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Chapter 13
Phyto-fabricated Metal Oxide 
Nanoparticles as Promising Antibacterial 
Agents

Mallikharjuna Reddy Bogala

13.1  Background

Nanoparticles (NPs) or nanomaterials are small size (1–100 nm) materials of differ-
ent shapes and they exhibit many interesting physicochemical characteristics 
because of high surface area per unit volume and quantum confinement effect (Chen 
et al. 2018). Usually, NPs are made from pure elements such as carbon, metals (Au, 
Ag, Cu, Fe, Pd, Pt, and Zn), and from metal oxides like Ag2O, CuO, CeO2, FeO, 
NiO, TiO2, and ZnO. Many biological functions of the metal NPs and metal oxide 
NPs are directly related to their diverse chemistry and some of them include: anti-
bacterial, anticancer, antifungal, anti-inflammatory antioxidant, antiparasitic, and 
antiviral activities (Teow et al. 2018; Cagno et al. 2018). As shown in Fig. 13.1, NPs 
can be synthesized using several physical, chemical and biological methods (Teow 
et al. 2018).

Examples include (a) physical methods (cathodic arc or physical vapor deposi-
tion, ion etching or suttering, thin film deposition, melt blending), (b) chemical 
methods (co-precipitation, photoinduced reduction, UV-initiated photoreduction, 
sol-gel, microemulsions, sonochemical) (c) biological methods (fabrication from 
plants, microbes, eukaryotes, yeasts, molds, enzymes, Metazoas, biological waste), 
and (d) hybrid methods (Teow et al. 2018; Ali et al. 2020; Saratale et al. 2018).

All these fabrication methods have both advantages and disadvantages; there-
fore, the selection of synthesis method is mainly dependent on the intended bio-
medical applications. The broad range of physical and chemical properties of NPs 
allows them to exhibit variety of biological tasks. The NPs are very adaptable and 
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can be used in several biomedical applications. NPs play a very critical role in bio-
medical studies, as new biomaterials with improved performance and low toxicity, 
their necessity is steadily increasing in recent years. Because of low dimensions and 
better cell-permeating ability, nanoparticles are used in several biomedical engi-
neering like bio-sensing, medical-imaging, disease recognition, delivery of pharma-
ceuticals, bio-coupling, heat stroke, and physiological therapeutics (Teow et  al. 
2018; Han et al. 2019). Recently, NPs have been extensively used in sensing and 
imaging applications, primarily because of their extraordinary localization ability in 
therapies (Han et al. 2019). Other benefits of nanoparticles are versatility in surface 
alteration, facile size regulation, and generation of considerably diminishable 
nanoparticles for in  vivo therapeutics (Teow et  al. 2018; Zhu et  al. 2018). 
Furthermore, nanoparticles are used in bio-coupling and by conjugating with phar-
maceuticals, they ease the targeted drug delivery process.

Detailed chemistry underlying bio-coupling of several pharmaceuticals and 
nanoparticles have been reported by Wadhawan et  al. (2019). Also, the authors 
explained the application of NPs in drug delivery system for targeted therapies. The 
possible utilization of nanoparticles in heat stroke treatment is mostly to kill the 
tumor cells (Liu et al. 2020). With magnetic NPs, hyperthermia can be cured by 
targeting and killing the specific cancerous cells, while minimizing the damage to 
the healthy tissues (Jose et al. 2020; Shakil et al. 2019). Hence, NPs have a very 
crucial role in medical and biomedical research. Several investigations have been 
made in assessing the antibacterial properties of NPs. The potential antibacterial 
outcomes revealed by NPs emphasize the necessity to develop them into next gen-
eration antibacterial agents. In addition to cancer treatment, NPs are effective 
against diseases caused by Escherichia coli and Pseudomonas aeruginosa infec-
tions (Happy et al. 2019; Liao et al. 2019).

Fig. 13.1 A schematic of synthesis methods and biomedical applications of nanoparticles
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The exclusive properties of metal NPs (or MNPs) and metal oxide NPs (or 
MONPs) such as huge area, excellent elastic modulus, stability, high melting tem-
perature makes them suitable for clinical applications like therapy, drug delivery, 
biosensors, anti-biofilms, biomedical imaging and infections (Teow et  al. 2018; 
Khatami et al. 2018). Hydrophilic and hydrophobic properties of NPs make them 
appropriate for drug delivery applications (Fratoddi 2018).

