












UN
CO

RR
EC

TE
D

PR
OO

FARE CRISPR/CAS9 AND RNA
INTERFERENCE-BASED NEW
TECHNOLOGIES TO RELOCATE
CROP PESTICIDES?

4
Md Salman Hyder1, Sayan Deb Dutta2, Keya Ganguly2, Ki-Taek Lim2

Department of Botany, Kalyani Mahavidyalaya, City Centre Complex, Nadia, India.1 Department of Biosystems
Engineering, Kangwon National University, Chuncheon, Republic of Korea.2

4.1 INTRODUCTION
Pests are the primary cause of the huge destruction of crops worldwide. Insects, plants, bacteria, fungi,
weeds, molluscs, birds, mammals, fish, nematodes (roundworms), and other organisms which has eco-
nomic impacts on crops and compete with humans for food that may be considered as pests (Dayan et
al., 2009; Yadav et al., 2015). Pesticides are the only apparent measures to ensure food safety and crop
protection, which in turn increase food productivity (McClung, 2014). According to Jeyaratnam, 1990,
pesticides are any substance or can be a mixture of various substances having the properties to kill,
prevent, or destruct any pest. As pesticide is a general term, it must be classified into various groups
for detailed studies. Pesticides can be classified in various ways. Pesticides may be classified by their
mode of entry, composition, or type of pests they killed (Drum, 1980). Based on the mode of entry,
the pesticides may be classified as systemic, contact, stomach poisons, fumigants, and repellents. Sys-
temic fungicides are those which can be transported to the untreated parts of crops via conducting tis-
sue (Buchel, 1983). On the other hand, nonsystemic or contact pesticides act via direct interaction with
the pests and do not translocate to other parts of crops. Fumigants can kill the pest by vaporization.
Moreover, a repellent does not kill but destruct the pests (Yadav and Devi, 2017).

Pesticides also classified as herbicides, insecticides, fungicides, rodenticides, molluscicides, and
nematicides based on organisms they kill (Agrawal et al., 2010). Pesticides also classified by their
chemical composition. Excessive and worldwide use of pesticides harms nontargeted organisms, the
environment as well as on human beings. The pesticides may be volatized after use and affect other
organisms (Majewski and Capel, 1995). Herbicides may be washed off from crop fields and incorpo-
rate in the aquatic ecosystem and kill herbs, which lowers the productivity of oxygen in the aquatic
body and imparts overall effect on aquatic organisms (Helfrich et al., 2009). Pesticides may also
reach and contaminate groundwater (Pesticides in Groundwater, 2014). Humans can also be affected
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by pesticides. Each year, about 3,000,000 cases of pesticide poisoning and 220,000 deaths have been
reported worldwide (Lah, 2011).

In most cases, humans are affected by the consumption of pesticides contaminated foods (Hayo
and Werf, 1996). The effect of pesticides in humans includes various physiological and mental disor-
ders (Lah, 2011), damages the immune system (Culliney et al., 1992), etc. The relationship between
pesticides and Parkinson’s disease and Alzheimer’s disease was also established (Casida and Durkin,
2013). The deleterious effect of pesticides is of great concern over the past few decades. The first so-
lution regarding the lousy effect of chemical pesticides is the use of biopesticides. The principal of
biopesticides is the use of living organisms to reduce the population of other harmful organisms or
pests (Bale et al., 2008). Biopesticides are developed by various biocontrol organisms, which can be
fungi, bacteria, viruses, nematodes, predatory parasites, insects, mites, etc., and also may be developed
by the natural product isolated from them which are helpful in protection of plants or animals (Bettiol,
2011). The search for new techniques for plant pest management is a prime concern from time to time.
Generally, pest management also depends on the resistance power of crop, so the incensement of re-
sistance power with new techniques is always a new concern. The use of RNA interference (RNAi) to
control pests is of a new concern over the past few years. In plants, the double-strand RNA (dsRNA)
is processed by several enzymes and machinery to produce small interfering RNA (siRNA), which
can silence any RNA having similarity with the dsRNA (Baulcombe, 2004; Borges and Martienssen,
2015). The RNAi works via mRNA degradation or chromatin modulation. A dsDNA molecule of
∼21–25 bp and with ∼2-nt 3′ overhangs processed with an RNase III enzyme DICER into siRNAs.
Subsequently, these RNAs incorporate with an Argonaute protein to produce RISC complex, which
in turn can degrade the mRNA molecule having complementary to the guide strand of RISC complex
(Christiaens et al., 2014; Carthew and Sontheimer, 2009). It is found that RNAi is effective against
insects belongs to Coleoptera and sometimes against viruses (Baum et al., 2007). The dsDNA, which
targets the functional mRNA of pests after ingestion, downregulates the genes of pests, which results
in reduced growth or death of the pest feeding on it (Klumper and Qaim, 2014). In this chapter, we will
focus on the comparison between conventional pesticides and RNAi-mediated crop protection and the
limitation of the RNAi method. We will also try to find out if the RNAi is a new tool for relocating
conventional crop pesticides.

4.2 CONVENTIONAL PESTICIDES: PRESENT STATUS AND
CHALLENGES

For the betterment and improvement of agricultural yield and quality, pesticides are surely a solu-
tion in modern times (Damalas, 2009). The need and evolution of pesticides have a long history.
Primary uses and explosion of pesticides were seen after World War II. Some essential pesticides
like Dieldrin, β-benzene hexachloride (BHC), chlordane and endrin, 2,4-dichlorophenoxyacetic acid
(2,4-D), Aldrin, dichlorodiphenyltrichloroethane (DDT), etc. was discovered that time (Delaplane,
2000). Although the use of pesticides reaches a peak in 1961, it drastically fell after 1962 for see-
ing its hazardous effects (Jabbar and Mallick, 1994). But the introduction of “integrated pest manage-
ment” (IPM) in the late 1960 open a new era in pesticide research (Delaplane, 2000). From the past
few years, the careless use of pesticides violating safety norms and other standard protocols affects the
environment severely and also causes health risks of humans as well as other organisms (Carvalho,

ARE CRISPR/CAS9 AND RNA INTERFERENCE-BASED N…



UN
CO

RR
EC

TE
D

PR
OO

F

3

2017). Synthetic pesticides are considered as most hazardous for having harmful effects on human be-
ings. Initial exposure having various health issues like convulsions, headache, nausea, irritation, diar-
rhea, and breathing discomfort. Pesticides like organophosphate upon showing respiratory effects give
symptoms like wheezing and asthma (Sharma et al., 2020). Using chemical pesticides in the wild also
make insects and other pests as pest resistance (Sparks and Nauen, 2015). The search for new alterna-
tives always the primary concern in the research field of pesticides. The conventional pesticide indus-
try and market also underwent significant changes over time to time (Pelaez and Mizukawa, 2017).

One of the significant practices to replace conventional chemical pesticides is the use of biopesti-
cides. Any substances which derived from animal, plants, microbes, or their products and use for pest
control are considered as biopesticides (EPA, 2020). The global market is creating with a rate of 10%
per year worldwide, as it appears to be a good substitution of chemical-based pesticides. Many mi-
croorganisms like fungus and bacteria are used for this purpose. The bacterium Bacillus thuringiensis
(Bt) is used as the production of more than 90% microbial biopesticides (Kumar and Singh, 2015).
Fungus Talaromyces flavus is used to control anthracnose caused by Glomerella cingulata in the nurs-
ery (Ishikawa, 2013). Extract of the species Clitoria ternatea shows an inhibitory effect on Helicov-
erpa, which shows a toxicity effect on Helicoverpa spp (Mensah et al., 2014). Products of the fungus
Trichoderma harzianum show a very striking effect against Fusarium root rot bacterium (Kirk and
Schafer, 2015). Lactobacillus casei strain LPT-111 (Tivano) shows effectiveness against angular leaf
spot, caused by Xanthomonas fragariae (Dubois et al., 2017). Stilbenes isolated from grapevine ex-
tracts caused acute mortality of S. littoralis. A crop pest (Pavela et al., 2017). Bacillus thuringinesis
produces endotoxins and causes lysis of insect guts; Agrobacterium radiobacter used to control crown
gall (Quarles, 2011). Many critical secondary metabolites of plants-like Citronella oil, garlic extract,
neem extract, datura, orange oil, tea tree extract, basil, lemongrass, apple mint, mustard, castor, Ma-
hagony, and sesame are used to control the pest. Neem oil and pyrethrins (extracted from Chrysanthe-
mum cinerariaefolium) are the two most widely used compounds used in pest control (Chandler et al.,
2011). Pesticides may affect humans employing occupational exposure like industrial workers, distrib-
utors, deals and farmers, and nonoccupational methods. Exposure through consuming contaminated
foods, vegetables, etc. (Sabarwal et al., 2018). Exposure of pesticides to humans causes some seri-
ous health issues and disorder includes Hodgkin’s disease, nonHodgkin lymphoma (Luo et al., 2016).
Parkinson’s disease (Brouwer et al., 2017) endocrine disruption, respiratory, and reproductive disor-
ders (Kirkhorn and Schenker, 2002). Biopesticides are considering as safest over conventional chemi-
cal pesticides, as this is much safer and fewer detritus and most effectively efficiently affect only target
organisms. On the other hand, biopesticides need in a minimal amount and do not leaves any detritus
residue.

