https://doi.org/10.1016/j.watres.2008.02.021
https://doi.org/10.1016/j.scitotenv.2020.143261
https://doi.org/10.1016/j.scitotenv.2020.143261
https://doi.org/10.2147/IJN.S13532
https://doi.org/10.2147/IJN.S13532
https://doi.org/10.1016/j.addr.2012.04.010
https://doi.org/10.1016/0014-5793(77)80717-5
https://doi.org/10.1016/0014-5793(77)80717-5
https://doi.org/10.1021/nl061942q
https://doi.org/10.1016/j.envres.2021.112373
https://doi.org/10.3389/fmicb.2016.01831
https://doi.org/10.3389/fmicb.2016.01831
https://doi.org/10.1016/j.drup.2021.100754
https://doi.org/10.1155/2019/1714358
https://doi.org/10.1155/2019/1714358
https://doi.org/10.1093/annhyg/mei019
https://doi.org/10.1093/annhyg/mei019
https://doi.org/10.1016/j.cej.2020.128038
https://doi.org/10.1016/j.nano.2015.11.016
https://doi.org/10.1016/j.nano.2015.11.016
https://doi.org/10.1016/j.heliyon.2020.e03899
https://doi.org/10.1016/j.heliyon.2020.e03899
https://doi.org/10.2217/nnm-2018-0120
https://doi.org/10.1021/es403789p
https://doi.org/10.1021/es403789p
https://doi.org/10.1021/es403789p
https://doi.org/10.1128/AAC.00026-15
https://doi.org/10.1128/AAC.00026-15
https://doi.org/10.37285/ijpsn.2014.7.3.2
https://doi.org/10.1186/s12934-016-0422-x
https://doi.org/10.1186/s12934-016-0422-x
https://doi.org/10.1016/j.indcrop.2021.113322
https://doi.org/10.1016/j.indcrop.2021.113322
https://doi.org/10.1021/la020835i
https://doi.org/10.3390/ijerph16193617
https://doi.org/10.2147/ijn.s24793
https://doi.org/10.2147/ijn.s24793
https://doi.org/10.1093/mutage/gex006
https://doi.org/10.1016/j.scitotenv.2020.137501


U. Anand et al. Science of the Total Environment 821 (2022) 153472
orange. Sci. Total Environ. 748, 141381. https://doi.org/10.1016/j.scitotenv.2020.
141381.

Greulich, C., Diendorf, J., Geßmann, J., Simon, T., Habijan, T., Eggeler, G., Schildhauer, T.A.,
Epple, M., Köller, M., 2011. Cell type-specific responses of peripheral blood mononuclear
cells to silver nanoparticles. Acta Biomater. 7, 3505–3514. https://doi.org/10.1016/j.
actbio.2011.05.030.

Griffin, S., Masood, M.I., Nasim, M.J., Sarfraz, M., Ebokaiwe, A.P., Schäfer, K.H., Keck, C.M.,
Jacob, C., 2018. Natural nanoparticles: a particular matter inspired by nature. Antioxi-
dants 7, 3. https://doi.org/10.3390/antiox7010003.

Groiss, S., Selvaraj, R., Varadavenkatesan, T., Vinayagam, R., 2017. Structural characteriza-
tion, antibacterial and catalytic effect of iron oxide nanoparticles synthesised using the
leaf extract of Cynometra ramiflora. J. Mol. Struct. 1128, 572–578. https://doi.org/10.
1016/j.molstruc.2016.09.031.

Gurunathan, S., 2015. Biologically synthesized silver nanoparticles enhances antibiotic activ-
ity against gram-negative bacteria. J. Ind. Eng. Chem. 29, 217–226. https://doi.org/10.
1016/j.jiec.2015.04.005.

Gurunathan, S., Lee, K.J., Kalishwaralal, K., Sheikpranbabu, S., Vaidyanathan, R., Eom, S.H.,
2009. Antiangiogenic properties of silver nanoparticles. Biomaterials 30, 6341–6350.
https://doi.org/10.1016/j.biomaterials.2009.08.008.

Gusev, A.I., 1998. Nanokristallicheskie materialy: metody polucheniya i svoistva (Nanocrystal-
line Materials: Preparation and Properties). Uralsk. Otd. Ross. Akad. Nauk, Yekaterinburg.

Hashem, A.H., Salem, S.S., 2022. Green and ecofriendly biosynthesis of selenium nanoparti-
cles using Urtica dioica (stinging nettle) leaf extract: antimicrobial and anticancer activ-
ity. Biotechnol. J. https://doi.org/10.1002/biot.202100432 2100432.

Hassan, D., Khalil, A.T., Saleem, J., Diallo, A., Khamlich, S., Shinwari, Z.K., Maaza, M., 2018.
Biosynthesis of pure hematite phase magnetic iron oxide nanoparticles using floral ex-
tracts of Callistemon viminalis (bottlebrush): their physical properties and novel biologi-
cal applications. Artif. Cells Nanomed. Biotechnol. 46, 693–707. https://doi.org/10.
1080/21691401.2018.1434534.

Hayden, S.C., Zhao, G., Saha, K., Phillips, R.L., Li, X., Miranda, O.R., Rotello, V.M., El-Sayed,
M.A., Schmidt-Krey, I., Bunz, U.H.F., 2012. Aggregation and interaction of cationic nano-
particles on bacterial surfaces. J. Am. Chem. Soc. 134, 6920–6923. https://doi.org/10.
1021/ja301167y.

Hemeg, H.A., 2017. Nanomaterials for alternative antibacterial therapy. Int. J. Nanomedicine
12, 8211–8225. https://doi.org/10.2147/IJN.S132163.

Hitam, C.N.C., Jalil, A.A., 2022. Recent advances on nanocellulose biomaterials for environ-
mental health photoremediation: an overview. Environ. Res. 204, 111964. https://doi.
org/10.1016/j.envres.2021.111964.

Hoag, G.E., Collins, J.B., Holcomb, J.L., Hoag, J.R., Nadagouda, M.N., Varma, R.S., 2009. Deg-
radation of bromothymol blue by “greener” nano-scale zero-valent iron synthesized using
tea polyphenols. J. Mater. Chem. 19, 8671–8677. https://doi.org/10.1039/b909148c.

Høiby, N., Bjarnsholt, T., Givskov, M., Molin, S., Ciofu, O., 2010. Antibiotic resistance of bac-
terial biofilms. Int. J. Antimicrob. Agents 35, 322–332. https://doi.org/10.1016/j.
ijantimicag.2009.12.011.

Iravani, S., 2011. Green synthesis of metal nanoparticles using plants. Green Chem. 13,
2638–2650. https://doi.org/10.1039/c1gc15386b.

Iravani, S., 2014. Bacteria in nanoparticle synthesis: current status and future prospects. Int.
Sch. Res. Not. 2014, 359316. https://doi.org/10.1155/2014/359316.

Iravani, S., Korbekandi, H., Mirmohammadi, S.V., Zolfaghari, B., 2014. Synthesis of silver
nanoparticles: chemical, physical and biological methods. Res. Pharm. Sci. 9, 385–406.

Irshad, R., Tahir, K., Li, B., Ahmad, A., Siddiqui, R.A., Nazir, S., 2017. Antibacterial activity of
biochemically capped iron oxide nanoparticles: a view towards green chemistry.
J. Photochem. Photobiol. B Biol. 170, 241–246. https://doi.org/10.1016/j.jphotobiol.
2017.04.020.

Jagathesan, G., Rajiv, P., 2018. Biosynthesis and characterization of iron oxide nanoparticles
using Eichhornia crassipes leaf extract and assessing their antibacterial activity. Biocatal.
Agric. Biotechnol. 13, 90–94. https://doi.org/10.1016/j.bcab.2017.11.014.

Jeyabharathi, S., Kalishwaralal, K., Sundar, K., Muthukumaran, A., 2017. Synthesis of zinc
oxide nanoparticles (ZnONPs) by aqueous extract of Amaranthus caudatus and evalua-
tion of their toxicity and antimicrobial activity. Mater. Lett. 209, 295–298. https://doi.
org/10.1016/j.matlet.2017.08.030.

Jung, D., Rubin, J.E., 2020. Identification of antimicrobial resistant bacteria from plant-based
food products imported into Canada. Int. J. Food Microbiol. 319, 108509. https://doi.
org/10.1016/j.ijfoodmicro.2020.108509.

Jyoti, K., Baunthiyal, M., Singh, A., 2016. Characterization of silver nanoparticles synthesized
using Urtica dioica Linn. Leaves and their synergistic effects with antibiotics. J. Radiat.
Res. Appl. Sci. 9, 217–227. https://doi.org/10.1016/j.jrras.2015.10.002.

Kambale, E.K., Nkanga, C.I., Mutonkole, B.P.I., Bapolisi, A.M., Tassa, D.O., Liesse, J.M.I.,
Krause, R.W.M., Memvanga, P.B., 2020. Green synthesis of antimicrobial silver nanopar-
ticles using aqueous leaf extracts from three congolese plant species (Brillantaisia patula,
crossopteryx febrifuga and Senna siamea). Heliyon 6, e04493. https://doi.org/10.1016/j.
heliyon.2020.e04493 undefined.

Kaur, K., Reddy, S., Barathe, P., Shriram, V., Anand, U., Proćków, J., Kumar, V., 2021. Com-
bating drug-resistant bacteria using photothermally active nanomaterials: a perspective
review. Front. Microbiol. 12, 747019. https://doi.org/10.3389/fmicb.2021.747019.

Kaweeteerawat, C., Na Ubol, P., Sangmuang, S., Aueviriyavit, S., Maniratanachote, R., 2017.
Mechanisms of antibiotic resistance in bacteria mediated by silver nanoparticles.
J. Toxicol. Environ. Health A Curr. Issues 80, 1276–1289. https://doi.org/10.1080/
15287394.2017.1376727.

Khalil, A.T., Ovais, M., Ullah, I., Ali, M., Khan Shinwari, Z., Maaza, M., 2017. Biosynthesis of
iron oxide (Fe2O3) nanoparticles via aqueous extracts of Sageretia thea (Osbeck.) and
their pharmacognostic properties. Green Chem. Lett. Rev. 10, 186–201. https://doi.
org/10.1080/17518253.2017.1339831.