MONPs can be synthesized by various physicochemical processes (Fig. 13.1). 
But, requirement of intensive power, complicated equipment, huge cost, less pro-
ductivity, etc., are limitations of the physical methods (Jamkhande et al. 2019). The 
chemical methods for synthesis of MONPs are inexpensive, provides good product 
yield, and do not need complex experimental instrumentation (Akbari et al. 2018). 
Nevertheless, chemical methods make use of volatile and toxic chemical reagents 
(like aromatic amines, thiols, sodium borohydrate and hydrazine) that are very 
harmful, causes air pollution and also are non-ecofriendly in nature (Teow et al. 
2018; Jamkhande et al. 2019; Wu and Tang 2018). Researchers are developing novel 
fabrication methods of MONPs that are sustainable and eco-friendly in nature 
(Singh et al. 2018). Therefore, the green nanotechnology protocols for fabrication 
of MONPs are gaining importance. The present study gives recent updates on anti-
bacterial effects of MONPs fabricated from plants using green nanotechnology. 
Underlying challenges in developing MONPs as antibacterial agents in clinics, 
applications, and future prospective are also discussed.

13.2  Phyto-fabrication of MONPs

13.2.1  Green Nanotechnology

There are different methods to synthesize MONPs and every procedure has impor-
tant inference on the biological role of MONPs (Fig. 13.1). Among all the available 
nanoparticle synthesis methods, MONPs produced from green nanotechnology 
methods are less toxic, inexpensive, and efficient. These procedures are specifically 
appropriate for biomedical research. In general, fabrication of MONPs using bio-
logical methods has additional advantages, while compared to their synthesis using 
physicochemical processes. The biological methods for the synthesis of NPs are 
facile, efficient, simple to step-up (manufacture), and they require less power con-
sumption (Teow et al. 2018).

The “greener” nanotechnology methods are sustainable and they employ non-
hazardous reagents and produces environmentally harmless substances (Singh et al. 
2018; El Shafey 2020). The developed green nanotechnology methods are appropri-
ate and can be useful for the production of a wider range of biomedical products like 
pharmaceuticals, food, and cosmetics (Teow et al. 2018; El Shafey 2020; Soni et al. 
2018). Relatively, chemical and physical methods are expensive and frequently 
employ hazardous and toxic chemicals that are more harmful to human cells. 
Moreover, the green nanotechnology methods do not rigorously need more energy, 
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high pressure, and temperature conditions for the preparation of MONPs (Teow 
et  al. 2018). Nevertheless, parameters like chemical concentration, pH, reaction 
time, and temperature are very crucial for constant production of biologically 
important MONPs (El Shafey 2020; Hasan et al. 2018). Moreover, fabrication of 
MONPs from the plants does not require other maintenance costs like for growth of 
microbial culture and thus, reduces the unnecessary costs for isolation of microor-
ganisms and preparation of microbial culture media (El Shafey 2020). As shown in 
Table 13.1, majority of MONPs obtained from plants have sizes <100 nm. Some 
larger size particles (100–500 nm) are also observed (Teow et al. 2018; Thatoi et al. 
2016; Tippayawat et al. 2016). The phyto-fabricated nanoparticles are nontoxic to 
many cells like HEK293 (human embryonic kidney), NIH3T3 (mouse embryonic 
fibroblast), VSMCs (rat aortic vascular smooth muscle cells), and PBMCs (periph-
eral blood mononuclear cells).

13.2.2  MONPs Synthesis from Plants

MONPs fabrication from plants is effective in achieving high productivity, while 
compared to their production from other biological sources like fungi and microbes. 
Plants have many biochemicals (like polyphenols) and metabolites, which can func-
tion as reducing and stabilizing agents during the production of biogenic MONPs. 
As shown in Fig. 13.2, phyto-fabrication of MONPs is simple, economical, and eco-
friendly, thus prohibiting the use of harmful chemicals (Singh et al. 2020). MONPs 
obtained from the plant extracts were found to be relatively stable, while compared 
to those obtained from fungal and microbial extracts. Phyto-fabrication of MONPs 
is broadly categorized into (a) within cell synthesis, (b) extracellular generation, and 
(c) fabrication using plant chemicals. Intracellular synthesis of MONPs occurs 
within the cells of plant tissues via specific enzymes present in the cells.