Nevertheless, it seems that the biopesticides did not completely replace the chemical pesticides
as some drawbacks and lack of collaborative research. It is recommended that the chemical and
biopesticides must go together to ensure better protection. Extensive research also needed in this field
(Damalas and Koutroubas, 2018). Another new way to get a ride from the adverse effects of pesticides
is by using nanotechnology. Nanotechnology can help by protecting the biopesticides as an encapsu-
lating agent and also by protecting the degradation of many compounds (De Oliveira et al., 2014).
Nanoparticles found effective in protecting neem oil from degradation (Mishra et al., 2017).
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4.3 ADVANCEMENT IN GREEN REVOLUTION: THE RNAI
TOOLKIT

Although RNAi is a perfect tool for functional gene analysis in vivo and in vitro (Trivedi 2010), it
now also effectively used in crop pest control, particularly against insect pest (Huvenne and Smagghe,
2010). The RNAi method may be implanted in the field by either host-induced gene silencing (HIGS)
or virus-induced gene silencing (VIGS). The HIGS aims of the expression of dsRNA in crops specific
to a pest or pathogen. Gene duplication thought to be a factor for increasing expression of RNAi in
coleopteran. It was also proved by Davis-Vogel et al. (2018) that RNAi efficiency varies among dif-
ferent groups of insect orders for which mRNA expression of core machinery genes is also responsible
(Christiaens et al., 2019). The first known experiment was reported by Bettencourt et al. (2002), by
silencing a gene named Hemolin with RNAi technology, which is essential for larval production and
embryonic development in Hyalophora cecropia has been stopped and causes early death of larva. A
knockdown of zygotic genes in offspring was observed when dsDNA was injected in the mother’s he-
mocoel of Tribolium castaneum (Bucher et al., 2002). One of the best examples is the development of
genetically modified (GM) maize, which expresses vATPaseA dsRNA for control of Diabrotica vir-
gifera, the western corn rootworm (Yan et al., 2019). Another evidence came from Tribolium, where
induction of RNAi in the larval stage gives a functionless adult stage (Tomoyasu and Denell, 2004),
which suggests the application of RNAi in a particular stage may affect to another stage. It is found
that insects lack RNA-dependent RNA polymerase (RdRP), which suggests insects care not depends
on RDRP-based gene silencing, instead maybe adopt another method, but it has to uptake dsRNA con-
tinuously (Gordon and Waterhouse, 2007).

An effective way is making transgenic plants that can supply dsDNA continuously. Evidence of
reduction of corn root damage was found in a study by Baum et al. by the production of (V-AT-
Pase) dsRNA after infection with corn rootworm (Baum et al., 2007). After feeding on transgenic
Arabidopsis thaliana or Nicotiana tobacum expressing dsRNA specific to a cytochrome P450 gene
(CYP6AE14), the level of the gene was knocked down in insect gut causing reduced larval tolerance
toward gossypol-containing food (Mao et al., 2007). A new way for the implementation of RNAi
also found as spray induces gene silencing method. Koch et al. showed that Arabidopsis and bar-
ley express a dsDNA which can disrupt the fungal membrane integrity by targeting CYP51 genes
which were necessary for expression of cytochrome P450 lanosterol C14α-demethylase (Koch et al.,
2013) Later on a study, spraying with 791-nt long CYP3-dsRNAs on detached barley leaf was ef-
fective against the fungal pathogen (Koch et al., 2016). Similar disease control was also observed in
various studies. Wang et al. reported that applying dsRNAs and small RNAs was also successfully
suppressed Botrytis cinerea from attacks (Wang et al., 2016a,b). Translocation of sRNA in the dis-
tal untreated part also reported, and taking up of external dsDNA and sRNA by fungal pathogen was
also reported (Wang et al., 2016a,b). Cotton bollworm Helicoverpa armigera tolerates gossypol is a
polyphenolic compound found in cotton, although it is very toxic to animals. It was found that the
gene CYP6AE14 detoxify gossypol after a construct targeting CYP6AE14 was made the cotton worm
feeding on transgenic leave found a limited growth (Mao et al., 2007). Several species of Coleoptera,
like Tribolium castaneum, Leptinotarsa decemlineata, and Diabrotica virgifera, are found very useful
to RNAi (Tomoyasu et al., 2008). Some other successful approaches, including GM crops expressing
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dsDNA, are GM cotton against Tetranychus cinnabarinus, GM tobacco against Myzus persicae, and
GM potato against Leptinotarsa decemlineata (Yan et al., 2019). Transplastomic crops show high ef-
ficiency in RNAi-mediated gene transfer, which allows the accumulation of a large amount of stable
dsDNA (Yan et al., 2019). Table 4.1 briefly summarizes some of the examples of successful HIGS in
plant pathogens.

RNAi may be used either by making transgenic plants or by using products with dsRNA. The
delivery method of RNAi is the most crucial concern. One successful method of delivery is making
transgenic crops, although it seems to be practically difficult in many aspects, so the tropical appli-
cation of dsRNA is now considered as an alternative way (Baum et al., 2007; Joga et al., 2016). As
RNA can translocate within the whole plant, the tropical application seems to be very useful, two
types of pests took after dsRNA from previously treated citrus leaves proves this fact (San Miguel
and Scott, 2016). Although the problem may arise during the delivery of naked RNA, which can be
overcome by using clay, a type of specialized nanosheets which protects the naked RNA (Mitter et
al., 2017), another effective method is VIGS, where a nonpathogenic engineered virus is produced

Table 4.1 List of some conventional RNAi-based techniques for knocking down insect-specific
genes.
Species Genes Phenotype Reference

Acyrthosiphon
pisum

C002 100% mortality after 8 days Mutti et al. (2006)

Bactericera
cockerelli

Actin, v-
ATPase

82%–92% mortality Wuriyanghan et al.
(2011)

Cimex
lectularius

cpr Increased deltamethrin sensitivity Zhu et al. (2012)

Laodelphax
striatellus

Disembodied Reduction in EcR expression; impaired development;
and decreased survival

Wan et al. (2014)

Lygus
lineolaris

PG1 No phenotypic effect observed Walker and Allen
(2010)

Myzus persicae C002 Reduction in fecundity Walker and Allen
(2011)

Nephotettix
cincticeps

PGRP12 95% mortality after 10 days Tomizawa and
Noda (2013)

Nilaparvata
lugens

Hsp70, Argk Decreased mortality after triazopos exposure Ge et al. (2013)

Oncopeltus
fasciatus

Hunchback Parental RNAi and disrupted embryonic development Liu and Kaufman
(2004)

Pyrrhocorris
apterus

Met, kr-h1 Disturbed metamorphosis and development Smykal et al.
(2014)

Rhodnius
prolixus

Nitrophorins1–4 Discolouration of salivary glands Araujo et al.
(2009)

Sogatella
furcifera

Disembodied Reduction in EcR expression; impaired development;
and decreased survival

Wan et al. (2014)

Triatoma
brasiliensis

Brasiliensin Reduction in blood feeding Araujo et al.
(2007)

4.3 ADVANCEMENT IN GREEN REVOLUTION: THE RNAI TOOLKIT
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pest-specific RNAi inducer sequence. After exposure of this engineered virus to the pest, the tar-
get mRNA becomes silenced (Nandety et al., 2014). One vital aspect of RNAi technology that the
cost is reduced day by day, for example, the cost to produce 1 g of dsRNA using NTP synthesis was
USD 12,500 in 2008, which is now USD 100 in 2016, and to USD 60 in the present. (Andrade and
Hunter, 2016). Another cost-effective (USD 4 per 1 g), the method is using HT115(DE3), a strain of
Escherichia coli, which lacks dsRNA degrading enzymes that can be used for the production of a large
amount of dsRNA which can be used anytime (Andrade and Hunter, 2016). Ingestion of dsRNA target-
ing 16D10 dsRNA in root-knot nematode results in reducing nematode activity (Huang et al., 2006).

