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Abstract

In the past twenty years, scientists worldwide have been taking extreme interest in synthesizing green metallic nanoparticles
(NPs). Various plant based synthesis protocols have been devised and different dimensions of NPs applications have been explored.
Alot of research has already been published on the synthesis of metallic NPs. Currently, scaling up process for the commercialization
of these NPs is at the prime focus. The rapid and cost-effective synthesis of metallic NPs especially, iron oxide nanoparticles (IONPs)
have opened up new avenues. This review article mainly emphasizes on the role of IONPs synthesized using different plant extracts

for diverse nanotechnological applications.
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Introduction

Synthesis of plant mediated metallic nanoparticles especially, iron oxide nanoparticles (IONPs) is currently the most interesting sub-
ject of research. The main advantage of using these IONPs is that they are non toxic, biodegradable and biocompatible [1-5]. Microbe
based IONPs also have the potential to be used for different applications, however the drawbacks are many. Some of the bacterial strains
are very difficult to isolate and cultivate under the artificial laboratory conditions for example, magnetotactic bacteria. Overall, the syn-
thesis of these NPs from bacteria is time consuming, costly and exhaustive. With plant based NPs synthesis method, bulk production of
NPs can be obtained instantly [6-10]. The biomolecules in the plant extract play a superior role as reducing, capping and stabilizing agents
in the reduction of metal ions to NPs [11-13]. This makes the entire process eco-friendly in contrast to the chemical synthesis procedure
which may employ toxic and hazardous chemicals as reducing agents [14,15]. Further, addition of chemical stabilizers can be completely
avoided in green synthesis since the metal ions are in close association with the organic groups which themselves act as stabilizing agents

[16,17]. The binding of plant biomolecules to NPs prevents aggregation and individual NPs with relatively small and uniform sizes can be
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easily obtained. A study on IONPs synthesized with and without Juglans regia green husk extract has highlighted the significance of the
extract compounds in size controlling [18]. The resulting small size, large surface area to volume ratio and high surface energy imparts
excellent physicochemical properties to the IONPs [19]. The NPs surface ultimately becomes vulnerable for functionalization, adsorption

and other nanotechnological applications [20].
Green iron oxide nanoparticles for environmental applications

There are a lot of studies published on the diverse applications of IONPs for environmental bioremediation. One of the major sources of
environmental pollution is the industrial waste effluents [21]. Usage of heavy metals like hexavalent Chromium [Cr(VI)] has great impact
on human health due to its toxicity and carcinogenicity. It persists in the environment and being soluble in soil and water can enter the
food chain causing harmful health effects [22-24]. Several remediation methods are currently being undertaken to convert Cr(VI) to less
harmful Cr(III) form [24]. In one of the methods, IONPs were synthesized using coprecipitation without the incorporation of any plant
extract. D-sorbitol was added to prevent aggregation of NPs formed. These NPs were found to be good adsorbent materials exhibiting high
chemical specificity. The study revealed that electrostatic attraction between IONPs and Cr(VI) ions ultimately lead to the removal of latter
from the wastewaters [25]. More recently, research on iron NPs produced from aqueous extract of Citrus maxima peels (a waste product),
revealed that these cost effective NPs were efficient in removal of Cr(VI) ions from the solution. Further, there was no requirement for
addition of any chemical stabilizers or reducing agents during NPs synthesis [26]. Therefore, it can be inferred that plant based NPs have
paved an eco-friendly way towards the removal of Cr(VI) ions. The extremely small sized IONPs have been found to remove heavy metals
and organic substances very effectively from the contaminated environment [25]. Similarly, other metals such as arsenic (As) were also
found to be easily removed from As-contaminated sources. Magnetite NPs prepared using aqueous extract of Azadirachta indica exhibited
high affinity for As(V) ions suggesting these NPs to be an excellent adsorbent material for its removal [27]. The strong affinity of magnetite
NPs towards As ions could be attributed to the high stability of arsenic-iron bond [28]. Other applications include use of IONPs in textile
industries that release large amount of dyeing effluents in the environment [21]. Plant based iron NPs have promising physicochemical
properties hence they are ideal catalysts in dye degradation reactions. In one of the research works, it has been demonstrated that the
polyphenols contained in Tie Guanyin tea extract act as reducing and capping agents in iron NPs synthesis. The nanocatalyst so formed
was found to possess excellent bromothymol blue degradation potential [29]. Synthesized IONPs from Carica papaya leaf extract have
been reported to carry out photocatalytic degradation of remazol yellow RR dye [30]. The intermediate compounds chlorobenzenes, used
in the synthesis of dyes and pesticides have also been found as contaminants in surface and ground waters. Fenton-like degradation of
one such compound namely, monochlorobenzene (MCB) has been demonstrated in one of the studies. Results indicated that the IONPs
prepared using green tea extract containing mainly polyphenols and caffeine efficiently removed this recalcitrant compound from the
wastewaters [31]. IONPs synthesized from Ocimum tenuiflorum leaf extract were also reported to possess excellent capacity to degrade

two commonly used dyes namely, malachite green and bromothymol blue [32].
Green IONPs as antibacterial and antimicrobial agent