After the synthesis, the MONPs are recovered upon rupture of plant cell mem-
branes. Other methods that use plant-based extracts as raw materials are preferred 
over the intracellular synthesis methods for production of MONPs. Fabrication of 
MONPs from the plant extracts is moderately cheaper process and it often gives 
higher yields because of the availability of significant quantities of plant chemicals 
in the extracts, which reduces or stabilizes the oxidation state of metal in MNPs 
(Mohammadinejad et  al. 2019). Plant chemicals dependent fabrication of metal- 
based nanoparticles is difficult because of involvement of specific phytochemicals 
required for producing stable nanoparticles (Dauthal and Mukhopadhyay 2016). 
Spherical silver nanoparticles were fabricated using the leaf extracts from 
Azadirachta indica by Ahmed et al. (2016a, b). These investigations revealed that 
the extracts containing phytochemicals and bioflavonoids function like stabilizing 
and reducing agents during the production of silver nanoparticles. They showed 
high potential to be used as antimicrobial agents. Gold nanoparticles were obtained 
from the extracts of Morinda citrifolia roots that also exhibited antipathogenic 
activity (Suman et al. 2014).
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Table 13.1 Phyto-fabricated (MONPs) and their antibacterial effects (Teow et al. 2018)

MONPs

Particle 
length 
(nm)

Plant 
part

Scientific 
nomenclature

Common 
nomenclature Bacteria type Reference

Ag2O ~43 Root F. benghalensis Banyan S. mutans Manikandan 
et al. (2017)

Ag/Ag2O 8–21 Leaf E. odoratum Christmas 
bush

E. coli, S. typhi, S. 
aureus, B. subtilis

Elemike 
et al. (2017)

Ag-MnO2 5–40 Leaf C. pepo Summer 
squash

E. coli, S. aureus, 
L. monocytogenes, 
B. cereus, S. typhi, 
S. enterica

Ahmed et al. 
(2016a, b)

CeO2 24 Leaf O. europaea Olive E. coli, S. aureus, 
K. pneumonia, P. 
aeruginosa

Maqbool 
et al. (2016)

45 Peel M. oleifera Horseradish E. coli, S. aureus Surendra and 
Roopan 
(2016)

Ce2O3 8–11 Crude E. 
amygdaloides

Wood spurge P. acidilactici Nadaroglu 
et al. (2017)

CuO 30–223 Leaf S. rosmarinus Keliab E. coli, S. aureus Rezaie et al. 
(2017)

FeO – Peel P. granatum Pomegranate P. aeruginosa Irshad et al. 
(2017)

NiO 10–20 Leaf E. globulus Blue glum E. coli, S. aureus, 
MRSA, P. 
aeruginosa

Saleem et al. 
(2017)

~10 Crude M. oleifera Drumstick S. pneumonia, E. 
hermannii, E. coli, 
S. aureus

Ezhilarasi 
et al. (2016)

ZnO 27–85 Pulp 
seed 
and 
fruit

C. colocynthis 
L.

Schrad MRSA, P. 
aeruginosa, E. 
coli, B. subtilis

Azizi et al. 
(2017)

– Leaf L. 
leschenaultiana

Lobelia P. aeruginosa, S. 
sonnei, P. vulgaris, 
V. 
parahaemolyticus

Banumathi 
et al. (2017)

50 Fruit R. canina Dog rose E. coli, L. 
monocytogenes, P. 
aeruginosa

Jafarirad 
et al. (2016)

400–
500

Leaf S. apetala Sonneratia 
mangrove

S. flexneri Thatoi et al. 
(2016)

~47 Leaf L. nobilis Bay tree S. aureus, P. 
aeruginosa

Vijayakumar 
et al. (2016)

~20 Leaf P. × yedoensis Yoshino 
cherry

B. linens, S. 
epidermidis

Velmurugan 
et al. (2016)
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13.2.3  Purification of MONPs