4.4 ADVANTAGES AND DISADVANTAGES OF RNAI-BASED
METHODS

The first primary concern is the delivery of dsRNA; various strategies like modification of dsRNA,
using various useful vehicles are of present concern. A straight forward way of delivery is micro-injec-
tion. Although this is an easy and efficient method for delivery of dsRNA, it seems to be possible only
in laboratory conditions and unsuitable for field conditions because it is very laborious and ineffective
for a large-scale delivery. Another critical concern regarding RNAi-based pest control is degradation
(Christiaens et al., 2014); degradation may occur due to either unstable pH condition or dsRNA de-
grading enzymes. Lipid-based nanoparticle formulation may help to overcome these situations (Zhang
et al., 2010). Use of viruses that upon infection to pest express dsRNA is also helpful for this purpose
(Hajeri et al., 2014). Another factor for the success of the RNA-mediated pest control is the presence
of proper RNAi machinery components; a variation of this machinery has been found, sometimes even
under the same phylum (Miller et al., 2012). An example of Sid1-like genes may be taken into con-
sideration, and this gene varies among different insect species (Bansal and Michel, 2013). A previous
report came from Drosophila that the Flock house virus (FHV) B2 protein can bind to long siRNA
duplexes and inhibits it from forming of RISC complex (Chao et al., 2005), this is an example of sup-
pression of RNAi mechanism by a virus which is also a significant concern as the virus has anti-RNAi
defense mechanism (Haasnoot et al., 2007).

Furthermore, the delivery system and other problems many more limitations to be addressed, like
its effectiveness, biosafety measures, and ecological safety. Table 4.2 briefly demonstrates the appli-
cation of dsRNA based on the mode of insect feeding on plants. Several questions like the part of
plants where the expression is done, the concentration needed for the purpose should be addressed.
When compared to conventional insecticides, the cost, effect, pollution aspects, stability, and uptake
rate should be improved for its better acceptance (Zhang, 2012). Details study of length of RNA, se-
quence, life stage of target insect, and procedures are very complex and need more study (Terenius et
al., 2011). A report came from recent studies in Euschistus heros that by using EDTA, the stability of
dsDNA and RNAi, efficiency may be increased (Castellanos et al., 2019).

4.5 ADVANTAGES OF CRISPR/CAS9-BASED SYSTEMS
CRISPRσCas9 is a modern gene-editing tool that has created a new way to study genome editing and
various diseases. It stands for clustered regularly interspaced short palindromic repeats (CRISPR)–
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Table 4.2 Formulation technique of various dsRNAs during insect feeding on plants.

Species Genes
Method of
application References

Leptinotarsa
dcemlineata

β-Actin; protein transport protein sec23 Feeding
(larvae)

Zhu et al.
(2011)

Phyllotreta
striolata

Odorant receptor (PsOr1) Injection
(adult)

Zhao et al.
(2011)

Lygus
lineolaris

Inhibitor of apoptosis gene (LlIAP) Injection Walker and
Allen
(2011)

Riptortus
pedestris

Circadian clock genes period; cycle Injection
(adult)

Ikeno et al.
(2011a, b)

Myzus
persica

MpC002 and Rack-1 Transgenic
plant

Pitino et al.
(2011)

Athalia
rosae

Ar white gene Injection
(eggs)

Sumitani et
al. (2005)

Schistocerca
americana

Eye color gene vermilion Injection
(nymph)

Dong and
Friedrich
(2005)

Gryllus
bimaculatus

Delta; Notch Injection
(eggs)

Mito et al.
(2011)

Gryllus
bimaculatus

Insulin receptor; insulin receptor substrate; phosphatase and tensin
homolog; target of rapamycin; PRS6-p70-protein kinase; fork head
box O; and epidermal growth factor receptor

Injection
(nymph)

Dabour et
al. (2011)

CRISPR-associated gene Cas9. Genome editing with CRISPR–Cas9 is very stable compare to the
RNAi method. Some examples of pests on which CRISPR–Cas9 gene knockout has performed in-
clude Helicoverpa armigera, Spodoptera litura, Plutella xylostella, and Spodoptera littoralis (Zhu et
al., 2016; Wang et al., 2016a,b; Huang et al., 2016). CRISPR–Cas9 has a great success in editing
insect genome. Choo et al. demonstrated the mutagenic effect through CRISPR–Cas9 in a crop pest
Bactrocera tryoni by frameshift-mutation in an ATP-dependent binding cassette transporter (Choo et
al., 2017). Therefore the genome editing using site-specific nucleases (SSNs) helps us to understand
the transgene experiments that can be carried out in an efficient and precise manner. There are four
major classes of SSNs that can be used effectively to edit the genomes, for example, mega-nucleases
(MEGA), zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and
CRISPR. Fig. 4.1 shows an overview of three major types of genome editing strategies that are used
frequently for viral resistance (Zaidi et al., 2016a).

It is interesting to note that this RNA-based guiding technique is cheaper and easier to engineer
and one can manipulate a wide range of possible target sequences without error. Despite of gaining
significant success in genome editing, it remains to be uncleaned whether this technique could actually
work under natural conditions in open field trails or not (Zaidi et al., 2016b). Therefore more detailed
and precise analysis of these technologies (CRISPR/Cas9 and RNAi) will eventually led to the devel-
opment of novel disease resistant crops in the upcoming years.

4.5 ADVANTAGES OF CRISPR/CAS9-BASED SYSTEMS
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FIGURE 4.1
The major types of CRISPR/Cas9-based genome editing platforms. The proposed structure of site-specific nucle-
ases (SSNs). (A) Zinc-finger nucleases (ZFNs). (B) Transcription activator-like effector nucleases (TALENs), and
(C) CRISPR. CRISPR, Clustered regularly interspaced short palindromic repeats; Cas9, CRISPR–CRISPR-associ-
ated gene.

4.6 CONCLUSIONS AND FUTURE PROSPECTS
The crop improvement using traditional pesticide or herbicide-resistant traits or improving the bio-
compatibility of biopesticides is time-consuming and labor-intensive. Most of the cases, the biopes-
ticides are found inactive environmental conditions or impede the growth and development of agro-
nomic crops. To eliminate such difficulties, the researchers are now switching towards RNAi-based
biotechnological technologies for quality traits with enhanced protection against pathogens. However,
the critical question comes; for example, can it be effective against the pathogens for a long time?
Is it possible to extract and identify the microRNAs in a small volume? Or is there sufficient knowl-
edge about the detailed mode of action of RNAi-based techniques? (Fig. 4.2). Based on these common
aspects, the RNA-based technologies remain challenging over conventional pesticides or insecticides
that are produced on a large scale. In reality, most of the genetically modified crops approved for
commercial use are mainly designed to produce toxic proteins that are harmful to insects. However,
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FIGURE 4.2
A hypothetical model demonstrating the ecological risk assessment of RNA-based crop protection.

there is no proper explanation or resources that could support the significant impact of using this new
technology for crop improvement. Furthermore, the crop regulatory agencies and risk assessment an-
alysts need to become familiar with this RNAi-based toolkit and its proper application during filed
trails. The proper knowledge and understanding of the mode of action in various aquatic and terrestrial
ecosystems will be a crucial part of the characterization of these RNAs. Novel diagnostic tools will
probably eliminate these problems regarding the successful application of RNAi and genome editing
tools soon.
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Preface

Nanomaterials are defined based on their size, which is one-billionth of a meter
(10−9 m) in any one of its dimensions. In other words, “the materials with any
external dimensionor having an internal structure or surface structure in the nanoscale
range.” In such extremely small size, materials exhibit unique and spectacular perfor-
mance due to an increment of the surface to volume ratio. Materials, usually in
the size range of 1–100 nm, show different physicochemical properties from their
bulk. In the past two decades, several engineered nanomaterials have been estab-
lished for different application purposes. After the rapid development of micro and
nanotechnologies, fabrication of nanoscale structures and devices with exceptional
sights of the supramolecular association has grown interest into a systematic way,
and this has enhanced their perspective for an innovative connection in a huge
variety of research areas, such as biology, chemistry, physics, engineering, computer
science, etc. Nanoscale materials are progressively creating a foremost influence
on human health, and they are used increasingly further for therapeutic and diag-
nostic applications. Nanotechnology plays a vital role in the current technological
developments and plays an important role in diagnosing diseases, drug delivery,
designing drugs, etc. This book intends to bring science and advanced nanotech-
nology together and their applications in cell biology and biomedical engineering.
From a nanoscale and nanomaterial perspective, it highlighted different nanostruc-
tured material design, synthesis, processing, characterization, and potential appli-
cations. This book also covers different nanoscale and nanostructured materials
for biomedical applications such as therapeutics, diagnostic, prosthesis, implant,
drug discovery, and drug delivery, etc. An overview of nanomaterials’ progress and
prospects and its biomedical applications are discussed with a series of reasoning
and practical considerations.