Khan, M.R., Adam, V., Rizvi, T.F., Zhang, B., Ahamad, F., Jośko, I., Zhu, Y., Yang, M., Mao, C.,
2019. Nanoparticle-plant interactions: two-way traffic. Small 15, 1901794. https://doi.
org/10.1002/smll.201901794.
18
Khan, T., Ullah, N., Khan, M.A., Mashwani, Z.-R., Nadhman, A., 2019. Plant-based gold nano-
particles; a comprehensive review of the decade-long research on synthesis, mechanistic
aspects and diverse applications. Adv. Colloid Interf. Sci. 272, 102017. https://doi.org/
10.1016/j.cis.2019.102017.

Khan, Mujeeb, Shaik, M.R., Khan, S.T., Adil, S.F., Kuniyil, M., Khan, Majad, Al-Warthan, A.A.,
Siddiqui, M.R.H., Nawaz Tahir, M., 2020. Enhanced antimicrobial activity of
biofunctionalized zirconia nanoparticles. ACS Omega 5, 1987–1996. https://doi.org/
10.1021/acsomega.9b03840.

Khare, T., Anand, U., Dey, A., Assaraf, Y.G., Chen, Z.S., Liu, Z., Kumar, V., 2021. Exploring
phytochemicals for combating antibiotic resistance in microbial pathogens. Front.
Pharmacol. 12, 720726. https://doi.org/10.3389/fphar.2021.720726.

Khatoon, N., Alam, H., Khan, A., Raza, K., Sardar, M., 2019. Ampicillin silver
nanoformulations against multidrug resistant bacteria. Sci. Rep. 9, 6848. https://doi.
org/10.1038/s41598-019-43309-0.

Kim, J.A., Aberg, C., Salvati, A., Dawson, K.A., 2012. Role of cell cycle on the cellular uptake
and dilution of nanoparticles in a cell population. Nat. Nanotechnol. 7, 62–68. https://
doi.org/10.1038/nnano.2011.191.

Kole, C., Kumar, D.S., Khodakovskaya, M.V., 2016. Plant Nanotechnology: Principles and
Practices. Springer, Cham https://doi.org/10.1007/978-3-319-42154-4.

Kourmouli, A., Valenti, M., van Rijn, E., Beaumont, H.J.E., Kalantzi, O.I., Schmidt-Ott, A.,
Biskos, G., 2018. Can disc diffusion susceptibility tests assess the antimicrobial activity
of engineered nanoparticles? J. Nanopart. Res. 20, 62. https://doi.org/10.1007/
s11051-018-4152-3.

Kowalska-Góralska, M., Zygadlik, K., Dobrzański, Z., Patkowska-Sokoła, B., Kowalski, Z.,
2010. The methods for production of nanocompounds and their practical uses. Przem.
Chem. 89, 430–433.

Kowalska-Góralska, M., Senze, M., Polechoński, R., Dobicki, W., Pokorny, P., Skwarka, T.,
2015. Biocidal properties of silver-nanoparticles in water environments. Pol. J. Environ.
Stud. 24, 1641–1647. https://doi.org/10.15244/pjoes/39554.

Kowalska-Góralska, M., Dziewulska, K., Kulasza, M., 2019. Effect of copper nanoparticles and
ions on spermatozoa motility of sea trout (Salmo trutta m. Trutta L.). Aquat. Toxicol. 211,
11–17. https://doi.org/10.1016/j.aquatox.2019.03.013.

Kowalska-Góralska, M., Senze, M., Łuczyńska, J., Czyż, K., 2020. Effects of the ionic and nano-
particle forms of cu and ag on these metals’ bioaccumulation in the eggs and fry of rain-
bow trout (Oncorhynchus mykiss W.). Int. J. Environ. Res. Public Health 17, 6392.
https://doi.org/10.3390/ijerph17176392.

Kreuter, J., 1996. Nanoparticles and microparticles for drug and vaccine delivery. J. Anat.
189, 503–505.

Kumar, V., Yadav, S.K., 2009. Plant-mediated synthesis of silver and gold nanoparticles and
their applications. J. Chem. Technol. Biotechnol. 84, 151–157. https://doi.org/10.
1002/jctb.2023.

Kumar, K.M., Mandal, B.K., Siva Kumar, K., Sreedhara Reddy, P., Sreedhar, B., 2013. Biobased
green method to synthesise palladium and iron nanoparticles using Terminalia chebula
aqueous extract. Spectrochim. Acta A MolBiomol. Spectrosc. 102, 128–133. https://doi.
org/10.1016/j.saa.2012.10.015.

Kumar, D.A., Palanichamy, V., Roopan, S.M., 2014. Photocatalytic action of AgCl nanoparti-
cles and its antibacterial activity. J. Photochem. Photobiol. B Biol. 138, 302–306.
https://doi.org/10.1016/j.jphotobiol.2014.06.011.

Kuppusamy, P., Yusoff, M.M., Maniam, G.P., Govindan, N., 2016. Biosynthesis of metallic
nanoparticles using plant derivatives and their new avenues in pharmacological applica-
tions – an updated report. Saudi Pharm. J. 24, 473–484. https://doi.org/10.1016/j.jsps.
2014.11.013.

Lee, J., Adegoke, O., Park, E.Y., 2019. High-performance biosensing systems based on various
nanomaterials as signal transducers. Biotechnol. J. 14, 1800249. https://doi.org/10.
1002/biot.201800249.

Lee, N.Y., Ko, W.C., Hsueh, P.R., 2019. Nanoparticles in the treatment of infections caused by
multidrug-resistant organisms. Front. Pharmacol. 10, 1153. https://doi.org/10.3389/
fphar.2019.01153.

Leid, J.G., Ditto, A.J., Knapp, A., Shah, P.N., Wright, B.D., Blust, R., Christensen, L., Clemons,
C.B., Wilber, J.P., Young, G.W., Kang, A.G., Panzner, M.J., Cannon, C.L., Yun, Y.H.,
Youngs, W.J., Seckinger, N.M., Cope, E.K., 2012. In vitro antimicrobial studies of silver
carbene complexes: activity of free and nanoparticle carbene formulations against clinical
isolates of pathogenic bacteria. J. Antimicrob. Chemother. 67, 138–148. https://doi.org/
10.1093/jac/dkr408.

Lesniak, A., Salvati, A., Santos-Martinez, M.J., Radomski, M.W., Dawson, K.A., Åberg, C.,
2013. Nanoparticle adhesion to the cell membrane and its effect on nanoparticle up-
take efficiency. J. Am. Chem. Soc. 135, 1438–1444. https://doi.org/10.1021/
ja309812z.

Li, M., Zhang, C., 2021. Are silver nanoparticles better than triclosan as a daily antimicrobial?
Answers from the perspectives of gut microbiome disruption and pathogenicity. Sci. Total
Environ. 756, 143983. https://doi.org/10.1016/j.scitotenv.2020.143983.

Li, X., Robinson, S.M., Gupta, A., Saha, K., Jiang, Z., Moyano, D.F., Sahar, A., Riley, M.A.,
Rotello, V.M., 2014. Functional gold nanoparticles as potent antimicrobial agents against
multi-drug-resistant bacteria. ACS Nano 8, 10682–10686. https://doi.org/10.1021/
nn5042625.

Li, W., Zheng, T., Ma, Y., Liu, J., 2019. Current status and future prospects of sewer biofilms:
their structure, influencing factors, and substance transformations. Sci. Total Environ.
695, 133815. https://doi.org/10.1016/j.scitotenv.2019.133815.

Li, P., Wang, A., Du, W., Mao, L., Wei, Z., Wang, S., Yuan, H., Ji, R., Zhao, L., 2020. Insight into
the interaction between fe-based nanomaterials and maize (Zea mays) plants at metabolic
level. Sci. Total Environ. 738, 139795. https://doi.org/10.1016/j.scitotenv.2020.
139795.

Liao, C., Li, Y., Tjong, S.C., 2019. Bactericidal and cytotoxic properties of silver nanoparticles.
Int. J. Mol. Sci. 20, 449. https://doi.org/10.3390/ijms20020449.

Limbach, L.K., Li, Y., Grass, R.N., Brunner, T.J., Hintermann, M.A., Muller, M., Gunther, D.,
Stark, W.J., 2005. Oxide nanoparticle uptake in human lung fibroblasts: effects of particle

https://doi.org/10.1016/j.scitotenv.2020.141381
https://doi.org/10.1016/j.scitotenv.2020.141381
https://doi.org/10.1016/j.actbio.2011.05.030
https://doi.org/10.1016/j.actbio.2011.05.030
https://doi.org/10.3390/antiox7010003
https://doi.org/10.1016/j.molstruc.2016.09.031
https://doi.org/10.1016/j.molstruc.2016.09.031
https://doi.org/10.1016/j.jiec.2015.04.005
https://doi.org/10.1016/j.jiec.2015.04.005
https://doi.org/10.1016/j.biomaterials.2009.08.008
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270034223928
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270034223928
https://doi.org/10.1002/biot.202100432
https://doi.org/10.1080/21691401.2018.1434534
https://doi.org/10.1080/21691401.2018.1434534
https://doi.org/10.1021/ja301167y
https://doi.org/10.1021/ja301167y
https://doi.org/10.2147/IJN.S132163
https://doi.org/10.1016/j.envres.2021.111964
https://doi.org/10.1016/j.envres.2021.111964
https://doi.org/10.1039/b909148c
https://doi.org/10.1016/j.ijantimicag.2009.12.011
https://doi.org/10.1016/j.ijantimicag.2009.12.011
https://doi.org/10.1039/c1gc15386b
https://doi.org/10.1155/2014/359316
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201262356532850
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201262356532850
https://doi.org/10.1016/j.jphotobiol.2017.04.020
https://doi.org/10.1016/j.jphotobiol.2017.04.020
https://doi.org/10.1016/j.bcab.2017.11.014
https://doi.org/10.1016/j.matlet.2017.08.030
https://doi.org/10.1016/j.matlet.2017.08.030
https://doi.org/10.1016/j.ijfoodmicro.2020.108509
https://doi.org/10.1016/j.ijfoodmicro.2020.108509
https://doi.org/10.1016/j.jrras.2015.10.002
https://doi.org/10.1016/j.heliyon.2020.e04493
https://doi.org/10.1016/j.heliyon.2020.e04493
https://doi.org/10.3389/fmicb.2021.747019
https://doi.org/10.1080/15287394.2017.1376727
https://doi.org/10.1080/15287394.2017.1376727
https://doi.org/10.1080/17518253.2017.1339831
https://doi.org/10.1080/17518253.2017.1339831
https://doi.org/10.1002/smll.201901794
https://doi.org/10.1002/smll.201901794
https://doi.org/10.1016/j.cis.2019.102017
https://doi.org/10.1016/j.cis.2019.102017
https://doi.org/10.1021/acsomega.9b03840
https://doi.org/10.1021/acsomega.9b03840
https://doi.org/10.3389/fphar.2021.720726
https://doi.org/10.1038/s41598-019-43309-0
https://doi.org/10.1038/s41598-019-43309-0
https://doi.org/10.1038/nnano.2011.191
https://doi.org/10.1038/nnano.2011.191
https://doi.org/10.1007/978-3-319-42154-4
https://doi.org/10.1007/s11051-018-4152-3
https://doi.org/10.1007/s11051-018-4152-3
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270038220146
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270038220146
https://doi.org/10.15244/pjoes/39554
https://doi.org/10.1016/j.aquatox.2019.03.013
https://doi.org/10.3390/ijerph17176392
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270038229934
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270038229934
https://doi.org/10.1002/jctb.2023
https://doi.org/10.1002/jctb.2023
https://doi.org/10.1016/j.saa.2012.10.015
https://doi.org/10.1016/j.saa.2012.10.015
https://doi.org/10.1016/j.jphotobiol.2014.06.011
https://doi.org/10.1016/j.jsps.2014.11.013
https://doi.org/10.1016/j.jsps.2014.11.013
https://doi.org/10.1002/biot.201800249
https://doi.org/10.1002/biot.201800249
https://doi.org/10.3389/fphar.2019.01153
https://doi.org/10.3389/fphar.2019.01153
https://doi.org/10.1093/jac/dkr408
https://doi.org/10.1093/jac/dkr408
https://doi.org/10.1021/ja309812z
https://doi.org/10.1021/ja309812z
https://doi.org/10.1016/j.scitotenv.2020.143983
https://doi.org/10.1021/nn5042625
https://doi.org/10.1021/nn5042625
https://doi.org/10.1016/j.scitotenv.2019.133815
https://doi.org/10.1016/j.scitotenv.2020.139795
https://doi.org/10.1016/j.scitotenv.2020.139795
https://doi.org/10.3390/ijms20020449