After phyto-fabrication, appropriate purification of biocompatible MONPs is 
required prior to their utilizing in biomedical engineering research. For many years, 
centrifugation techniques have been used to isolate MONPs because of easy and 
fast operation steps. Hence, multiple washings and high-speed centrifugations are 
employed to separate and purify biologically synthesized metal-based NPs and to 
remove any unreacted bioactive molecules from the products (Dauthal and 
Mukhopadhyay 2016). But, the centrifugation method have some limitations like 
the centrifugation step can often result in agglomeration of MONPs and destabiliza-
tion of MONPs because of detachment of inert agents from the MONPs surface, 
thus changing the  MONPs inherent properties. Alternatively, dialysis technique 
uses suitable cutoff membrane for separation of MONPs. Dialysis membrane sepa-
rates mixture of molecules present in the plant extracts by selectively retaining 
larger biomolecules inside the membrane and expelling the smaller unwanted bio-
molecules out of the membrane. The larger biomolecules that act as inert agents on 
the surface of MONPs are coupled tightly with them. Later, MONPs are collected 
from the dialysis bag during the washing step. Dialysis purification process usually 
requires a day (time consuming) to isolate the MONPs from the plant extracts. But, 
the diafiltration technique cannot be employed for MONPs because of their aqueous 
insolubility. MONPs such as Fe2O3 and Fe3O4 can be detached simply by using the 

Fig. 13.2 A depiction of phyto-fabrication process and antibacterial mechanisms of nanoparticles
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field of magnet  (physical method). But, eliminating chemically bound molecules 
from the MONPs surface is another key task that needs significant knowledge of 
chemistry.

13.2.4  MONPs Processing Parameters

Considerable number of research works is being carried out globally to investigate 
the effect of temperature on phyto-fabrication of MONPs. Temperature is the single 
most controlling factor that influences the size, morphology and shape of the 
MONPs and the rate at which they are synthesized. The different shapes (octahedral 
platelets, triangular, rod-like, and spherical structures), change in the size and reac-
tion time for MONPs preparation are related to the temperature. With the increase 
in temperature, a simultaneous rise in rate of the reaction is observed and formation 
of nucleation centers of NPs is observed (Sneha et al. 2010). Acidity or basicity of 
the reactant mixture is critical in phyto-fabrication of MONPs. It influences the 
creation of seeding centers for growth of MONPs. With the increase in pH, an 
instantaneous growth in centers for nucleation process was noticed, thus improving 
the metal-based NPs formation. The pH takes a vital role in regulating the morphol-
ogy and size of the MONPs. In addition to temperature and pH, reaction time is 
another major factor that affects the morphology of MONPs. The role of the time on 
dimensions of pure zinc oxide and cerium-doped zinc oxide particles was investi-
gated by Flor et al. (2004). The authors reported that the particle size rises linearly 
with the reaction time. Also, the authors observed that the size of cerium-doped 
ZnO particles is relatively larger than the size of ZnO particles for a given constant 
reaction time.

13.3  Antibacterial Behavior of MONPs

13.3.1  MONPs Antibacterial Activities

MONPs fabricated from plants illustrated bactericidal properties and have greater 
prospective for becoming next generation antibacterial agents, primarily because of 
their low toxicity (Gupta et al. 2017). Earlier reports indicates that NPs inhibit gram-
positive bacteria like Bacillus spp., Streptococcus spp. and Staphylococcus spp. and 
gram-negative bacteria like Escherichia spp., Proteus spp., Salmonella spp., Vibrio 
spp., Shigella spp., and Pseudomonas spp. (Teow et  al. 2018; Singh et  al. 2020; 
Kanjikar et al. 2018; Manikandan et al. 2017; Vijayakumar et al. 2016; Banumathi 
et  al. 2017). In addition, NPs inhibit antibiotic-resistant bacteria like anti-drug 
MRSA and E. coli (Teow et al. 2018; Jadhav et al. 2016; Azizi et al. 2017). Table 13.1 
summarizes the  bactericidal nature of MONPs, data obtained from literature 
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(PubMed journal directory) published during 2016–2017 (Teow et al. 2018). About 
107 articles was found using the online literature search engine (NCBI database) 
with the input words like green synthesis, nanoparticles, plants, and antibacterial 
(NCBI 2018; Teow et al. 2018). Among the 107 searched articles, 17 papers were 
eliminated because of their irrelevant data for the current book chapter, which com-
prised of reports, retracted articles and non-phyto related nanoparticles information. 
About 90 articles are considered for the present study, with the relevant data of clas-
sified MONPs is listed in Table 13.1 (Teow et al. 2018). Because of many fabrica-
tion techniques for producing MONPs (Fig. 13.1), the phytosynthesis source of the 
MONPs (Table 13.1) differs with the type of metal oxide, although they are obtained 
from same common precursor i.e., plant extracts. In general, extensively studied 
nanoparticles include silver, gold, transition metals based MNPs or MONPs and 
their composites. Transition metals are anticipated to be the ideal candidates for the 
synthesis of metal-based nanoparticles because they possess partially filled d-orbit-
als that makes them redox-active (cations are reduced to zero valence states), a qual-
ity that assists aggregation of MONPs (Sánchez-López et al. 2020).