This book contains 17 chapters, covering an extensive range of the critical
aspects of nanomaterials for biomedical applications. Each chapter is contributed
by professionals in their fields, and these chapters deliver technical information
based on their valuable knowledge and skills. Possible glitches and challenges, as
well as potential keys, are also deliberated with importance on prospects. Chapter
“Nanomaterials: An Introduction” narrates brief advancement of nanotechnology
to date. The different health-related problems that arise due to the application of

v
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nanotechnology in medicine, food, agriculture, etc., are reported. Environmental
nano pollution and its effect on society, social–economic disruption due to the rapid
use of nanotechnology, safety and security of nanotechnological developments, and
its future direction is also discussed. Chapter “Metallic Nanoparticles for Biomedical
Applications,” discusses the top-down and bottom-up approach and current trends
in the synthesis of metallic nanoparticles for biomedical purposes. Further, it
describes how the parameters can be tuned to get metallic nanoparticles with the
desired shape, size, and crystallinity. Chapter “Size and Shape-Selective Metal
Oxide Nanomaterials: Preparation, Characterization and Prospective Biomedical
Applications,” describes the different preparation methods for metal-oxide nano-
materials (MONMs), characterization techniques, and MONMs usage in different
biomedical applications. The mechanism of interaction between nanomaterials and
internal structures of microorganisms and institutes working on the nanomaterials
standardizations is deliberated. Chapter “Nanofibers and Nanosurfaces” discusses
the different synthesis routes associated with the development of nanofibers for
cartilage regeneration. The fabrication and effect of nanosurfaces on metallic
implants for enhanced chondrocyte conductivity are also highlighted. Chapter
“Nanoceramics: Synthesis, Characterizations and Applications,” narrates in detail
the nanoceramics, their preparation methods, available characterization techniques,
their unique properties, and their widespread biomedical applications arising due
to their excellent properties. Chapter “Biomedical Applications of Carbon-Based
Nanomaterials,” discusses briefly carbon-based nanomaterials like Nanodiamonds
(NDs), Carbon nanotubes (CNTs), Buckminsterfullerene (C60), Carbon quantum
dots (CQDs), Carbon nanohorns (CNs), and its biomedical applications. Chapter,
“Solution Combustion Synthesis of Calcium Phosphate-Based Bioceramic Powders
forBiomedicalApplications,” gives an overviewof the solution combustion synthesis
of pure and doped hydroxyapatite powders and their characterization. This chapter
also discusses the solution combustion synthesis of plasma sprayable hydroxyapatite
powder, fabrication of coating, and characterization of the developed plasma-sprayed
coating. Chapter “Nanomaterials inMedicine,” outlines the various types of nanoma-
terials and their applications in the field of nanomedicine. The clinical applications
of the nanomaterials in sepsis therapy, chemotherapy, and applications of nanomate-
rials in heart, kidney, lungs, brain diseases, etc., are discussed. Chapter “Hydrogels:
Biomaterials for Sustained and Localized Drug Delivery,” illustrates the synthesis,
functionalization, tailoring mechanism of hydrogel matrix, followed by in-vitro, ex-
vivo, and in-vivo characterization and drug loading/delivery efficiency. The different
classifications of the hydrogel, along with its crosslinking chemistry, hydrogel
nanocomposites biomedical perspective, and hydrogel applications ranging from lab
scale to industrial level, are also discussed. Chapter “Nanomaterials: Versatile Drug
Carriers for Nanomedicine” highlights the recent advancements and applications of
nanocarriers for drug delivery in medicine, especially wound healing therapeutics
and also different approaches to enhance drug cargo capacity, to improve cell entry
efficiency, to avoid host immune systems and to achieve specific tissue targeting.
Chapter “Nanomaterials for Medical Implants,” discusses the general consideration
of using nanomaterials in implantable devices, dental implants/prosthodontics,
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spinal orthopedic implants, and hip and knee replacements, cardiovascular implants,
others—phakic intraocular lens and cosmetic implants. Chapter “Fabrication
of Nanostructured Scaffolds for Tissue Engineering Applications” addresses
different categories of biomaterials used to fabricate nanostructured scaffolds
for tissue regeneration applications. The desired properties required for various
tissue engineering scaffolds and its fabrication methods, merits and demerits, current
development, and future directions of these methodologies are discussed. In addition
to that, the special emphasis given on three dimensional (3D printing) technologies
to manufacture tissue engineering scaffolds using various nanomaterials are also
discussed in this chapter. Chapter “Nanomaterials for Medical Imaging and In
Vivo Sensing,” is devoted to nanomaterials for medical imaging techniques. The
extensive information about the current developments in imaging systems, its
advantages & disadvantages, the science behind individual imaging systems and
the basic instrumentation, how the nano-based contrast agents are helpful in various
biomedical applications are systematically discussed. Chapter “Nanomaterials:
Surface Functionalization, Modification, and Applications,” presents the various
surface modifications and functionalization of nanomaterials, including metallic
nanoparticles, carbon nanomaterials, nano-ceramics, and self-assembled materials
for biomedical applications. Chapter “Laser-Induced Micro/Nano Functional
Surfaces on Metals for Biomedical Applications” emphasizes the recent research
works on laser processing such as selective laser melting (SLM), laser surface
melting (LSM), laser surface patterning of various metallic implant materials
and surface characteristics, and biomedical applications of processed surfaces are
summarized. Chapter “Surface Nanostructuring of Metallic Materials for Implant
Applications,” provides detailed coverage of surface mechanical attrition treatment
(SMAT) of stainless steels, Ti alloys, Ni-Ti alloy, CoCrMo alloy, and how the
nanostructured surface enables an improvement in the characteristic properties
that are suitable for biomedical applications. Chapter “Tailoring the Surface Func-
tionalities of Titania Nanotubes for Biomedical Applications,” deliberates the key
electrochemical factors that control the nanotube geometry and demonstrate various
surface functionalization approaches for tailoring the surface properties of TiO2

nanotubes to develop new functional biomaterials for biomedical applications.
We hope this book can be pleasant reading material and, at the same time, a handy

resource for students, scientists in academia, and professionals in industries working
on various traits of nanomaterials.

Chennai, India
Toyohashi, Japan

Tuhin Subhra Santra
Loganathan Mohan
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Nanomaterials: An Introduction

Tarun Kumar Barik, Gopal Chandra Maity, Pallavi Gupta, L. Mohan,
and Tuhin Subhra Santra

Abstract Nanotechnology offers a significant advantage in science, engineering,
medicine, medical surgery, foods, packing, clothes, robotics, and computing from
the beginning of the twenty-first century. As the potential scientific discovery always
contains some good and bad effects on human civilization and the environment,
nanotechnology is not an exception. The major drawbacks include economic disrup-
tion along with imposing threats to security, privacy, health, and environment. The
introduction of the chapter discusses the historical background of nanotechnology.
Later it also discusses the advancement of nanotechnology to date with its benefits.
Major drawbacks of nanotechnology arise in human health due to the enormous
involvement in medicine, food, agriculture, etc. This chapter also deals with envi-
ronmental nano pollution and its effect on society, highlighting the social-economic
disruption due to the rapid use of nanotechnology. Nano pollution affects not only
human beings but also other living beings like microorganisms, animals and plants,
which are briefly reviewed. This chapter also demonstrates the safety and security
of nanotechnological developments, current policy and regulation status, challenges,
and future trends. Finally, it is concluded, while nanotechnology offers more efficient
power sources, faster and modern computers and technologies, life-saving medical
treatments, but due to some negative impacts, it bounds us to think twice before any
further advanced technological applications.
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1 Introduction

Nanotechnology is an emerging field of science and technology with numerous
applications in biomedical and manufacturing engineering [1–3]. In the last two
decades, nanotechnology integrates with mechanical and electronic engineering to
develop Micro/Nano-electromechanical systems (MEMS/NEMS) devices, which
have diverse applications in different fields of science and engineering. These devices
are potentially applicable for various sensing, actuating, and biomedical analysis
purposes [4–13]. Recently, quantum dots have increasedmuch attention in biological
fields due to their unique size, tunable light absorption, and emission properties [14].
Further, biocompatible nanomaterials havemanyapplications in biomedical purposes
such as orthopedic, cardiovascular, contact lenses, catheter, prosthetic replacement,
etc., [15–21]. Among noble metals, Ag and Au nanoparticles synthesis via marine
algae are used as a broad-spectrumantimicrobial agent towards a variety of pathogens
in the biomedical field [22]. Nowadays, nanomaterials are produced by industries for
commercial applications with enormous benefits. While there lies a vast potential of
nanomaterials for fulfilling individual requirements, it also represents potential risks
to human health [23].