U. Anand et al. Science of the Total Environment 821 (2022) 153472
size, agglomeration, and diffusion at low concentrations. Environ. Sci. Technol. 39,
9370–9376. https://doi.org/10.1021/es051043o.

Lin, D., Xing, B., 2007. Phytotoxicity of nanoparticles: inhibition of seed germination and root
growth. Environ. Pollut. 150, 243–250. https://doi.org/10.1016/j.envpol.2007.01.016.

Lok, C.N., Ho, C.M., Chen, R., He, Q.Y., Yu, W.Y., Sun, H., Tam, P.K.H., Chiu, J.F., Che, C.M.,
2006. Proteomic analysis of the mode of antibacterial action of silver nanoparticles.
J. Proteome Res. 5, 916–924. https://doi.org/10.1021/pr0504079.

Luther, E.M., Koehler, Y., Diendorf, J., Epple, M., Dringen, R., 2011. Accumulation of silver
nanoparticles by cultured primary brain astrocytes. Nanotechnology 22, 375101.
https://doi.org/10.1088/0957-4484/22/37/375101.

Ma, T.F., Chen, Y.P., Fang, F., Yan, P., Shen, Y., Kang, J., Nie, Y.D., 2020. Effects of ZnO nano-
particles on aerobic denitrifying bacteria Enterobacter cloacae strain HNR. Sci. Total En-
viron. 725, 138284. https://doi.org/10.1016/j.scitotenv.2020.138284.

Madivoli, E.S., Kareru, P.G., Maina, E.G., Nyabola, A.O., Wanakai, S.I., Nyang’au, J.O., 2019.
Biosynthesis of iron nanoparticles using Ageratum conyzoides extracts, their antimicro-
bial and photocatalytic activity. SN Appl. Sci. 1, 500. https://doi.org/10.1007/s42452-
019-0511-7.

Maheswari, P., Harish, S., Ponnusamy, S., Muthamizhchelvan, C., 2021. A novel strategy of
nanosized herbal Plectranthus amboinicus, Phyllanthus niruri and Euphorbia hirta
treated TiO2 nanoparticles for antibacterial and anticancer activities. Bioprocess Biosyst.
Eng. 44, 1593–1616. https://doi.org/10.1007/s00449-020-02491-6.

Makarov, V.V., Love, A.J., Sinitsyna, O.V., Makarova, S.S., Yaminsky, I.V., Taliansky, M.E.,
Kalinina, N.O., 2014. “Green” nanotechnologies: synthesis of metal nanoparticles using
plants. Acta Nat. 6, 35–44. https://doi.org/10.32607/20758251-2014-6-1-35-44.

Malabadi, R.B., Chalannavar, R.K., Meti, N.T., Mulgund, G.S., Nataraja, K., Kumar, S.V., 2012.
Synthesis of antimicrobial silver nanoparticles by callus cultures and in vitro derived
plants of Catharanthus roseus. Res. Pharm. 2, 18–31.

Malandrakis, A.A., Kavroulakis, N., Chrysikopoulos, C.V., 2020. Use of silver nanoparticles to
counter fungicide-resistance in Monilinia fructicola. Sci. Total Environ. 747, 141287.
https://doi.org/10.1016/j.scitotenv.2020.141287.

Marassi, V., Di Cristo, L., Smith, S.G.J., Ortelli, S., Blosi, M., Costa, A.L., Reschiglian, P.,
Volkov, Y., Prina-Mello, A., 2018. Silver nanoparticles as a medical device in healthcare
settings: a five-step approach for candidate screening of coating agents. R. Soc. Open Sci.
5, 171113. https://doi.org/10.1098/rsos.171113.

Marcon, L., Oliveras, J., Puntes, V.F., 2021. In situ nanoremediation of soils and groundwaters
from the nanoparticle’s standpoint: a review. Sci. Total Environ. 791, 148324. https://
doi.org/10.1016/j.scitotenv.2021.148324.

Mechouche, M.S., Merouane, F., Messaad, C.E.H., Golzadeh, N., Vasseghian, Y., Berkani, M.,
2022. Biosynthesis, characterization, and evaluation of antibacterial and photocatalytic
methylene blue dye degradation activities of silver nanoparticles from Streptomyces
tuirus strain. Environ. Res. 204 (Part D), 112360. https://doi.org/10.1016/j.envres.
2021.112360.

Medina, C., Santos-Martinez, M.J., Radomski, A., Corrigan, O.I., Radomski, M.W., 2007.
Nanoparticles: pharmacological and toxicological significance. Br. J. Pharmacol. 150,
552–558. https://doi.org/10.1038/sj.bjp.0707130.

Min, Y., Caster, J.M., Eblan, M.J., Wang, A.Z., 2015. Clinical translation of nanomedicine.
Chem. Rev. 115, 11147–11190. https://doi.org/10.1021/acs.chemrev.5b00116.

Mirzaei, H., Darroudi, M., 2017. Zinc oxide nanoparticles: biological synthesis and bio-
medical applications. Ceram. Int. 43, 907–914. https://doi.org/10.1016/j.
ceramint.2016.10.051.

Mitra, S., Anand, U., Jha, N.K., Shekhawat, M.S., Saha, S.C., Nongdam, P., Rengasamy, K.R.R.,
Proćków, J., Dey, A., 2022. Anticancer applications and pharmacological properties of pi-
peridine and piperine: a comprehensive review on molecular mechanisms and therapeu-
tic perspectives. Front. Pharmacol. 12, 772418. https://doi.org/10.3389/fphar.2021.
772418.

Mittal, A.K., Chisti, Y., Banerjee, U.C., 2013. Synthesis of metallic nanoparticles using plant
extracts. Biotechnol. Adv. 31, 346–356. https://doi.org/10.1016/j.biotechadv.2013.01.
003.

Mo, J., Xie, Q., Wei, W., Zhao, J., 2018. Revealing the immune perturbation of black phospho-
rus nanomaterials to macrophages by understanding the protein corona. Nat. Commun.
9, 1–11. https://doi.org/10.1038/s41467-018-04873-7.

Morones, J.R., Elechiguerra, J.L., Camacho, A., Holt, K., Kouri, J.B., Ramírez, J.T., Yacaman,
M.J., 2005. The bactericidal effect of silver nanoparticles. Nanotechnology 16,
2346–2353. https://doi.org/10.1088/0957-4484/16/10/059.

Muhammad, A., He, J., Yu, T., Sun, C., Shi, D., Jiang, Y., Xianyu, Y., Shao, Y., 2022. Dietary
exposure of copper and zinc oxides nanoparticles affect the fitness, enzyme activity,
and microbial community of the model insect, silkworm Bombyx mori. Sci. Total Envi-
ron. 813, 152608. https://doi.org/10.1016/j.scitotenv.2021.152608.

Murugan, K., Benelli, G., Panneerselvam, C., Subramaniam, J., Jeyalalitha, T., Dinesh, D.,
Nicoletti, M., Hwang, J.S., Suresh, U., Madhiyazhagan, P., 2015. Cymbopogon citratus-
synthesized gold nanoparticles boost the predation efficiency of copepod Mesocyclops
aspericornis against malaria and dengue mosquitoes. Exp. Parasitol. 153, 129–138.
https://doi.org/10.1016/j.exppara.2015.03.017.

Nadagouda, M.N., Castle, A.B., Murdock, R.C., Hussain, S.M., Varma, R.S., 2010. In vitro bio-
compatibility of nanoscale zerovalent iron particles (NZVI) synthesized using tea poly-
phenols. Green Chem. 12, 114–122. https://doi.org/10.1039/b921203p.

Naeem, S., Viswanathan, G., Misran, M.Bin, 2018. Liposomes as colloidal nanovehicles: on the
road to success in intravenous drug delivery. Rev. Chem. Eng. 34, 365–383. https://doi.
org/10.1515/revce-2016-0018.

Nair, R., Poulose, A.C., Nagaoka, Y., Yoshida, Y., Maekawa, T., Kumar, D.S., 2011. Uptake of
FITC labeled silica nanoparticles and quantum dots by rice seedlings: effects on seed ger-
mination and their potential as biolabels for plants. J. Fluoresc. 21, 2057–2068. https://
doi.org/10.1007/s10895-011-0904-5.