From Table 13.1, MONPs have the size of less than 100 nm except for a couple 
of them (Teow et al. 2018; Thatoi et al. 2016; Rezaie et al. 2017). Irrelevant of the 
MONPs type, majority of them were exclusively obtained from the leaf extracts, 
except in few cases from other plant sources like fruits, seeds, crude, etc. Table 13.2 
presents bacteria (gram +ve and gram −ve) that are targeted using different MONPs 
along with the number of bacteria-related research articles (Teow et al. 2018). Gram 
−ve bacteria considered for current study include Escherichia coli and Pseudomonas 
aeruginosa, while gram +ve bacteria investigated include B. subtilis, B. cereus and 
S. aureus. Relatively, gram −ve bacteria are affected by metal-based NPs in com-
parison to gram +ve bacteria. Metal-based nanoparticles act as antibacterial agents 
because they can efficiently penetrate gram −ve bacteria cell membrane (well- 
known for impermeable multilayered cell surface) and kill them (Zgurskaya et al. 
2015). Recently, the potential of AgNPs in killing K. pneumonia was demonstrated 
by Acharya et al. (2018).

Scanning electron microscopy (SEM) images of K. pneumonia after treating 
with Ag NPs illustrate the disruption caused by the Ag NPs to the cell surfaces and 
resulted in cell death. Figure 13.3a shows the FESEM image of untreated and intact 
K. pneumonia cells. After treatment with Ag NPs, the FESEM image of Fig. 13.3b 
clearly shows the disruption (black arrows) caused by Ag NPs to the K. pneumonia 
cell surfaces. Also, in another study, the SEM images showed disruption/lysis of 
cell surface by AgNPs and outflow of the cellular fluids of Escherichia coli and their 
random distribution into different regions (Das et al. 2017). Previous reports reveal 
that metal-based NPs can be improved as antibacterial agents against skin infec-
tion–linked bacteria (S. aureus) and gut-associated bacteria (P. aeruginosa, E. coli, 
K. pneumoniae, S. typhi, S. flexneri, and B. cereus). Silver nanoparticles are most 
effective against the skin bacterial infection (S. epidermidis and S. aureus) and the 
gut-associated bacteria. Au NPs are efficient in killing S. aureus and E. coli. Some 
metal-based NPs are efficient against specific type of bacteria, like ZnO NPs are 
efficient against S. aureus and P. aeruginosa.
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13.3.2  MONPs-Based Antibiotics

In addition, phyto-fabricated metal-based NPs can deliver drugs or antibacterial 
compounds in cells as nanoemulsions and by via bioconjugation, thus symbiotically 
improving bactericidal results (Pagar and Darekar 2019; Wadhawan et al. 2019). Ag 

Table 13.2 Effect of phyto-fabricated MONPs on bacteria type (Teow et al. 2018)

Bacteria type
Metal oxide (MxOy) nanoparticles
Ag2O CeO2 Ce2O3 CuO FeO NiO ZnO

Gram-negative species
E. hermannii … … … … … 1 …
E. coli … 2 … 1 … 2 2
P. aeruginosa … 1 … … 1 1 4
P. vulgaris … … … … … … 1
K. pneumoniae … 1 … … … … …
S. flexneri … … … … … … 1
Lactobacilli sp. 1 … … … … … …
V. parahaemolyticus … … … … … … 1
S. sonnei … … … … … … 1
Gram-positive species
S. mutans 1 … … … … … …
S. aureus … 2 … 1 … 2 1
S. epidermidis … … … … … … 1
Methicillin-resistant S. aureus … … … … … 1 1
B. linens … … … … … … 1
S. pneumonia … … … … … 1 …
P. acidilactici … … 1 … … … …
B. subtilis … … … … … … 1
L. monocytogenes … … … … … … 1