The green synthesis of nanoparticles attracts many researchers and industries.
Many microorganisms are utilized for the synthesis of nanoparticles. Biosynthesis
of nanoparticles has been reported using photoautotrophic microorganisms such as
cyanobacteria, eukaryotic algae, and fungi. The biogenic fabrication of nanoparticles
via microalgae is a non-toxic, and eco-friendly, green chemistry method with a large
variety of compositions and physicochemical properties. Biosynthesis of nanopar-
ticles by plant extracts is currently under exploitation. Plant extracts are a better
source of nanomaterials compared to the various biological processes often consid-
ered eco-friendly substitutes of chemical and physical methods [1, 17]. Seaweeds
contain different organic and inorganic substances that can benefit human health [24].
The green seaweed is used widely in agriculture, pharmaceutical, biomedical, and
nutraceutical industries for its presence of a high amount of vitamins and minerals
[25]. Among several genera of microalgae, Spirulina platensis is blue-green algae of
the cyanobacteria family grown in temperate water in the whole world. A blue-green
alga has served as food with high protein content and nutritional value from ancient
times [26]. The algae produce novel and potentially useful bioactive compounds [27,
28]. The bioactivematerials have gained significant attention in recent years and have
been used considerably in developing new pharmaceutical products, food products,
renewable bio-energy, and biomedical applications [29–31]. However, a new global
health problem has been arisen as in discriminant antibiotic use and the remarkable
ability of bacteria to acquire resistance to lower these drugs’ effectiveness via genetic
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mutation or gene acquisition. Therefore, new classes of antibiotics with novel struc-
tures are needed to combat this trend. Food preservation is now dealing with the
severe concern of microorganisms mediated spoilage and fall in quality and nutri-
tion worldwide [32]. Hence, increasing the continuous demand for pathogen control
measures to combat resistant microorganisms against multiple antimicrobial agents.
However, nanoparticles own large surface area to volume ratio, unique quantum size,
magnetic properties, heat conductivity in addition to some catalytic and antimicrobial
properties [33]. In this regard, nanomaterials, including metal nanoparticles, carbon
nanotubes, quantum dots, and other active nanomaterials can be used to develop
biosensors against a broad spectrum of microorganisms for the formulation of a new
generation of antimicrobial agents.

2 Historical Background of Nanotechnology

The first experiment of nanotechnology was shown in 1857 when Michael Faraday
introduced ‘gold colloid’ samples to the Royal Society. He added phosphorous to
a solution of gold chloride and, after a short while, noted that the blue color of
the solution changed to a ruby red dispersion, without knowing the actual cause
of color changing. Indeed, the resulting suspension of nanosized gold particles in
solution appeared transparent at some frequencies, but others could look colored
(ruby, green, violet, or blue). Since then, many experiments and theoretical studies
have been carried out to explain similar systems’ unique properties, which in today’s
terminology are called low-dimensional systems. Nearly after 100 years, in 1959,
Richard Feynman inspired the field of nanotechnology in his lecture at the American
Physical Society (APS) meeting, Caltech, saying the meaningful words “There’s
Plenty of Room at the Bottom.” From the late 1980s, we find there is a growth of
activity on these low dimensional materials. In general, low dimensional systems
are categorized as follows: (a) two dimensional (2D) systems, in which the electrons
are confined in a plane (e.g., Layered structures, quantum wells and superlattices);
(b) one dimensional (1D) systems, in which electrons are free to move only in one
dimension (e.g., linear chain-like structures, semiconductor quantum wires), and (c)
zero-dimensional (0D) systems, where electrons are confined in all three dimensions
(e.g., quantum dots, clusters, and nanosized colloidal particles) [34–41].

The dimension of these materials in the direction of confinement lies in the
nanometer scale, given the name nanomaterials. In this length scale, classical physics
fails to explain the behavior of these materials. Instead, one needs quantum mechan-
ical concepts. Interestingly, due to quantum effects, the physical properties of nano-
materials change drastically from their corresponding bulk behavior. This unique
feature of nanomaterials has been exploited by modern technology in various appli-
cations. The link between human life and nanotechnology is as old as Ayurveda, a
5000-year-old Indian medicine system.

Moreover, twenty-first century modern science marks the beginning of
nanoscience, while it existed from ancient times of Vedas, much before even the
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term “nano” was coined [42, 43]. As per strict nanometer terminology, any objects
with dimensions in the nm range can be termed as a nanoparticle or a “nano” object,
as TiO2 dust in the study mentioned above [44]. Nanotechnology not only combines
engineering, physics, and chemistry but also integrates with biology [45]. A physi-
cist generally tries to identify and quantify nanomaterials’ fundamental interactions
with different surrounding systems such as the thermodynamics, the interface of the
nanoparticles with the liquid, and the role of mechanical properties (e.g., stiffness,
elasticity, adhesion), etc.

Past three decades, extensive work has been performed to develop new drugs
from natural products, because of the resistance of microorganisms to the existing
drugs [46]. Researchers from the Indian Institute of Technology Bombay, India,
have discovered that the age-old complementary medicines of Homeopathic pills
and Ayurvedic Bhasmas are having metal nanoparticles such as gold, silver, copper,
platinum, tin, and iron [46, 47]. Metallic nanoparticles (mainly silver and gold) have
unique optical, electrical, and biological properties, that have attracted significant
attention due to their potential use in many applications, such as catalysis, ultra-
sensitive chemical and biological sensors, bio-imaging, targeted drug delivery and
nanodevice fabrication [13, 48–57]. Recently, various industries like electronics,
aerospace, cosmetics, textile, and even food use nanoparticles. Consequently, the
chance of human exposure to nanoparticles rises, heading towards the time when
nanoparticles are eventually present in blood circulation and interactingwith immune
blood cells.

Nanoparticles can be synthesized via various chemical and physical routes such
as chemical reduction, [58–60] photochemical reduction, [61–65] electrochemical
reduction, [66, 67] heat evaporation, [68, 69], etc. In all the above-mentioned
methods, the reagents can be from different properties, i.e. inorganic such as sodium
or potassiumborohydrate, hydrazine, and salts of tartrate, or organic ones like sodium
citrate, ascorbic acid, or amino acids, capable of getting oxidized. Various options
are also available to work as a stabilizing agent. Several studies have reported shape
and size dependency of silver nanoparticles formation on capping agents such as
dendrimer, [70] chitosan, [71] ionic liquid, [72], and poly (vinylpyrrolidone) PVP
[73]. These capping agents control the nanoparticle growth via reaction confinement
within the matrix or preferential adsorption on specific crystal facets. Since these
approaches are costly, hazardous, toxic, and non-environment friendly, hence, eval-
uation of the risk of these nanoparticles to human health becomes critical. Multiple
studies have shown the increase in the number of leukocytes, mainly neutrophils,
in the lungs and bronchoalveolar lavages during airway exposure of nanoparticles
in-vivomodels of inflammation. The neutrophil counts act as biomarkers for inflam-
mation. Therefore, the selection of a synthesis route that minimizes the toxicity
and increases nanoparticle stability leads to enhanced biomedical applications of
silver and gold nanoparticles. The development of better experimental procedures
for the synthesis of nanoparticles employing a variety of chemical compositions
and controlled polydispersity offers considerable advancement [74]. Methods of
nanoparticle production through different physical and chemical routes, as stated
above, have their demerits as they produce enormous environmental contaminations
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and hazardous byproducts. Thus, there is a need for “green chemistry” that ensures
clean, non-toxic, and environment-friendly nanoparticles production [75].

In recent years, environment-friendly approaches have been developed to fabricate
stable nanoparticles with well-defined morphology and configured constricted sizes
[76].Additionally, owing to the high demand for preciousmetals (like silver and gold)
and metal oxides in electronics, catalysis, medical, and other industrial applications,
its recovery from primary and secondary sources is of considerable significance and
interest. Biological recovery of these precious metals by preparing their nanoparticle
is a green alternative to the conventional physical and chemical methods [77, 78].
Bio-inspired synthesis of nanoparticles is an advanced, cost-effective, environment-
friendly approach over chemical and physical processes, without any inclusion of
high pressure, energy, temperature, and toxic chemicals [79]. For example, the plant
leaf extract is used for the biosynthesis of silver and gold nanoparticles for phar-
maceutical and biomedical applications, without employing any toxic chemicals in
the synthesis protocols [80]. An environmentally acceptable solvent system, eco-
friendly reducing and capping agents are considered to be an essential element for
an ultimately “green” synthesis [81]. The green synthesis techniques are generally
utilizing relatively non-toxic chemicals to synthesize nanomaterials. The fabrication
process also includes the use of non-toxic solvents such as water, biological extracts,
biological systems, etc. In this technique, generally, microwave maintains a constant
temperature of solvent systems. The conventional extraction technique using hexane,
ethanol, and water was used to collect bioactive molecules [82]. However, they are
immensely problematic due to instability aswell as environmental and health hazards
[83]. To overwhelm this problem, researchers developed a new approach, i.e., super-
critical fluid (SCF) extraction technology for avoiding toxic organic solvents in green
technology. SCF possesses physical properties intermediate between CO2 gas and a
liquid at a temperature and pressure above its critical point. Since supercritical CO2

is non-polar, non-toxicity, non-flammability, and low critical temperature.