Naqvi, S., Panghal, A., Flora, S.J.S., 2020. Nanotechnology: a promising approach for delivery
of neuroprotective drugs. Front. Neurosci. 14, 494. https://doi.org/10.3389/fnins.2020.
00494.
19
Narayanan, S., Sathy, B.N., Mony, U., Koyakutty, M., Nair, S.V., Menon, D., 2012. Biocompat-
ible magnetite/gold nanohybrid contrast agents via green chemistry for MRI and CT bio-
imaging. ACS Appl. Mater. Interfaces 4, 251–260. https://doi.org/10.1021/am201311c.

Naseem, T., Farrukh, M.A., 2015. Antibacterial activity of green synthesis of iron nanoparti-
cles using Lawsonia inermis and Gardenia jasminoides leaves extract. J. Chem. 2015,
912342. https://doi.org/10.1155/2015/912342.

Nayantara, Kaur, P., 2018. Biosynthesis of nanoparticles using eco-friendly factories and their
role in plant pathogenicity: a review. Biotechnol. Res. Innov. 2, 63–73. https://doi.org/
10.1016/j.biori.2018.09.003.

Ninganagouda, S., Rathod, V., Singh, D., Hiremath, J., Singh, A.K., Mathew, J., Ul-Haq, M.,
2014. Growth kinetics and mechanistic action of reactive oxygen species released by sil-
ver nanoparticles from Aspergillus niger on Escherichia coli. Biomed. Res. Int. 2014,
53419. https://doi.org/10.1155/2014/753419.

Niu, L., Hu, J., Li, Y., Wang, C., Zhang, W., Hu, Q., Wang, L., Zhang, H., 2022. Effects of long-
term exposure to silver nanoparticles on the structure and function of microplastic
biofilms in eutrophic water. Environ. Res. 112182. https://doi.org/10.1016/j.envres.
2021.112182 in press.

Njagi, E.C., Huang, H., Stafford, L., Genuino, H., Galindo, H.M., Collins, J.B., Hoag, G.E., Suib,
S.L., 2011. Biosynthesis of iron and silver nanoparticles at room temperature using aque-
ous sorghum bran extracts. Langmuir 27, 264–271. https://doi.org/10.1021/la103190n.

Oberdörster, G., Oberdörster, E., Oberdörster, J., 2005. Nanotoxicology: an emerging disci-
pline evolving from studies of ultrafine particles. Environ. Health Perspect. 113,
823–839. https://doi.org/10.1289/ehp.7339.

Ogar, A., Tylko, G., Turnau, K., 2015. Antifungal properties of silver nanoparticles against in-
door mould growth. Sci. Total Environ. 521–522, 305–314. https://doi.org/10.1016/j.
scitotenv.2015.03.101.

Ostaszewska, T., Chojnacki, M., Kamaszewski, M., Sawosz-Chwalibóg, E., 2016. Histopathol-
ogical effects of silver and copper nanoparticles on the epidermis, gills, and liver of sibe-
rian sturgeon. Environ. Sci. Pollut. Res. 23, 1621–1633. https://doi.org/10.1007/
s11356-015-5391-9.

Oza, G., Reyes-Calderón, A., Mewada, A., Arriaga, L.G., Cabrera, G.B., Luna, D.E., Iqbal,
H.M.N., Sharon, M., Sharma, A., 2020. Plant-based metal and metal alloy nanoparticle
synthesis: a comprehensive mechanistic approach. J. Mater. Sci. 55, 1309–1330.
https://doi.org/10.1007/s10853-019-04121-3.

Panáček, A., Kvítek, L., Prucek, R., Kolář, M., Večeřová, R., Pizúrová, N., Sharma, V.K.,
Nevěčná, T., Zbořil, R., 2006. Silver colloid nanoparticles: synthesis, characterization,
and their antibacterial activity. J. Phys. Chem. B 110, 16248–16253. https://doi.org/
10.1021/jp063826h.

Pandian, C.J., Palanivel, R., Dhanasekaran, S., 2016. Screening antimicrobial activity of nickel
nanoparticles synthesized using Ocimum sanctum leaf extract. J. Nanoparticles 2016,
4694367. https://doi.org/10.1155/2016/4694367.

Paosen, S., Lethongkam, S., Wunnoo, S., Lehman, N., Kalkornsurapranee, E., Septama, A.W.,
Voravuthikunchai, S.P., 2021. Prevention of nosocomial transmission and biofilm forma-
tion on novel biocompatible antimicrobial gloves impregnated with biosynthesized silver
nanoparticles synthesized using Eucalyptus citriodora leaf extract. Biotechnol. J. 16,
2100030. https://doi.org/10.1002/biot.202100030.

Parada, J., Rubilar, O., Sousa, D.Z., Martínez, M., Fernández-Baldo, M.A., Tortella, G.R., 2019.
Short term changes in the abundance of nitrifying microorganisms in a soil-plant system
simultaneously exposed to copper nanoparticles and atrazine. Sci. Total Environ. 670,
1068–1074. https://doi.org/10.1016/j.scitotenv.2019.03.221.

Pasinszki, T., Krebsz, M., 2020. Synthesis and application of zero-valent iron nanoparticles in
water treatment, environmental remediation, catalysis, and their biological effects. Nano-
materials 10, 917. https://doi.org/10.3390/nano10050917.

Patra, J.K., Baek, K.H., 2017. Antibacterial activity and synergistic antibacterial potential of
biosynthesized silver nanoparticles against foodborne pathogenic bacteria along with
its anticandidal and antioxidant effects. Front. Microbiol. 8, 167. https://doi.org/10.
3389/fmicb.2017.00167.

Pelgrift, R.Y., Friedman, A.J., 2013. Nanotechnology as a therapeutic tool to combat microbial
resistance. Adv. Drug Deliv. Rev. 65, 1803–1815. https://doi.org/10.1016/j.addr.2013.
07.011.

Perelshtein, I., Lipovsky, A., Perkas, N., Tzanov, T., Arguirova, M., Leseva, M., Gedanken, A.,
2015. Making the hospital a safer place by sonochemical coating of all its textiles with an-
tibacterial nanoparticles. Ultrason. Sonochem. 25, 82–88. https://doi.org/10.1016/j.
ultsonch.2014.12.012.

Peretyazhko, T.S., Zhang, Q., Colvin, V.L., 2014. Size-controlled dissolution of silver nanopar-
ticles at neutral and acidic pH conditions: kinetics and size changes. Environ. Sci.
Technol. 48, 11954–11961. https://doi.org/10.1021/es5023202.

Peterson, E., Kaur, P., 2018. Antibiotic resistance mechanisms in bacteria: relationships be-
tween resistance determinants of antibiotic producers, environmental bacteria, and clin-
ical pathogens. Front. Microbiol. 9, 2928. https://doi.org/10.3389/fmicb.2018.02928.

Peterson, J.W., Gu, B., Seymour, M.D., 2015. Surface interactions and degradation of a fluoro-
quinolone antibiotic in the dark in aqueous TiO2 suspensions. Sci. Total Environ. 532,
398–403. https://doi.org/10.1016/j.scitotenv.2015.06.024.

Piao, M.J., Kang, K.A., Lee, I.K., Kim, H.S., Kim, S., Choi, J.Y., Choi, J., Hyun, J.W., 2011. Sil-
ver nanoparticles induce oxidative cell damage in human liver cells through inhibition of
reduced glutathione and induction of mitochondria-involved apoptosis. Toxicol. Lett.
201, 92–100. https://doi.org/10.1016/j.toxlet.2010.12.010.

Potbhare, A.K., Chaudhary, R.G., Chouke, P.B., Yerpude, S., Mondal, A., Sonkusare, V.N., Rai,
A.R., Juneja, H.D., 2019. Phytosynthesis of nearly monodisperse CuO nanospheres using
Phyllanthus reticulatus/Conyza bonariensis and its antioxidant/antibacterial assays.
Mater. Sci. Eng. C 99, 783–793. https://doi.org/10.1016/j.msec.2019.02.010.

Prasher, P., Singh, M., Mudila, H., 2018. Silver nanoparticles as antimicrobial therapeutics:
current perspectives and future challenges. 3. Biotech 8, 411. https://doi.org/10.1007/
s13205-018-1436-3.

Prathna, T.C., Chandrasekaran, N., Raichur, A.M., Mukherjee, A., 2011. Biomimetic synthesis
of silver nanoparticles by Citrus Limon (lemon) aqueous extract and theoretical

https://doi.org/10.1021/es051043o
https://doi.org/10.1016/j.envpol.2007.01.016
https://doi.org/10.1021/pr0504079
https://doi.org/10.1088/0957-4484/22/37/375101
https://doi.org/10.1016/j.scitotenv.2020.138284
https://doi.org/10.1007/s42452-019-0511-7
https://doi.org/10.1007/s42452-019-0511-7
https://doi.org/10.1007/s00449-020-02491-6
https://doi.org/10.32607/20758251-2014-6-1-35-44
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270038588029
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270038588029
https://doi.org/10.1016/j.scitotenv.2020.141287
https://doi.org/10.1098/rsos.171113
https://doi.org/10.1016/j.scitotenv.2021.148324
https://doi.org/10.1016/j.scitotenv.2021.148324
https://doi.org/10.1016/j.envres.2021.112360
https://doi.org/10.1016/j.envres.2021.112360
https://doi.org/10.1038/sj.bjp.0707130
https://doi.org/10.1021/acs.chemrev.5b00116
https://doi.org/10.1016/j.ceramint.2016.10.051
https://doi.org/10.1016/j.ceramint.2016.10.051
https://doi.org/10.3389/fphar.2021.772418
https://doi.org/10.3389/fphar.2021.772418
https://doi.org/10.1016/j.biotechadv.2013.01.003
https://doi.org/10.1016/j.biotechadv.2013.01.003
https://doi.org/10.1038/s41467-018-04873-7
https://doi.org/10.1088/0957-4484/16/10/059
https://doi.org/10.1016/j.scitotenv.2021.152608
https://doi.org/10.1016/j.exppara.2015.03.017
https://doi.org/10.1039/b921203p
https://doi.org/10.1515/revce-2016-0018
https://doi.org/10.1515/revce-2016-0018
https://doi.org/10.1007/s10895-011-0904-5
https://doi.org/10.1007/s10895-011-0904-5
https://doi.org/10.3389/fnins.2020.00494
https://doi.org/10.3389/fnins.2020.00494
https://doi.org/10.1021/am201311c
https://doi.org/10.1155/2015/912342
https://doi.org/10.1016/j.biori.2018.09.003
https://doi.org/10.1016/j.biori.2018.09.003
https://doi.org/10.1155/2014/753419
https://doi.org/10.1016/j.envres.2021.112182
https://doi.org/10.1016/j.envres.2021.112182
https://doi.org/10.1021/la103190n
https://doi.org/10.1289/ehp.7339
https://doi.org/10.1016/j.scitotenv.2015.03.101
https://doi.org/10.1016/j.scitotenv.2015.03.101
https://doi.org/10.1007/s11356-015-5391-9
https://doi.org/10.1007/s11356-015-5391-9
https://doi.org/10.1007/s10853-019-04121-3
https://doi.org/10.1021/jp063826h
https://doi.org/10.1021/jp063826h
https://doi.org/10.1155/2016/4694367
https://doi.org/10.1002/biot.202100030
https://doi.org/10.1016/j.scitotenv.2019.03.221
https://doi.org/10.3390/nano10050917
https://doi.org/10.3389/fmicb.2017.00167
https://doi.org/10.3389/fmicb.2017.00167
https://doi.org/10.1016/j.addr.2013.07.011
https://doi.org/10.1016/j.addr.2013.07.011
https://doi.org/10.1016/j.ultsonch.2014.12.012
https://doi.org/10.1016/j.ultsonch.2014.12.012
https://doi.org/10.1021/es5023202
https://doi.org/10.3389/fmicb.2018.02928
https://doi.org/10.1016/j.scitotenv.2015.06.024
https://doi.org/10.1016/j.toxlet.2010.12.010
https://doi.org/10.1016/j.msec.2019.02.010
https://doi.org/10.1007/s13205-018-1436-3
https://doi.org/10.1007/s13205-018-1436-3