Fig. 13.3 FESEM images of (a) untreated and (b) Ag NPs treated K. pneumoniae cells. (Adapted 
from Acharya et al. 2018)
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NPs fabricated using plant extracts resulted in killings of food borne pathogenic 
bacteria, while they were used in association with other antibiotics (Thatoi et al. 
2016). Au NPs improve the Amoxicillin killings of gram +ve bacteria (Bacillus and 
Staphylococcus) and gram +ve bacteria (Escherichia coli) (Kalita et al. 2016). The 
metal-based NPs reversed the progress of resistance induced from antibiotics via 
death of MRSA bacteria using mice MRSA disease prototypes (Kalita et al. 2016). 
Figure 13.4 shows a schematic of the timeline for the development of antibiotics in 
treatment of different bacterial infections and subsequent timeline for the develop-
ment of resistance by the bacteria to the antibiotics (Sánchez-López et al. 2020).

13.3.3  MONPs Antibacterial Mechanism

The exact controlling mechanisms of metal-based NPs synergism with antibiotics 
still remain unknown. Some possibilities include: (a) production of bactericidal 
hydroxyl radicals by the NPs, (b) generation of more bactericidal metal ions by the 
NPs, and (c) efficient blocking of the flow for killings of drug-resistant bacteria 
(Gupta et al. 2017; Deng et al. 2016; Hwang et al. 2012). Other possible antibacte-
rial effects of metal-based NPs include: (a) facilitation of columbic attraction (+ve 
nanoparticles and −ve bacteria), (b) many nanoparticles binding to the surface of 
bacteria that stops respiration and permeability-related processes, (c) damage or 
breakage of bacterial genes after effective penetration of the NPs into the cells, and 
(d) degradation and/or inactivation of vital proteins present in the bacteria 
(Manikandan et al. 2017; Reidy et al. 2013; Guzman et al. 2012). Ag NPs enter 
bacterial cells and results in considerable damage to DNA via interacting with phos-
phorus- and sulfur-containing molecules (Swamy et al. 2015; Ramesh et al. 2015). 
Also, Ag NPs release Ag+ ions and radicals in bacteria cells. They are very reactive 

Fig. 13.4 A timeline showing development of antibiotics and bacterial resistance to antibiotics
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enough to cause antibacterial effects (Ovington 2004). The Ag+ ions in association 
with sulfur-rich proteins of bacteria surface result many damages to cells (Reidy 
et al. 2013). Ag nanoparticles deactivate enzymes present in bacteria and produce 
harmful substance (H2O2) that causes killings of the bacteria (Raffi et al. 2008).

13.3.4  MONPs-ROS Induced Cell Damage

The precise mechanism of metal-based nanoparticles against bacteria is still not 
fully understood and several investigations are being carried out across the globe. 
Scientists have revealed that metal-based nanoparticles can induce harmful effects 
by disrupting the outside surface of bacteria cells (Fig. 13.3). Silver nanoparticles 
create dents and cracks on the outer cell layers of bacteria and eject charged species 
that promote interaction of sulfhydryl/disulfide moieties of proteins and charged 
species, thus resulting in disturbance of metabolic pathway and ultimately leading 
to the bacterial cell death (Kailasa et al. 2019). As shown in Fig. 13.2, metal oxide 
nanoparticles generate reactive oxygen species (ROS), which stimulates oxidative 
stress inside bacteria cells and causes the cell death in bacteria (Dizaj et al. 2014). 
Ag NPs synthesized using green nanotechnology kills drug-resistant bacteria 
through ROS mediated damage of bacterial cell membrane (Das et al. 2017). ZnO 
NPs enhances the ROS production on the surface of bacterial cell membrane, thus 
resulting in the malfunction of the membrane and finally leading to the death of 
bacterial cells (Santhoshkumar et al. 2017). Similarly, examination of the mechanis-
tic aspects of stress induced from reactive oxygen species production due to treat-
ment of bacteria with titania nanoparticles was done by Allahverdiyev et al. (2011). 
The ROS production induced by TiO2 NPs can result in lipid peroxidation, which 
further influences the integrity and fluidity of bacterial cell membrane. The toxic 
and inhibitory effects of MONPs against different bacteria depend on the concentra-
tion of ejected charged species inside the cells by MONPs. The concentration of 
charged species increases with the amount of ROS that is generated within the cells.