3 Benefits of Nanotechnology

Recently, research and development in nanotechnology have seen exponential growth
due to advantages in different fields, i.e., drug delivery, cell imaging, material
improvement, and medical devices for diagnosis and treatment. More powerful
computers are being designed using nanomaterials in a smaller size, faster in speed,
and consuming very less power, having long-life batteries. Circuits consisting of
carbon nanotubes canmaintain the computer systemadvancement. Carbon nanotubes
are also commercially used in sports equipment, to increase their strength while
maintaining a low weight. Nanoparticles or nanofibers in fabrics improve the water-
resistance, stain resistance, and flame resistance, without putting on extra weight,
stiffness, or thickness of the material. Nanoparticles are used in medical prod-
ucts for dermal, oral or inhalation applications, and pharmaceuticals. These are
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also used in various consumer products, including cosmetics, food, and food pack-
aging. The nanomaterials having potential uses in cosmetics include nanosilver,
nanogold, nanoemulsions, nanocapsules, nanocrystals, dendrimers, fullerenes, lipo-
somes, hydrogels, and solid lipid nanoparticles. Smaller the size, corresponding to
the higher surface area of nanomaterials offer greater strength, stability, chemical,
physical, and biological activity. Nanomaterials present in the human environment
can be primarily classified into four categories: carbon-based nanomaterials, metal-
based nanomaterials, dendrimers, and composites. The carbon-based nanomaterials
(fullerenes and nanotubes) are employed in thin films, coatings, and electronics.

The metal-based nanomaterials (i.e., nanosilver, nanogold, and metal oxides (i.e.,
titanium dioxide (TiO2)) are useful for food, cosmetics, and drug-related products.
The dendrimers are nano-polymers, an ideal candidate for drug delivery. Composites
such as nanoclays are formedwith a combination of nanoparticleswith other nanosize
or larger particles.Many beverage bottles aremade up of plastics with nanoclays. The
nanoclay reinforcement increases permeation resistance to oxygen, carbon dioxide,
moisture, and thus retaining carbonation, pressure with increased shelf life by several
months. Nanoclays are also being used in packaging materials.

Different classes of nanomaterials are composed of nanoparticles with different
shape, size, and chemistry and biology. Nanotechnology helps to improve vehicle
fuel efficiency and corrosion resistance by building vehicle parts from Diamond-
Like-Nanocomposite (DLN)materials that are lighter, stronger, andmore chemically
resistant thanmetal [84–88]. TheDLNfilmexhibits biocompatibility in nature,which
has potential applications as a coating material for biomedical purposes [89, 90].

A few nanometers wide water filters can remove nanosized particles, including
virtually all viruses and bacteria, which can revolutionize the water filtrationmethod.
These cost-effective, portable water-treatment systems are ideal for the improvement
of drinking water quality in developing countries. Nowadays, most sunscreens also
contain nanoparticles for effective absorption of light, including the more dangerous
ultraviolet range and passing the other wavelengths, which is healthy for the skin.
Recently, nanosensors can be programmed to detect a particular chemical at low
levels, such as a single-molecule detection, out of billions of molecules. This capa-
bility is ideal for security systems and surveillance at labs, industrial sites, and
airports. In medical science, the detection of single biomolecules has tremendous
DNA/RNA sequencing and disease analysis applications. The nanobiosensors can
be used to precisely identify particular cells or substances in the body for different
diagnostics purposes. Current research is focused on preparing the smaller, highly
sensitive, and cost-efficient biosensors. The new biosensors are updated to even
detect odors specific diseases for medical diagnosis, pollutant detection, and gas
leaks for environmental protection. Figure 1 shows the technological tsunami that
occurs due to nanotechnology in energy storage, defense & security, metallurgy &
materials, electronics, optical engineering & communication, biomedical & drug
delivery, agriculture & food, cosmetics & paints, biotechnology, textile, etc. [91].
According to Zion market research analysis in 2017 [92], there is a rapid increase
of global nanomaterials market volume (in kilo tons) and revenue (in USD Billion),
which is estimated from 2014 to 2022, is shown in Fig. 2a. Other statistical surveys
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Fig. 1 Technological tsunami due to nanotechnology. Redrawn from [91]

from two different agencies (see Fig. 2b and c (BCC research)) also confirmed the
rapid increase of the global nanotechnology market of nanomaterials, nanotools, and
nanodevices, etc. [93, 94].

4 Nanotechnology in Health

4.1 Potential Routes for Nanomaterials to Enter
into the Human Body

Nanomaterials can enter into the human body in various ways. Potential routes nano-
materials enter the humanbodyare ingestion, inhalation, and skin absorption [95–97].
Many nanomaterials are employed in drug transport or cell imaging via intravenous
entry to the human body. In the body, nanomaterials are translocated throughout
the body by blood circulation. For the purpose, the nanoparticles must fulfill the
requirement of permeability across the barrier of the blood vessel wall. Absorption
through the skin serves as an alternate route of entry for nanoparticles inside a human
body. The skin is the largest organ of the human body, provides a large surface area
for interactions with the external environment. TiO2 nanoparticles can take either
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Fig. 2 a Rapid increase in global nanomaterials market volume (Kilo Tons) and revenue (USD
Billion) for the period of 2014–2022 [92]. Source Zionmarket research analysis, 2017. b The global
market value of nanotechnology from 2010 to 2020 (in Billion USD) [93]. cGlobal nanotechnology
review for nanomaterials, nanotools, and nanodevices market from 2011 to 2017 (in Million USD).
Source BCC Research [94]

route for entry, i.e., the lungs or gastrointestinal tract. Nanomaterials can enter the
body through the skin for various reasons, such as the use of medicine, cosmetics,
ointments, and use of clothes containing nanomaterials, occupational contact in the
industry, etc. Soaps, shampoos, toothpaste, hair gels, creams, and some cosmetics
containing the nanosilver, which can enter into the body through the skin.

Cream or solution containing Silver nanoparticles is used to treat wounds, burns,
etc. to prevent infections and damaged skin. The penetrating ability depends on
the size of the nanoparticles. The smaller the nanoparticle, has the more exceptional
penetrating ability. The inhaled particulatematter gets accumulate in the human respi-
ratory tract, while one significant portion of those inhaled particles gets deposited
in the lungs. Nanoparticles also can travel across the placenta in pregnant women to
the fetus along with other organs, i.e., brain, liver, and spleen. The effects of inhaled
nanoparticles in the body may include lung inflammation and heart disease problems
[95]. The pulmonary injury and inflammation resulting from the inhalation of nano-
sized urban particulate matter appear due to the oxidative stress imposed by these
particles in the cells [98–101]. The first reported nanoparticle is nanosilver, which
can damage DNA molecules. Silver nanoparticles have the most harmful effects on
the most sensitive biological groups [98, 102–105]. This nanoparticle can enter into
the blood through the skin. Silver binds with the thiol group of some proteins. If
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silver complexes with thiol groups are located near-skin region, it gets readily avail-
able to get reduced either by visible or UV light into metallic nanosilver particles.
Therefore, the immobilization of silver nanoparticles takes place in the skin. Further,
the effect of nano copper-induced renal proximal tubule necrosis in kidneys has been
reported by Liao and Liu [106].