U. Anand et al. Science of the Total Environment 821 (2022) 153472
prediction of particle size. Colloids Surf. B Biointerfaces 82, 152–159. https://doi.org/10.
1016/j.colsurfb.2010.08.036.

Pytlik, N., Brunner, E., 2018. Diatoms as potential green nanocomposite and nanoparticle syn-
thesizers: challenges, prospects, and future materials applications. MRS Commun. 8,
322–331. https://doi.org/10.1557/mrc.2018.34.

Rai, M.K., Deshmukh, S.D., Ingle, A.P., Gade, A.K., 2012. Silver nanoparticles: the powerful
nanoweapon against multidrug-resistant bacteria. J. Appl. Microbiol. 112, 841–852.
https://doi.org/10.1111/j.1365-2672.2012.05253.x.

Ramanathan, R., Field, M.R., O’Mullane, A.P., Smooker, P.M., Bhargava, S.K., Bansal, V.,
2013. Aqueous phase synthesis of copper nanoparticles: a link between heavy metal resis-
tance and nanoparticle synthesis ability in bacterial systems. Nanoscale 5, 2300–2306.
https://doi.org/10.1039/c2nr32887a.

Ramasamy, T., Munusamy, S., Ruttala, H.B., Kim, J.O., 2021. Smart nanocarriers for the deliv-
ery of nucleic acid-based therapeutics: a comprehensive review. Biotechnol. J. 16,
1900408. https://doi.org/10.1002/biot.201900408.

Ramirez-Nuñez, A.L., Jimenez-Garcia, L.F., Goya, G.F., Sanz, B., Santoyo-Salazar, J., 2018. In
vitro magnetic hyperthermia using polyphenol-coated Fe3O4γFe2O3 nanoparticles from
cinnamomun verum and Vanilla planifolia: the concert of green synthesis and therapeutic
possibilities. Nanotechnology 29, 74001. https://doi.org/10.1088/1361-6528/aaa2c1.

Rao, A., Bankar, A., Kumar, A.R., Gosavi, S., Zinjarde, S., 2013. Removal of hexavalent chro-
mium ions by yarrowia lipolytica cells modified with phyto-inspired Fe0/Fe3O4 nano-
particles. J. Contam. Hydrol. 146, 63–73. https://doi.org/10.1016/j.jconhyd.2012.12.
008.

Ray, A., Mandal, A., Joseph, M., Mitra, K., A., 2016. Recent patents on nanoparticles and
nanoformulations for cancer therapy. Recent Pat. Drug Deliv. Formul. 10, 11–23.
https://doi.org/10.2174/1872211309666150818110846.

Recordati, C., DeMaglie, M., Bianchessi, S., Argentiere, S., Cella, C., Mattiello, S., Cubadda, F.,
Aureli, F., D’Amato, M., Raggi, A., Lenardi, C., Milani, P., Scanziani, E., 2016. Tissue dis-
tribution and acute toxicity of silver after single intravenous administration in mice:
nano-specific and size-dependent effects. Part. Fibre Toxicol. 13, 12. https://doi.org/10.
1186/s12989-016-0124-x.

Reddy, S., Barathe, P., Kaur, K., Anand, U., Shriram, V., Kumar, V., 2022. Antimicrobial resis-
tance and medicinal plant products as potential alternatives to antibiotics in animal hus-
bandry. In: Kumar, V., Shriram, V., Paul, A., Thakur, M. (Eds.), Antimicrobial Resistance
Underlying Mechanisms and Therapeutic Approaches. Springer Verlag, pp. 357–384.

Reis, C.P., Neufeld, R.J., Ribeiro, A.J., Veiga, F., 2006. Nanoencapsulation I. Methods for prep-
aration of drug-loaded polymeric nanoparticles. Nanomedicine nanotechnologyBiol.
Med. 2, 8–21. https://doi.org/10.1016/j.nano.2005.12.003.

Rex, J.H., Fernandez Lynch, H., Cohen, I.G., Darrow, J.J., Outterson, K., 2019. Designing de-
velopment programs for non-traditional antibacterial agents. Nat. Commun. 10, 3416.
https://doi.org/10.1038/s41467-019-11303-9.

Riga, E.K., Vöhringer, M., Widyaya, V.T., Lienkamp, K., 2017. Polymer-based surfaces de-
signed to reduce biofilm formation: from antimicrobial polymers to strategies for long-
term applications. Macromol. Rapid Commun. 38, 1700216. https://doi.org/10.1002/
marc.201700216.

Roy, A., Bulut, O., Some, S., Mandal, A.K., Yilmaz, M.D., 2019. Green synthesis of silver nano-
particles: biomolecule-nanoparticle organizations targeting antimicrobial activity. RSC
Adv. 9, 2673–2702. https://doi.org/10.1039/c8ra08982e.

Ruddaraju, L.K., Pammi, S.V.N., Guntuku, G.S., Padavala, V.S., Kolapalli, V.R.M., 2020. A re-
view on anti-bacterials to combat resistance: from ancient era of plants and metals to
present and future perspectives of green nano technological combinations. Asian
J. Pharm. Sci. 15, 42–59. https://doi.org/10.1016/j.ajps.2019.03.002.

Rufus, A., Sreeju, N., Vilas, V., Philip, D., 2017. Biosynthesis of hematite (α-Fe2O3) nanostruc-
tures: size effects on applications in thermal conductivity, catalysis, and antibacterial ac-
tivity. J. Mol. Liq. 242, 537–549. https://doi.org/10.1016/j.molliq.2017.07.057.

Rusciano, G., De Luca, A.C., Pesce, G., Sasso, A., 2009. On the interaction of nano-sized or-
ganic carbon particles with model lipid membranes. Carbon N. Y. 47, 2950–2957.
https://doi.org/10.1016/j.carbon.2009.06.042.

Sadek, A.H., Asker, M.S., Abdelhamid, S.A., 2021. Bacteriostatic impact of nanoscale zero-
valent iron against pathogenic bacteria in the municipal wastewater. Biologia (Bratisl).
76, 2785–2809. https://doi.org/10.1007/s11756-021-00814-w.

Sahay, G., Alakhova, D.Y., Kabanov, A.V., 2010. Endocytosis of nanomedicines. J. Control. Re-
lease 145, 182–195. https://doi.org/10.1016/j.jconrel.2010.01.036.

Sahu, S., Saraf, Swarnlata, Kaur, C.D., Saraf, Shailendra, 2013. Biocompatible nanoparticles
for sustained topical delivery of anticancer phytoconstituent quercetin. Pak. J. Biol. Sci.
16, 601–609. https://doi.org/10.3923/pjbs.2013.601.609.

Saka, R., Chella, N., 2021. Nanotechnology for delivery of natural therapeutic substances: a
review. Environ. Chem. Lett. 19, 1097–1106. https://doi.org/10.1007/s10311-020-
01103-9.

Saliani, M., Jalal, R., Goharshadi, E.K., 2015. Effects of pH and temperature on antibacterial
activity of zinc oxide nanofluid against Escherichia coli O157: H7 and Staphylococcus au-
reus. Jundishapur J. Microbiol. 8, 1–6. https://doi.org/10.5812/jjm.17115.

Sanpui, P., Murugadoss, A., Prasad, P.V.D., Ghosh, S.S., Chattopadhyay, A., 2008. The antibac-
terial properties of a novel chitosan-ag-nanoparticle composite. Int. J. Food Microbiol.
124, 142–146. https://doi.org/10.1016/j.ijfoodmicro.2008.03.004.

Sathishkumar, M., Sneha, K., Yun, Y.S., 2010. Immobilization of silver nanoparticles synthesized
using Curcuma longa tuber powder and extract on cotton cloth for bactericidal activity.
Bioresour. Technol. 101, 7958–7965. https://doi.org/10.1016/j.biortech.2010.05.051.

Sathishkumar, G., Logeshwaran, V., Sarathbabu, S., Jha, P.K., Jeyaraj, M., Rajkuberan, C.,
Senthilkumar, N., Sivaramakrishnan, S., 2018. Green synthesis of magnetic Fe3O4 nano-
particles using Couroupita guianensis aubl. Fruit extract for their antibacterial and cyto-
toxicity activities. Artif. Cells Nanomed. Biotechnol. 46, 589–598. https://doi.org/10.
1080/21691401.2017.1332635.

Senthil, M., Ramesh, C., 2012. Biogenic synthesis of Fe3O34 nanoparticles using Tridax
procumbens leaf extract and its antibacterial activity on Pseudomonas aeruginosa. Dig.
J. Nanomater. Biostruct. 7, 1655–1660.
20
Sharma, V.K., Yngard, R.A., Lin, Y., 2009. Silver nanoparticles: green synthesis and their an-
timicrobial activities. Adv. Colloid Interf. Sci. 145, 83–96. https://doi.org/10.1016/j.
cis.2008.09.002.