The precise cell signaling mechanism mediated via MONPs for their bactericidal 
role is unknown. But, metal-based NPs stimulate two different pathways in exhibit-
ing the bactericidal influence; producing charged species (by MNPs) and ROS (by 
MONPs), as shown in Fig. 13.2. The freed ROS/charged species via oxidation cause 
harm to cell surface, lipids, or nucleic acids (Sintubin et al. 2011). During MONPs 
fabrication, the reactive compounds present in the microbial and plant extracts can 
also reduce them (Gautam et al. 2019). These molecules give high stability to the 
phyto-fabricated MONPs and also attach diverse functional moieties on to the 
MONPs surface. The moieties facilitate chemical bonding and provide specific 
regions that enhance MNPs-cell physical interaction, which is required for bacteri-
cidal activity (Baker et al. 2017). Growth of resistance to antibiotics by bacteria is 
the main problem of research for the scientists (Sánchez-López et  al. 2020). In 
another work, zinc oxide nanoparticles based antibiotics was found to efficiently 
kill MRSA therapeutical segregates (Ali et al. 2016).
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13.4  Applications of Antibacterial MONPs

To date, EMA and FDA have approved many metal-based NPs for different clinical 
studies that include cure of anemia (Vifor-based Fe-substitute treatment), imaging 
(Resovist), delivery of anticancer drugs (Mepact and Onivyde), fungal infection 
(AmBisome), vaccines for viral diseases like hepatitis A (Epaval), influenza (Inflexal 
V) and many others are in pipeline (Carnevale and Ko 2016; Bovier 2008; Herzog 
et al. 2009; Rivnay et al. 2019). But, none of these approved metal-based NPs are 
utilized for the treatment of bacterial infections. At present, only one liposomal NP 
formulation (CAL02) is going through clinical trials for the treatment of bacterial 
pneumonia (Anselmo and Mitragotri 2019).

13.4.1  Challenges for Antibacterial MONPs

Several challenges exist during the development of MONPs into antibacterial agents 
that are clinically tested and approved by EMA and/or FDA. Table 13.3 summarizes 
several limitations and challenges of using phyto-fabricated MONPs as antibacte-
rial agents. Certainly, the nanoscale dimensions of metal-based NPs assist them in 
penetrating through the cell membrane and even in crossing of the blood–brain bar-
rier (BBB) (Nowak et al. 2020; Tosi et al. 2020). This improves the biological activ-
ity and target specificity of the MONPs. But, the small size of the MONPs can often 
be a challenge during the clinical studies.

Metal-based NPs have shorter life time, low stability, and poor bioavailability 
under biological conditions of host cells (Schubert and Chanana 2019). Several 
enzymes and proteins present in the human blood attacks the MNPs and degrade 
them before they reach to the intended target cells (Bondarenko et al. 2020; Jain 
et al. 2018). To counter this drawback, various strategies to modify the MNPs have 
been implemented like alteration of MNPs surface chemistry, production of stable 
nanoemulsions of MNPs, conjugation of the MNPs with protein stabilizer (serum 
albumin), functionalization and improvements of the combined nanoparticles (Pagar 
and Darekar 2019; Guo et al. 2020; Ling et al. 2019). Moreover, the morphology 
and shape of the MNPs play a crucial role in their toxicity and biological actions 
against the bacteria (Teow et al. 2018; Ling et al. 2019). Certain nanoparticles com-
bine together and form aggregates due to their surface chemistry. As a result, unnec-
essary harmfulness to the healthy cells and also considerable reduction in entrance 
of metal-based nanoparticles into the intended cells can be observed (Enea et al. 
2019). Lethality accounts for many characteristics of metal-based nanoparticles 
(chemistry, stability, retention rate, specificity, and biodistribution), target cells and 
method of their administration (Enea et al. 2019).
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13.4.2  Challenges in MONPs Production