4.2 Nanomaterials for Therapy and Diagnostics

Nanoparticles in pharmaceutical products facilitate improved absorption within the
human body and easy delivery, often in association with medical devices. For
example, magnetite, a metal oxide, has high potential applications in nanomedicine.
Nanoparticles can assist the targeted delivery of chemotherapy drugs to specific cells,
i.e., cancer cells. Superparamagnetic iron oxide nanoparticles (SPIONs) and ultra-
small superparamagnetic iron oxide (USPIO) have also proved its significance for
targeted drug delivery [107]. Nanoparticles improve the solubility of poorly water-
soluble drugs, increase drug half-life, modify pharmacokinetics, improve bioavail-
ability, diminish drug metabolism, assist controlled and targeted, and combined drug
delivery [98, 108–111]. According to the International Agency for Research on
Cancer (IARC) data, estimates of nearly 13.1 million deaths due to cancer by 2030.
It is evident that the low survival rate occurs not because of the scarcity of potent,
natural, or synthetic antitumor agents but owing to inadequate drug delivery systems.
Hence develops the requirement of technology advancement to establish carriers
and delivery systems capable of targeted and efficient delivery of the chemothera-
peutic agents without unwanted systemic side effects [112]. The solid lipid nanopar-
ticles and nanoemulsions are the most employed lipid-based drug delivery particles.
However, nanosilver based commercial products are capturing themarket. The newly
developed nanomaterials for theranostics are being employed alone or in associa-
tion with “classical” drugs, e.g., cytostatic drugs, or antibiotics. Theranostics is a
combined term for nanomaterials with diagnostic and therapeutic properties [111].

5 Drawbacks of Nanotechnology

Nanomaterials are being employed in different industries and everyday life. There-
fore, the interplay of nanomaterials and social surroundings is worth scientific explo-
ration. Nanomaterials with several benefits can be toxic. Various studies also confer
the effects, as mentioned above, indicating the potential toxicological effects on the
human environment [98]. Different toxic and hazardous effects of nanotechnology
are briefly discussed below.
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5.1 Toxicity of Nanomaterials

Greater human exposure of nanomaterials presents in the environment; more signif-
icant is the harmful effect on human health. The assessment of the cytotoxicity of
nanomaterials assists in the proper elucidation of the biological activity. Gerloff et al.
reported the cytotoxicity of various nanoparticles, such as zinc oxide (ZnO), SiO2, and
TiO2, on humanCaco-2 cells [113]. Shen et al. [114] showed the human immune cells
are prone to toxicity due to ZnO nanoparticles [115]. The ZnO nanoparticles damage
mitochondrial and cell membranes in rat kidney, ultimately leading to nephrotoxicity
[115]. Generally, the nanomaterial toxicity mechanism comprises reactive oxygen
species formation and genotoxicity.However, as described earlier, the toxicity ofZnO
nanoparticles mainly affects immune cells. Various nanomaterials with their diverse
sizes alter mitochondrial function. For example, ZnO nanoparticles generate Zn2+

ions, which disrupts charge balance in the electron transport chain in the mitochon-
dria and therefore triggers reactive oxygen species generation. Nanosilver particle
has a genotoxic effect. A 20-nm nanosilver has a genotoxic effect on human liver
HepG2 and colon Caco2 cells. It has also increased mitochondrial injury and the loss
of double-stranded DNA helix in both cell types [116]. Inhalation of TiO2 nanopar-
ticles resulted in pulmonary overload in rats and mice with inflammation [117, 118].
The cytotoxic and genotoxic effects of TiO2 nanoparticles on the human lung were
reported by Jugan et al. [119]. TiO2 nanoparticles are genotoxic, and it can induce
pathological damage of the liver, kidney, spleen, and brain. Du et al. reported cardio-
vascular toxicity of silica nanoparticles in rats [120]. The surface coating of quantum
dots causes toxicity to the skin cells, including cytotoxicity and immunotoxicity
[121]. Nanosilver is used in wound dressings, affects both keratinocytes and fibrob-
lasts. Fibroblasts show higher sensitivity towards nanosilver than by keratinocytes.
Again, iron oxide nanoparticles rapidly get endocytosis on cultured human fibrob-
lasts and interrupt the function. Citrate/gold nanoparticles have shown toxicity on
human dermal fibroblasts [122]. Carbon nanotubes have high toxicity and produce
harmful effects on humans. The nanoparticles can penetrate the lungs, then reached
the blood and acted as a barrier for the circulation of blood into the brain. They
can also enter inside other organs like bone marrow, lymph nodes, spleen, or heart.
Sometimes, nanoparticles can incite inflammation, oxidant and antioxidant activi-
ties, oxidative stress, and change in mitochondrial distribution. These effects depend
on the type of nanoparticles and their concentrations [101]. Copper nanoparticles
(diameters 40 nm and 60 nm) harm brain cells at low concentrations. It activated the
proliferation of the endothelial cells in brain capillaries. Ag nanoparticles (25, 40,
or 80 nm) influenced the blood-brain barrier, causing a pro-inflammatory reaction,
which might induce a brain inflammation with neurotoxic effects [123]. Smaller Ag
nanoparticles (25 nm and 40 nm diameter) can induce cytotoxic effect at a higher rate
than larger nanoparticles. Nanoparticles also have harmful effects on the brain cell
of the mouse and rat. The high concentration of nanoparticles can affect brain blood
fluxes, with consequent cerebral edema. Pathogenic effects of Ag-nanoparticles (25,
40, and 80 nm diameter), Cu-nanoparticles (40 and 60 nm), and Au-nanoparticles



Nanomaterials: An Introduction 11

(3 and 5 nm) on the blood-brain barrier of the pig have been reported [124]. Silver
nanoparticles (45 nm) influenced the acetylcholine activity via nitric oxide genera-
tion; it induces hyperactivity of rat tracheal smooth muscle [125]. It is also reported
that Ag- nanoparticles (25 nm) produced oxidative stress after the injection into the
mouse. The nanoparticles were aggregated in the kidneys, lungs, spleen red pulp,
and the nasal airway, with no observable morphological changes apart from the nasal
cavity [126].

Very few cells do not undergo morphological changes after withstanding the air-
liquid interface culture for an extended duration. Au-nanoparticles (5 nm and 15 nm
diameter) penetrated the mouse fibroblasts, where they remained stocked. Only the
presence of 5 nm Ag-nanoparticles disrupted cytoskeleton resulting in narrowing
and contraction of cells. Many engineered nanomaterials, such as TiO2, magnetite
iron, CeO2, carbon black, SWCNTs, andMWCNTs, alsomight cause different levels
of inflammatory reactions, including enhanced pro-inflammatory cytokines expres-
sion, target inflammation-related genes, andmicro-granulomas formation [127, 128].
The intra-tracheal administration of MWCNTs with variable length and iron content
in hypertensive rats Led to the lung inflammation with increased blood pressure
and lesions in abdominal arteries along with accumulation in multiple organs i.e.,
liver, kidneys, and spleen post seven days and 30 days exposure [129]. Maneewatt-
tanapinyo et al. studied acute toxicity of colloidal silver nanoparticles administered
in laboratory mice and observed no mortality any acute toxicity symptoms after a
limited dose of 5.000 mg/kg post 14 days of oral administration. No differences
could be observed among groups after hematological and biochemical assessment
and the histopathological study. The instillation of silver nanoparticles at the concen-
tration of 5.000 ppm developed a transient eye irritation for 24 h. The application
of these nanomaterials on the skin did not produce any micro or macroscopic toxi-
city [130]. The schematic mechanism of silver nanoparticle’s toxicity in the human
body is shown in Fig. 3 [131]. The liver and spleen are maximum exposed organs to
nanomaterials owing to the prevalence of phagocytic cells in the reticuloendothelial
system. Also, the organs with high blood flow, such as kidneys and lungs, can be
affected.

5.2 Health Hazards in Human

Despite having many benefits and using nanomaterials, it may cause health hazards
to humans due to a tiny size. The broad absorption surface of the lung, the thinner
air–blood barrier, and comparatively less inactivation of enzymes leads to faster
entry for particles into the systemic blood circulation at higher drug concentrations.
Additionally, intended uptake, exposure of airborne particles from the environment,
and nanoparticles released during the manufacturing process may also cause health
hazards for humans.Usually, nanomaterials’ biological effects are based on their size,
composition, shape, and even on their electronic, magnetic, optical, and mechanical
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Fig. 3 Mechanism of silver nanoparticles toxicity (Abbreviations: NPs—nanoparticles; ROS—
reactive oxygen species; Ag+—silver ions) Redrawn from [131]

properties. Presently, the influence of nanotechnology on human health and the envi-
ronment is still controlled.Most of the studies assessed the outcomes of unintentional
and accidental exposure (inhalation,medical procedures, or accidental ingestion) and
focused only on local effects [98, 99]. Though, along with introducing nanomaterial-
based biomedical methods, it is mandatory to analyze their toxicity at a systemic
level. Centuries before, Paracelsus said, “everything is a poison, and nothing is a
poison, it is only a matter of a dose.” For nanomaterials, it is applicable in both
the aspects of dose and particle size [100]. There is a massive demand for nano-
materials in various applications, ranging from diagnostic technology, bio-imaging,
to gene/drug delivery [132–145]. Therefore, intended or unintended human expo-
sure to nanomaterials is unavoidable and has higher prospects of exposure. Thus, a
branch of science is developing, named “nanotoxicology”, the study of the toxicity
of nanomaterials. Nanotoxicology assesses the role and safety of nanomaterials on
human health. Several anthropogenic sources, like power plants, internal combus-
tion engines, and other thermo-degradation reactions also generate nanoparticles and
develop the need to assess them [101].
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5.2.1 Hazards in Nanomedicine

The nanomaterials represent a variety of biomedical applications. However, there is
some potential risks factor related to the toxic issue. For example, oxidative stress,
cytotoxicity, genotoxicity, and inflammationhavebeen reportedon invitro and invivo
models for testing nanoparticles. The difference in the size of nanomaterial and bulk
comes with the differences in properties and toxicity. Nanomaterials are tremen-
dously beneficial yet can be toxic. Ag, ZnO, or CuO nanoparticles are frequently
used as bactericides [102]. Nevertheless, waste disposal in the environment can also
negatively affect non-target organisms.