Sharma, V., Anderson, D., Dhawan, A., 2012. Zinc oxide nanoparticles induce oxidative DNA
damage and ROS-triggered mitochondria mediated apoptosis in human liver cells
(HepG2). Apoptosis 17, 852–870. https://doi.org/10.1007/s10495-012-0705-6.

Sharma, V.K., Johnson, N., Cizmas, L., McDonald, T.J., Kim, H., 2016. A review of the influ-
ence of treatment strategies on antibiotic resistant bacteria and antibiotic resistance
genes. Chemosphere 150, 702–714. https://doi.org/10.1016/j.chemosphere.2015.12.
084.

Shin, M.D., Shukla, S., Chung, Y.H., Beiss, V., Chan, S.K., Ortega-Rivera, O.A., Wirth, D.M.,
Chen, A., Sack, M., Pokorski, J.K., Steinmetz, N.F., 2020. COVID-19 vaccine development
and a potential nanomaterial path forward. Nat. Nanotechnol. 15, 646–655. https://doi.
org/10.1038/s41565-020-0737-y.

Shittu, K.O., Bankole, M.T., Abdulkareem, A.S., Abubakre, O.K., Ubaka, A.U., 2017. Applica-
tion of gold nanoparticles for improved drug efficiency. Adv. Nat. Sci. Nanosci.
Nanotechnol. 8, 035014. https://doi.org/10.1088/2043-6254/aa7716.

Shiva Samhitha, S., Raghavendra, G., Quezada, C., Hima Bindu, P., 2021. Green synthesized
TiO2 nanoparticles for anticancer applications: mini review. Mater. Today Proc.
https://doi.org/10.1016/j.matpr.2021.11.073.

Singh, R., Smitha, M.S., Singh, S.P., 2014. The role of nanotechnology in combating multi-
drug resistant bacteria. J. Nanosci. Nanotechnol. 14, 4745–4756. https://doi.org/10.
1166/jnn.2014.9527.

Singh, R., Shedbalkar, U.U., Wadhwani, S.A., Chopade, B.A., 2015. Bacteriagenic silver nano-
particles: synthesis, mechanism, and applications. Appl. Microbiol. Biotechnol. 99,
4579–4593. https://doi.org/10.1007/s00253-015-6622-1.

Singh, P., Kim, Y.J., Zhang, D., Yang, D.C., 2016. Biological synthesis of nanoparticles from
plants and microorganisms. Trends Biotechnol. 34, 588–599. https://doi.org/10.1016/
j.tibtech.2016.02.006.

Singh, H., Du, J., Singh, P., Yi, T.H., 2018. Ecofriendly synthesis of silver and gold nanoparti-
cles by Euphrasia officinalis leaf extract and its biomedical applications. Artif. Cells
Nanomed. Biotechnol. 46, 1163–1170. https://doi.org/10.1080/21691401.2017.
1362417.

Singh, P., Garg, A., Pandit, S., Mokkapati, V.R.S.S., Mijakovic, I., 2018. Antimicrobial effects
of biogenic nanoparticles. Nanomaterials 8, 1009. https://doi.org/10.3390/
nano8121009.

Singh, J., Vishwakarma, K., Ramawat, N., Rai, P., Singh, V.K., Mishra, R.K., Kumar, V.,
Tripathi, D.K., Sharma, S., 2019. Nanomaterials and microbes’ interactions: a contempo-
rary overview. 3Biotech 9, 68. https://doi.org/10.1007/s13205-019-1576-0.

Singh, A., Gautam, P.K., Verma, A., Singh, V., Shivapriya, P.M., Shivalkar, S., Sahoo, A.K.,
Samanta, S.K., 2020. Green synthesis of metallic nanoparticles as effective alternatives
to treat antibiotics resistant bacterial infections: a review. Biotechnol. Rep. 25, e00427.
https://doi.org/10.1016/j.btre.2020.e00427.

Sinha, R., Karan, R., Sinha, A., Khare, S.K., 2011. Interaction and nanotoxic effect of ZnO and
ag nanoparticles on mesophilic and halophilic bacterial cells. Bioresour. Technol. 102,
1516–1520. https://doi.org/10.1016/j.biortech.2010.07.117.

Smerkova, K., Dolezelikova, K., Bozdechova, L., Heger, Z., Zurek, L., Adam, V., 2020. Nano-
materials with active targeting as advanced antimicrobials. Wiley Interdiscip. Rev.
Nanomed. Nanobiotechnol. 12, e1636. https://doi.org/10.1002/wnan.1636.

Sokolova, V., Epple, M., 2008. Inorganic nanoparticles as carriers of nucleic acids into cells.
Angew. Chem. Int. Ed. 47, 1382–1395. https://doi.org/10.1002/anie.200703039.

Sondi, I., Salopek-Sondi, B., 2004. Silver nanoparticles as antimicrobial agent: a case study on
E. Coli as a model for gram-negative bacteria. J. Colloid Interface Sci. 275, 177–182.
https://doi.org/10.1016/j.jcis.2004.02.012.

Stoimenov, P.K., Klinger, R.L., Marchin, G.L., Klabunde, K.J., 2002. Metal oxide nanoparticles
as bactericidal agents. Langmuir 18, 6679–6686. https://doi.org/10.1021/la0202374.

Sturikova, H., Krystofova, O., Huska, D., Adam, V., 2018. Zinc, zinc nanoparticles and plants.
J. Hazard. Mater. 349, 101–110. https://doi.org/10.1016/j.jhazmat.2018.01.040.

Sultan, I., Rahman, S., Jan, A.T., Siddiqui, M.T., Mondal, A.H., Haq, Q.M.R., 2018. Antibiotics,
resistome and resistance mechanisms: a bacterial perspective. Front. Microbiol. 9, 2066.
https://doi.org/10.3389/fmicb.2018.02066.

Suriyakalaa, U., Antony, J.J., Suganya, S., Siva, D., Sukirtha, R., Kamalakkannan, S., Pichiah,
P.B.T., Achiraman, S., 2013. Hepatocurative activity of biosynthesized silver nanoparti-
cles fabricated using Andrographis paniculata. Colloids Surf. B Biointerfaces 102,
189–194. https://doi.org/10.1016/j.colsurfb.2012.06.039.

Teeguarden, J.G., Hinderliter, P.M., Orr, G., Thrall, B.D., Pounds, J.G., 2007. Particokinetics
in vitro: dosimetry considerations for in vitro nanoparticle toxicity assessments. Toxicol.
Sci. 95, 300–312. https://doi.org/10.1093/toxsci/kfl165.

Thakur, S., Karak, N., 2014. One-step approach to prepare magnetic iron oxide/reduced
graphene oxide nanohybrid for efficient organic and inorganic pollutants removal.
Mater. Chem. Phys. 144, 425–432. https://doi.org/10.1016/j.matchemphys.2014.01.
015.

Tiri, R.N.E., Gulbagca, F., Aygun, A., Cherif, A., Sen, F., 2022. Biosynthesis of Ag–Pt bi-
metallic nanoparticles using propolis extract: antibacterial effects and catalytic ac-
tivity on NaBH4 hydrolysis. Environ. Res. 206, 112622. https://doi.org/10.1016/
j.envres.2021.112622.

Tolaymat, T.M., El Badawy, A.M., Genaidy, A., Scheckel, K.G., Luxton, T.P., Suidan, M., 2010.
An evidence-based environmental perspective of manufactured silver nanoparticle in syn-
theses and applications: a systematic review and critical appraisal of peer-reviewed scien-
tific papers. Sci. Total Environ. 408, 999–1006. https://doi.org/10.1016/j.scitotenv.
2009.11.003.

Tran, Q.H., Nguyen, V.Q., Le, A.T., 2013. Silver nanoparticles: synthesis, properties, toxicol-
ogy, applications and perspectives. Adv. Nat. Sci. Nanosci. Nanotechnol. 4, 033001.
https://doi.org/10.1088/2043-6262/4/3/033001.

Trifan, A., Luca, S.V., Greige-Gerges, H., Miron, A., Gille, E., Aprotosoaie, A.C., 2020. Recent
advances in tackling microbial multidrug resistance with essential oils: combinatorial and

https://doi.org/10.1016/j.colsurfb.2010.08.036
https://doi.org/10.1016/j.colsurfb.2010.08.036
https://doi.org/10.1557/mrc.2018.34
https://doi.org/10.1111/j.1365-2672.2012.05253.x
https://doi.org/10.1039/c2nr32887a
https://doi.org/10.1002/biot.201900408
https://doi.org/10.1088/1361-6528/aaa2c1
https://doi.org/10.1016/j.jconhyd.2012.12.008
https://doi.org/10.1016/j.jconhyd.2012.12.008
https://doi.org/10.2174/1872211309666150818110846
https://doi.org/10.1186/s12989-016-0124-x
https://doi.org/10.1186/s12989-016-0124-x
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270021378397
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270021378397
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270021378397
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270021378397
https://doi.org/10.1016/j.nano.2005.12.003
https://doi.org/10.1038/s41467-019-11303-9
https://doi.org/10.1002/marc.201700216
https://doi.org/10.1002/marc.201700216
https://doi.org/10.1039/c8ra08982e
https://doi.org/10.1016/j.ajps.2019.03.002
https://doi.org/10.1016/j.molliq.2017.07.057
https://doi.org/10.1016/j.carbon.2009.06.042
https://doi.org/10.1007/s11756-021-00814-w
https://doi.org/10.1016/j.jconrel.2010.01.036
https://doi.org/10.3923/pjbs.2013.601.609
https://doi.org/10.1007/s10311-020-01103-9
https://doi.org/10.1007/s10311-020-01103-9
https://doi.org/10.5812/jjm.17115
https://doi.org/10.1016/j.ijfoodmicro.2008.03.004
https://doi.org/10.1016/j.biortech.2010.05.051
https://doi.org/10.1080/21691401.2017.1332635
https://doi.org/10.1080/21691401.2017.1332635
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270025240487
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270025240487
http://refhub.elsevier.com/S0048-9697(22)00564-2/rf202201270025240487
https://doi.org/10.1016/j.cis.2008.09.002
https://doi.org/10.1016/j.cis.2008.09.002
https://doi.org/10.1007/s10495-012-0705-6
https://doi.org/10.1016/j.chemosphere.2015.12.084
https://doi.org/10.1016/j.chemosphere.2015.12.084
https://doi.org/10.1038/s41565-020-0737-y
https://doi.org/10.1038/s41565-020-0737-y
https://doi.org/10.1088/2043-6254/aa7716
https://doi.org/10.1016/j.matpr.2021.11.073
https://doi.org/10.1166/jnn.2014.9527
https://doi.org/10.1166/jnn.2014.9527
https://doi.org/10.1007/s00253-015-6622-1
https://doi.org/10.1016/j.tibtech.2016.02.006
https://doi.org/10.1016/j.tibtech.2016.02.006
https://doi.org/10.1080/21691401.2017.1362417
https://doi.org/10.1080/21691401.2017.1362417
https://doi.org/10.3390/nano8121009
https://doi.org/10.3390/nano8121009
https://doi.org/10.1007/s13205-019-1576-0
https://doi.org/10.1016/j.btre.2020.e00427
https://doi.org/10.1016/j.biortech.2010.07.117
https://doi.org/10.1002/wnan.1636
https://doi.org/10.1002/anie.200703039
https://doi.org/10.1016/j.jcis.2004.02.012
https://doi.org/10.1021/la0202374
https://doi.org/10.1016/j.jhazmat.2018.01.040
https://doi.org/10.3389/fmicb.2018.02066
https://doi.org/10.1016/j.colsurfb.2012.06.039
https://doi.org/10.1093/toxsci/kfl165
https://doi.org/10.1016/j.matchemphys.2014.01.015
https://doi.org/10.1016/j.matchemphys.2014.01.015
https://doi.org/10.1016/j.envres.2021.112622
https://doi.org/10.1016/j.envres.2021.112622
https://doi.org/10.1016/j.scitotenv.2009.11.003
https://doi.org/10.1016/j.scitotenv.2009.11.003
https://doi.org/10.1088/2043-6262/4/3/033001