As listed in Table 13.3, numerous setbacks exist during the production of MONPs 
for biomedical application (Teow et  al. 2018). Because the biological roles of 
MONPs vastly rely on their size, shape, cell-permeability, physical and chemical 
properties, fabrication of MONPs at industrial scale must firmly stick to the tightly- 
regulated, reliable, and repeatable SOPs and GMPs. An additional challenge to 
MONPs research is the heterogeneous nature of several bacterial infections in 
humans. MONPs therapeutic studies on diseased patients are complex, since diverse 
patients have different immunological response although they have been infected 
from the same common bacterial source. Considering the huge list of potential 

Table 13.3 Phyto-fabricated metal oxide nanoparticles and their antibacterial effects

Source type and 
factors Challenges in developing MONPs as antibacterial agents

Structural

Size Small size of MONPs improves their penetration into bacterial cells, however 
they may possess low bioavailability or stability

Shape Specific shape of MONPs may enhance their biological role because the total 
surface area exposed is high and surface area is a shape dependent property

Aggregation MONPs that participate in aggregate formation increases the total particle 
size, thus restricting their cell penetration and enhance the cell harmfulness

Physiological

Distribution Low diffusion of MONPs because of limited cell permeation (skin barrier)
Availability Low bioavailability of MONPs results in quick loss of antibacterial activity
Specificity Good MONPs specificity permit low off-intended actions and they are 

efficient
Approval Better withhold of MONPs guarantees good efficacy and easy clinical 

approval
Toxicity MONPs agglomeration cause harm to healthy cells
Technological

Diversity Heterogeneous nature of disease may cause difficulties in its cure
Step-up Reforming of MONPs fabrication process and scale-up of manufacturing 

uniform sized and non-aggregate MONPs in regulated and reproducible 
mode

Productivity Synthesis of MONPs is multistep, difficult and do not allows optimization of 
high-throughput process

Forecast Prediction of MONPs effectiveness in clinical trials using computer models 
is a very challenging task

Industrial

Quantity Bulk production may result nonuniform size and physical and chemical 
properties of MONPs

Processing Consistency and reproducibility of industrialized processes requires latest 
instrumentation and nanotechnology

Quality Constant production of highly uniform, good quality, and functional MONPs
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MONPs, the demand for clinical laboratory testing facility that involves immense 
performance operation for physiological sorting out of the candidate MONPs also 
raises proportionately. This is directly related to the automation of the processes that 
permits cost-efficient production of MONPs, modeling and computing technologies 
that would assess the toxicities or efficacies of MONPs on the intended cells. 
Developments of immense performance computation as well as screening strategies 
certainly further metal oxide nanoparticles usage in biomedical research.

13.5  Conclusions and Future Outlook

The current book chapter presents the  new developments of phyto-fabricated 
nanoparticles that act as potential antibacterial agents. The MONPs obtained using 
green nanotechnology methods are promising as next generation antibacterial 
agents and they are cable of synergistically improving the efficiency of the antibiot-
ics. Although the precise controlling mechanism(s) remain still unidentified, a con-
siderable research is in progress to introduce potential antibacterial MONPs in 
therapeutic trials. Knowledge on antibacterial mechanisms of metal-based NPs is 
very crucial in controlling and overcoming the growing concern of bacterial resis-
tance to the MONPs. As outlined, several drawbacks and impending challenges 
have to be surmounted to maximize the usage of MONPs in clinical research. 
Biological properties such as homogeneity, specificity, stability, and toxicity of 
MONPs are the primary controlling factors that decide the MONPs scope in thera-
peutic trials. Considering the manufacturing aspects, growth of green nanotechnol-
ogy techniques and equipments are critical for manufacturing MONPs at industrial 
scale amounts for the clinical purposes. New advancements in nanotechnology and 
biotechnology are expected to further the usage of phyto-fabricated metal oxide- 
based nanoparticles as antibacterial agents in clinical and biomedical industries. 
Very few reports exist on green nanotechnology that uses plants as a chief source for 
the production of MONPs. In this study, brief background on green nanotechnology 
methods for the phyto-fabrication of MONPs, the controlling antibacterial mecha-
nisms of MONPs, challenges in the development and future prospective of MONPs 
as antibacterial agents were discussed.
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