With the overuse of different antibiotics for past several years many of the pathogenic bacterial strains have become antibiotic resis-
tant. Therefore, scientists are examining different plant extracts as they are rich in bioactive chemical components that can act as efficient
antibacterial agents. Several reports have been published revealing the antibacterial potential of IONPs prepared using different plant
extracts. According to one study, the synthesized IONPs using Carica papaya leaf extract were found to exhibit moderate antibacterial ac-
tivity against Klebsiella spp, E. coli, S. aureus and Pseudomonas spp [30]. Musa ornata (banana) flower sheath extract was also used for iron
NPs synthesis. Antibacterial activity was exhibited by these NPs against the most common food borne pathogens and multi drug resistant
bacteria such as S. agalactiae, S. aureus, E. coli and S. enterica [33]. Potent antibacterial activity against Gram positive and moderate activ-

ity against Gram negative bacteria has been reported using green synthesized IONPs from Wrightia tinctoria leaf extract [34].
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IONPs in biomedical applications

IONPs for use in biomedical applications have created a new ray of hope as far as healthcare is concerned. Magnetic induction hyper-
thermia and cancer treatment, magnetic resonance imaging (MRI) contrast agents, drug delivery, tissue repair and cell separation are
some of the important applications where IONPs are in demand. One of the crucial properties of NPs is that they get heated up when
placed in an alternating magnetic field. This makes them suitable for magnetic induction hyperthermia application. Heat has been used
in the treatment of tumours for a long time. Using IONPs especially for cancer treatment is advantageous as the heated magnetic particles
surrounding the tumour site causes destruction of cancer cells under the influence of applied magnetic field [35,36]. Recent reports on
use of IONPs in drug delivery have made it possible to coat NPs surfaces with specific drugs. The coated NPs can be channelled to the
target site with the help of an external magnetic field. Finally, the drug is released upon removal of the applied field. The use of IONPs as
a drug nanocarrier for treatment of human epidermoid carcinoma has been demonstrated. Targeted drug delivery is an important aspect
mainly because it avoids the immense side effects of chemotherapeutic drugs on normal human cells rather than cancerous cells [37-39].
IONPs can also be used as MRI contrast agents to identify healthy and pathological tissues. These NPs help to detect apoptosis, wherein
self destruction of cells within the body takes place leading to several disorders. Detection of this condition at the primary stage could
be very useful in treating the neurodegenerative diseases [40,41]. Magnetic NPs can be employed for repairing tissue damage using stem
cells. The NPs coupled to the stem cells can be transported to the target area within the body along with the necessary growth factors and
other important proteins (bound to these NPs) required for specific tissue development [42]. IONPs have also been used in magnetically
enhanced nucleic acid delivery of viral or non-viral vectors. In this case, the target cells are transfected with magnetic NPs bound to the
vector DNA under the influence of an external magnetic field. This technique called magnetofection is based on the charge of the NPs and
can be used for enhancing specific gene transfer [43,44]. Cellular labelling is an in vivo method for cell separation which can be detected
using MRI. One way of cell labelling is by tagging or attaching a ligand to the NPs surface such that the ligand conjugated NPs can be readily
taken up by the cell via receptor mediated endocytosis [45-47].

Conclusion

Green IONPs are potential candidates for diverse applications in the field of science and nanotechnology. Research on IONPs in the last
two decades has been extremely important in standardizing methods for their synthesis using various plant extracts and characterization.
The main advantage in use of these NPs is due to their intrinsic ability to get attracted to a magnet which makes the overall recovery pro-
cess simple and cost effective. The NPs can be moved to the desired location by applying an external magnetic field. The next step would be
to elucidate different ways in order to scale-up the production of these NPs. It is time to bring this research to use and explore the diverse
possibilities of IONPs for multiple applications, especially in the biomedical field. There is an instant need to improve and engineer IONPs
for developing patient-friendly diagnostic procedures. This work was therefore focussed on highlighting the different nanotechnological

applications of IONPs that can be immediately considered for large-scale production.
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