U. Anand et al. Science of the Total Environment 821 (2022) 153472
nano-based strategies. Crit. Rev. Microbiol. 46, 338–357. https://doi.org/10.1080/
1040841X.2020.1782339.

Van Wieren, E.M., Seymour, M.D., Peterson, J.W., 2012. Interaction of the fluoroquinolone
antibiotic, ofloxacin, with titanium oxide nanoparticles in water: adsorption and break-
down. Sci. Total Environ. 441, 1–9. https://doi.org/10.1016/j.scitotenv.2012.09.067.

Vasantharaj, S., Sathiyavimal, S., Senthilkumar, P., LewisOscar, F., Pugazhendhi, A., 2019.
Biosynthesis of iron oxide nanoparticles using leaf extract of Ruellia tuberosa: antimicro-
bial properties and their applications in photocatalytic degradation. J. Photochem.
Photobiol. B Biol. 192, 74–82. https://doi.org/10.1016/j.jphotobiol.2018.12.025.

Vedernikova, I.A., 2015. Magnetic nanoparticles: advantages of using, methods for prepara-
tion, characterization, application in pharmacy. Rev. J. Chem. 5, 289–313. https://doi.
org/10.1134/s2079978015030036.

Ventosa, A., Nieto, J.J., Oren, A., 1998. Biology of moderately halophilic aerobic bacteria.
Microbiol. Mol. Biol. Rev. 62, 504–544. https://doi.org/10.1128/mmbr.62.2.504-544.
1998.

Vicario-Parés, U., Castañaga, L., Lacave, J.M., Oron, M., Reip, P., Berhanu, D., Valsami-Jones,
E., Cajaraville, M.P., Orbea, A., 2014. Comparative toxicity of metal oxide nanoparticles
(CuO, ZnO and TiO2) to developing zebrafish embryos. J. Nanopart. Res. 16, 2550–2558.
https://doi.org/10.1007/s11051-014-2550-8.

Vijayan, R., Joseph, S., Mathew, B., 2018. Indigofera tinctoria leaf extract mediated green syn-
thesis of silver and gold nanoparticles and assessment of their anticancer, antimicrobial,
antioxidant and catalytic properties. Artif. Cells Nanomed. Biotechnol. 46, 861–871.
https://doi.org/10.1080/21691401.2017.1345930.

Vilando, A., Roque, E., Benitez, M.A., Diva, J.R., Ragindin, J.E., 2019. Production of green
nano zero-valent iron (G-nZVI) particles using polyphenol extracts of tawa-tawa (Euphor-
bia hirta linn) leaves and green tea (Camelia sinensis) leaves. MATEC Web Conf. 268,
05005. https://doi.org/10.1051/matecconf/201926805005.

Wang, Z., 2013. Iron complex nanoparticles synthesized by eucalyptus leaves. ACS Sustain.
Chem. Eng. 1, 1551–1554. https://doi.org/10.1021/sc400174a.

Wang, T., Jin, X., Chen, Z., Megharaj, M., Naidu, R., 2014. Green synthesis of Fe nanoparticles
using eucalyptus leaf extracts for treatment of eutrophic wastewater. Sci. Total Environ.
466–467, 210–213. https://doi.org/10.1016/j.scitotenv.2013.07.022.

Wang, Z., Fang, C., Megharaj, M., 2014. Characterization of iron-polyphenol nanoparticles
synthesized by three plant extracts and their Fenton oxidation of azo dye. ACS Sustain.
Chem. Eng. 2, 1022–1025. https://doi.org/10.1021/sc500021n.

Wang, Y., Gao, J., Duan, W., Zhang, W., Zhao, Y., Liu, J., 2020. Inactivation of sulfonamide
antibiotic resistant bacteria and control of intracellular antibiotic resistance transmission
risk by sulfide-modified nanoscale zero-valent iron. J. Hazard. Mater. 400, 123226.
https://doi.org/10.1016/j.jhazmat.2020.123226.

Wang, X., Li, F., Hu, X., Hua, T., 2021. Electrochemical advanced oxidation processes coupled
with membrane filtration for degrading antibiotic residues: a review on its potential ap-
plications, advances, and challenges. Sci. Total Environ. 784, 146912. https://doi.org/
10.1016/j.scitotenv.2021.146912.

Watnick, P., Kolter, R., 2000. Biofilm, city of microbes. J. Bacteriol. 182, 2675–2679. https://
doi.org/10.1128/JB.182.10.2675-2679.2000.

Wei, L., Lu, J., Xu, H., Patel, A., Chen, Z.S., Chen, G., 2015. Silver nanoparticles: synthesis,
properties, and therapeutic applications. Drug Discov. Today 20, 595–601. https://doi.
org/10.1016/j.drudis.2014.11.014.

Weiss, C., Carriere, M., Fusco, L., Fusco, L., Capua, I., Regla-Nava, J.A., Pasquali, M., Pasquali,
M., Pasquali, M., Scott, J.A., Vitale, F., Vitale, F., Unal, M.A., Mattevi, C., Bedognetti, D.,
Merkoçi, A., Merkoçi, A., Tasciotti, E., Tasciotti, E., Yilmazer, A., Yilmazer, A., Gogotsi, Y.,
Stellacci, F., Delogu, L.G., 2020. Toward nanotechnology-enabled approaches against the
COVID-19 pandemic. ACS Nano 14, 6383–6406. https://doi.org/10.1021/acsnano.
0c03697.

Westmeier, D., Hahlbrock, A., Reinhardt, C., Fröhlich-Nowoisky, J., Wessler, S., Vallet, C.,
Pöschl, U., Knauer, S.K., Stauber, R.H., 2018. Nanomaterial-microbe cross-talk: physico-
chemical principles and (patho)biological consequences. Chem. Soc. Rev. 47,
5312–5337. https://doi.org/10.1039/c6cs00691d.

Wu, W., He, Q., Jiang, C., 2008. Magnetic iron oxide nanoparticles: synthesis and surface
functionalization strategies. Nanoscale Res. Lett. 3, 397. https://doi.org/10.1007/
s11671-008-9174-9.

Wu, W., Wu, Z., Yu, T., Jiang, C., Kim, W.S., 2015. Recent progress on magnetic iron oxide
nanoparticles: synthesis, surface functional strategies and biomedical applications. Sci.
Technol. Adv. Mater. 16, 023501. https://doi.org/10.1088/1468-6996/16/2/023501.

Xiao, X., Ma, X.L., Han, X., Wu, L.J., Liu, C., Yu, H.Q., 2021. TiO2 photoexcitation promoted
horizontal transfer of resistance genes mediated by phage transduction. Sci. Total Envi-
ron. 760, 144040. https://doi.org/10.1016/j.scitotenv.2020.144040.

Yang, L., Watts, D.J., 2005. Particle surface characteristics may play an important role in phy-
totoxicity of alumina nanoparticles. Toxicol. Lett. 158, 122–132. https://doi.org/10.
1016/j.toxlet.2005.03.003.

Yang, E.J., Kim, S., Kim, J.S., Choi, I.H., 2012. Inflammasome formation and IL-1β release by
human bloodmonocytes in response to silver nanoparticles. Biomaterials 33, 6858–6867.
https://doi.org/10.1016/j.biomaterials.2012.06.016.

Yang, J., Cao, W., Rui, Y., 2017. Interactions between nanoparticles and plants: phytotoxicity
and defense mechanisms. J. Plant Interact. 12, 158–169. https://doi.org/10.1080/
17429145.2017.1310944.
21
Yata, V.K., Tiwari, B.C., Ahmad, I., 2018. Nanoscience in food and agriculture: research, in-
dustries and patents. Environ. Chem. Lett. 16, 79–84. https://doi.org/10.1007/s10311-
017-0666-7.

Yeung, A.W.K., Souto, E.B., Durazzo, A., Lucarini, M., Novellino, E., Tewari, D., Wang, D.,
Atanasov, A.G., Santini, A., 2020. Big impact of nanoparticles: analysis of the most
cited nanopharmaceuticals and nanonutraceuticals research. Curr. Res. Biotechnol. 2,
53–63. https://doi.org/10.1016/j.crbiot.2020.04.002.

Yin, N., Gao, R., Knowles, B., Wang, J., Wang, P., Sun, G., Cui, Y., 2019. Formation of silver
nanoparticles by human gut microbiota. Sci. Total Environ. 651, 1489–1494. https://
doi.org/10.1016/j.scitotenv.2018.09.312.

Yin, H., Cao, Y., Fan, T., Zhang, M., Yao, J., Li, P., Chen, S., Liu, X., 2021. In situ synthesis of
Ag3PO4/C3N5 Z-scheme heterojunctions with enhanced visible-light-responsive photo-
catalytic performance for antibiotics removal. Sci. Total Environ. 754, 141926. https://
doi.org/10.1016/j.scitotenv.2020.141926.

You, N., Chen, S., Wang, Y., Fan, H.T., Sun, L.N., Sun, T., 2020. In situ sampling of tetracycline
antibiotics in culture wastewater using diffusive gradients in thin films equipped with
graphene nanoplatelets. Environ. Res. 191, 110089. https://doi.org/10.1016/j.envres.
2020.110089.

Yuan, W., Wei, Y., Zhang, Y., Riaz, L., Yang, Q., Wang, Q., Wang, R., 2021. Resistance of mul-
tidrug resistant Escherichia coli to environmental nanoscale TiO2 and ZnO. Sci. Total En-
viron. 761, 144303. https://doi.org/10.1016/j.scitotenv.2020.144303.

Yusefi, M., Shameli, K., Yee, O.S., Teow, S.Y., Hedayatnasab, Z., Jahangirian, H., Webster,
T.J., Kuča, K., 2021. Green synthesis of Fe3O4 nanoparticles stabilized by a Garcinia
mangostana fruit peel extract for hyperthermia and anticancer activities. Int.
J. Nanomedicine 16, 2515–2532. https://doi.org/10.2147/IJN.S284134.

Zampieri, R., Brozzetti, A., Pericolini, E., Bartoloni, E., Gabrielli, E., Roselletti, E., Lomonosoff,
G., Meshcheriakova, Y., Santi, L., Imperatori, F., Merlin, M., Tinazzi, E., Dotta, F., Nigi, L.,
Sebastiani, G., Pezzotti, M., Falorni, A., Avesani, L., 2020. Prevention and treatment of au-
toimmune diseases with plant virus nanoparticles. Sci. Adv. 6, eaaz0295. https://doi.org/
10.1126/sciadv.aaz0295.

Zazo, H., Colino, C.I., Lanao, J.M., 2016. Current applications of nanoparticles in infectious
diseases. J. Control. Release 224, 86–102. https://doi.org/10.1016/j.jconrel.2016.01.
008.

Zhang, S., Mu, Y., Zhang, J.Z.H., Xu, W., 2013. Effect of self-assembly of fullerene nano-
particles on lipid membrane. PLoS One 8, 77436. https://doi.org/10.1371/journal.
pone.0077436.

Zhang, D., Wei, Y., Chen, K., Zhang, X., Xu, X., Shi, Q., Han, S., Chen, X., Gong, H., Li, X.,
Zhang, J., 2015. Biocompatible reactive oxygen species (ROS)-responsive nanoparticles
as superior drug delivery vehicles. Adv. Healthc. Mater. 4, 69–76. https://doi.org/10.
1002/adhm.201400299.

Zhang, X.F., Liu, Z.G., Shen, W., Gurunathan, S., 2016. Silver nanoparticles: synthesis, charac-
terization, properties, applications, and therapeutic approaches. Int. J. Mol. Sci. 17, 1534.
https://doi.org/10.3390/ijms17091534.

Zhang, W.Z., Gao, J.F., Duan, W.J., Zhang, D., Jia, J.X., Wang, Y.W., 2020. Sulfidated nano-
scale zero-valent iron is an efficient material for the removal and regrowth inhibition
of antibiotic resistance genes. Environ. Pollut. 263, 114508. https://doi.org/10.1016/j.
envpol.2020.114508.

Zhang, X., Chen, Z., Ma, Y., Zhang, N., Wei, D., Zhang, Hongli, Zhang, Hongzhong, 2020. Re-
sponse of partial nitrification sludge to the single and combined stress of CuO nanoparti-
cles and sulfamethoxazole antibiotic on microbial activity, community and resistance
genes. Sci. Total Environ. 712, 135759. https://doi.org/10.1016/j.scitotenv.2019.
135759.

Zhang, J., Xiang, S., Wu, P., Wang, D., Lu, S., Wang, S., Gong, F., Wei, X.Q., Ye, X., Ding, P.,
2022. Recent advances in performance improvement of metal-organic frameworks to re-
move antibiotics: mechanism and evaluation. Sci. Total Environ. 811, 152351. https://
doi.org/10.1016/j.scitotenv.2021.152351.

Zhao, Y., Jiang, X., 2013. Multiple strategies to activate gold nanoparticles as antibiotics.
Nanoscale 5, 8340–8350. https://doi.org/10.1039/c3nr01990j.

Zhao, X., Zhao, F., Wang, J., Zhong, N., 2017. Biofilm formation and control strategies of
foodborne pathogens: food safety perspectives. RSC Adv. 7, 36670–36683. https://doi.
org/10.1039/c7ra02497e.

Zhou, Y., Kong, Y., Kundu, S., Cirillo, J.D., Liang, H., 2012. Antibacterial activities of gold and
silver nanoparticles against Escherichia coli and Bacillus calmette-Guérin.
J. Nanobiotechnol. 10, 19. https://doi.org/10.1186/1477-3155-10-19.

Zhu, X., Wu, J., Shan, W., Tao, W., Zhao, L., Lim, J.M., D’Ortenzio, M., Karnik, R., Huang, Y.,
Shi, J., Farokhzad, O.C., 2016. Polymeric nanoparticles amenable to simultaneous instal-
lation of exterior targeting and interior therapeutic proteins. Angew. Chem. Int. Ed. 55,
3309–3312. https://doi.org/10.1002/anie.201509183.

Zhu, Y., Liu, X., Hu, Y., Wang, R., Chen, M., Wu, J., Wang, Y., Kang, S., Sun, Y., Zhu, M., 2019.
Behavior, remediation effect and toxicity of nanomaterials in water environments. Envi-
ron. Res. 174, 54–60. https://doi.org/10.1016/j.envres.2019.04.014.

Zuverza-Mena, N., Armendariz, R., Peralta-Videa, J.R., Gardea-Torresdey, J.L., 2016. Effects
of silver nanoparticles on radish sprouts: root growth reduction and modifications in
the nutritional value. Front. Plant Sci. 7, 90. https://doi.org/10.3389/fpls.2016.00090.

https://doi.org/10.1080/1040841X.2020.1782339
https://doi.org/10.1080/1040841X.2020.1782339
https://doi.org/10.1016/j.scitotenv.2012.09.067
https://doi.org/10.1016/j.jphotobiol.2018.12.025
https://doi.org/10.1134/s2079978015030036
https://doi.org/10.1134/s2079978015030036
https://doi.org/10.1128/mmbr.62.2.504-544.1998
https://doi.org/10.1128/mmbr.62.2.504-544.1998
https://doi.org/10.1007/s11051-014-2550-8
https://doi.org/10.1080/21691401.2017.1345930
https://doi.org/10.1051/matecconf/201926805005
https://doi.org/10.1021/sc400174a
https://doi.org/10.1016/j.scitotenv.2013.07.022
https://doi.org/10.1021/sc500021n
https://doi.org/10.1016/j.jhazmat.2020.123226
https://doi.org/10.1016/j.scitotenv.2021.146912
https://doi.org/10.1016/j.scitotenv.2021.146912
https://doi.org/10.1128/JB.182.10.2675-2679.2000
https://doi.org/10.1128/JB.182.10.2675-2679.2000
https://doi.org/10.1016/j.drudis.2014.11.014
https://doi.org/10.1016/j.drudis.2014.11.014
https://doi.org/10.1021/acsnano.0c03697
https://doi.org/10.1021/acsnano.0c03697
https://doi.org/10.1039/c6cs00691d
https://doi.org/10.1007/s11671-008-9174-9
https://doi.org/10.1007/s11671-008-9174-9
https://doi.org/10.1088/1468-6996/16/2/023501
https://doi.org/10.1016/j.scitotenv.2020.144040
https://doi.org/10.1016/j.toxlet.2005.03.003
https://doi.org/10.1016/j.toxlet.2005.03.003
https://doi.org/10.1016/j.biomaterials.2012.06.016
https://doi.org/10.1080/17429145.2017.1310944
https://doi.org/10.1080/17429145.2017.1310944
https://doi.org/10.1007/s10311-017-0666-7
https://doi.org/10.1007/s10311-017-0666-7
https://doi.org/10.1016/j.crbiot.2020.04.002
https://doi.org/10.1016/j.scitotenv.2018.09.312
https://doi.org/10.1016/j.scitotenv.2018.09.312
https://doi.org/10.1016/j.scitotenv.2020.141926
https://doi.org/10.1016/j.scitotenv.2020.141926
https://doi.org/10.1016/j.envres.2020.110089
https://doi.org/10.1016/j.envres.2020.110089
https://doi.org/10.1016/j.scitotenv.2020.144303
https://doi.org/10.2147/IJN.S284134
https://doi.org/10.1126/sciadv.aaz0295
https://doi.org/10.1126/sciadv.aaz0295
https://doi.org/10.1016/j.jconrel.2016.01.008
https://doi.org/10.1016/j.jconrel.2016.01.008
https://doi.org/10.1371/journal.pone.0077436
https://doi.org/10.1371/journal.pone.0077436
https://doi.org/10.1002/adhm.201400299
https://doi.org/10.1002/adhm.201400299
https://doi.org/10.3390/ijms17091534
https://doi.org/10.1016/j.envpol.2020.114508
https://doi.org/10.1016/j.envpol.2020.114508
https://doi.org/10.1016/j.scitotenv.2019.135759
https://doi.org/10.1016/j.scitotenv.2019.135759
https://doi.org/10.1016/j.scitotenv.2021.152351
https://doi.org/10.1016/j.scitotenv.2021.152351
https://doi.org/10.1039/c3nr01990j
https://doi.org/10.1039/c7ra02497e
https://doi.org/10.1039/c7ra02497e
https://doi.org/10.1186/1477-3155-10-19
https://doi.org/10.1002/anie.201509183
https://doi.org/10.1016/j.envres.2019.04.014
https://doi.org/10.3389/fpls.2016.00090

	Safer plant-�based nanoparticles for combating antibiotic resistance in bacteria: A comprehensive review on its potential a...
	1. Introduction
	2. Study design
	3. Plant-based nanoparticles
	4. The multifaceted effects of nanoparticles on antibiotic resistance
	4.1. Interaction of bacteria with nanoparticles
	4.2. Bacterial membrane penetration by nanoparticles
	4.3. Antimicrobial mechanisms of nanoparticles

	5. Nanoparticles in medicine and pharmaceutical industry
	6. Toxicity of nanoparticles toward human health
	7. Environmental safety and quality control
	8. Concluding remarks and future perspectives
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References