5.2.2 Hazards in Medical Instrumentation

Nanomaterials are involved in medical interventions like prevention, diagnosis, and
treatment of diseases.More functional and accuratemedical diagnostic equipment are
being designed for easy and safe operation. The lab-on-a-chip technology facilitates
real-time point-of-care testing, enhancing the standards of medical care. Nanoma-
terial based thin films on implant surfaces improve the wear and resist infection.
However, until now, these medical nanodevices are not 100% hazard free due to
manufacturing processes, not following guidelines of nanotoxicity, and operating
without the assessment of long term effects of nanotoxicity.

5.2.3 Hazards in Food Product

Nanotechnology is used to produce advanced food products and smart packaging
technology [146–148]. In this way, the possibility of direct exposure to nanomaterials
with humanbeings is enhanced, anddifferent types of long-termor short-term toxicity
may occur [149–151]. Nanoparticles and diamond-like nanocomposite (DLN) thin
films are used in food packaging to reduce UV exposure and prolonged shelf life.
Due to very few articles being reported in this area, further research is needed to
fully explore the potential use of these nanoparticles for food products and medical
treatments.

6 Environmental Nanopollution and Its Effect in Society

Environment conservation is a challenging task. Its vastness and complexity make
this even more difficult. As nanomaterials’ production is growing, multiple issues
concerning nanotechnology arise as environmental pollution and industrial exposure.
Nanoparticles serve as pollutants in diesel exhaust or welding fumes, presenting new
toxicologicalmechanisms [152, 153]. It alsomakes us face pollution inmacro,micro,
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and nanoscale. New branches of electronics are also creating new sources of occupa-
tional exposure hazard. The circumstances produce new challenges for both classical
toxicology and nanotoxicology. Though nanotechnology improves the living stan-
dard, a simultaneous increase in water and air pollution has also occurred. As the
origin of this pollution lies in nanomaterials hence termed “Nanopollution.”Nanopol-
lution is exceptionally lethal to both underwater flora and fauna and organisms living
on soil. The pollutants can enter the human body in multiple ways. Cellular mech-
anisms can get affected by nanomaterial toxicity, which mainly comprises reactive
oxygen species generation and genotoxicity [153–155]. The nanoparticle’s exposure
on humans can occur accidentally by environmental particles (e.g., air pollution)
and intentionally because of a variety of consumer products, cosmetics, and medical
products containing nanoparticles. The release of nanoparticles during the manufac-
turing process may result in exposure to workers via dermal, oral, and inhalation
routes. Exposure to air pollutants, such as ultrafine particles, is known to cause
inflammatory airway diseases and cardiovascular problems in humans [156]. Pope
et al. [157] stated that even low levels of ambient nanoparticle exposure have a
significant effect on mortality. To decrease nano pollution, scientists and researchers
used nanotechnology to develop nanofilters, eliminating almost all airborne particles
[158].

7 Social-economic Disruption Due to Rapid Use
of Nanotechnology

As the speed of nanotechnology development is growing, as a consequence,
the job opportunities are decreasing, arising the problem of unemployment in
fields like industrial sector, manufacturing, and traditional farming [159, 160].
Nanotechnology-based devices and machines have replaced humans to furnish the
job more rapidly and efficiently, which has pointed out the importance of human
resources in practical work. Increasing growth and instant performance of nanotech-
nology have compromised the worth of commodities like diamond and oil. As an
alternative technology, i.e., Nanotechnology has a detrimental effect on demand as
substitutes havemore efficiency and do not need fossil fuels. Diamonds are losing the
worth due to greater availability from nanotechnology-based fabrication methods.
Currently, manufacturing companies are equipped to produce the bulk of these
products at a molecular scale, followed by disintegration to create new components.

At present, nanotechnology involves high investment technologies, raising the
cost daily. The high price is the result of intricate molecular structure and processing
charges of the product. The whole process makes it difficult for manufacturers to
produce dynamic products using nanotechnology randomly. Currently, it is an unaf-
fordable business owing to the massive pricing of nanotechnology-based machines.
Hence, nanotechnology can also bring financial risks as manufacturers have to invest
a large sum of money for setting up nanotech plants. The manufacturers have to
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face a considerable loss if, by any chance, the manufactured products fail to satisfy
the customers. Alternate options such as the recovery of the original product or
maintenance of the nanomaterials are also a costly and tedious affair.

Further, nanotechnology does not leave any byproducts or residues, generally
basedon small industries, therefore creating a considerable risk of extinction for small
scale industries. As an outcome, the quantity of sub-products of coal and petroleum
is deteriorating. Another massive threat, like the Covid-19 pandemic situation, may
be born with the arrival of nanotechnology. It can make the easy accessibility of bio-
chemical weapons or nano-bio engineered biological weapons. Nanotechnology is
making these weapons more powerful and destructive. Unauthorized criminal bodies
or corrupt politicians can steal the formulations and may reach these dangerous
weapons easily, and they can quickly destroy our civilization [161].

8 Effect of Nanotechnology on Microorganisms, Animals,
and Plants

Some nanomaterials are hazardous to human beings and are also harmful to the exis-
tence of different microorganisms, animals, and plants. Human-made nano pollution
is very unsafe for living microorganisms, animals, and plants under the water or on
the earth. As a result, many of microorganism’s families have entirely disappeared
from the world. Due to the rapid application of nanotechnology in the agriculture
sector without proper nanotoxicological analysis, many plants are directly exposed
to nanotoxicity, and animals are indirectly exposed. Thus, in the last two decades, a
vast number of valuable plants and animals are entirely disappeared from our world.

9 Safety and Security of Nanotechnological Developments

Nanotechnology is an extensively expanding field. Researchers, scientists, and engi-
neers are getting high success in producing nanoscale materials and taking advan-
tage of enhanced properties, such as higher strength, lighter weight, increased elec-
trical conductivity, and chemical reactivity compared to their larger-scale equivalents
[162, 163].

Human health concerns are also growing due to nanomaterials. The attempts
of technological manipulations raise the vocational risk to the workers in case of
accidental exposures. The ethical issues regarding the poisoning of mass material are
processed at a nanoscale, causing adverse effects on the health and industry. Mass
poisoning occurs in the case of toxic micro particles coatings on the products. These
microparticles penetrate inside the brain, while in contact with humans. Academic
and industry experts suggest that there exists ambiguity regarding the toxic effects of
releasing nanoparticles into the environment. It is also noteworthy that there is a lack
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of knowledge of nanoparticles interactionswith humans and the environment. Similar
to most of the emerging technologies, nanotechnology, and nanochemistry industries
have both benefits and challenges. To obtain maximum benefits, the problems must
be overcome, managed, and endured. In combination with other inorganic or organic
counterparts, mesoporous silicates have been extensively explored for targeted drug
delivery and cancer treatment. Even though the long-term toxicity of the nanoparticles
is subjected to controversies and doubts, the use of gold and silver nanoparticles have
provided more advantages in comparison to other actual alternatives (cytostatics).

Consequently, there is a growing interest in developing in vitro assays for nanotox-
icology study [164]. It is strongly encouraged to use primary human cells as a source
for in vitro study with nanoparticles since different origins of cancerous cell lines
complicate data interpretation for human risk evaluation. Till now, the environmental
effects and the toxicity of nanomaterials to organisms are in the infancy state. The
evaluation methods need to be cost-effective rapid, and quantity efficient.

10 Current Policy and Regulation Status

The social implications of nanotechnology comprise many fundamental aspects like
ethics, privacy, environment, and security. Occasionally, the negative impacts on
the environment are too averse to handle that the people simply give up. However,
nanoscience researchers are still optimistic about seeing the light of hope on the other
side of the tunnel. Environmental clean-up is possible via the design and manip-
ulation of the atomic and molecular scale of materials. It would develop cleaner
energy production, energy efficiency, water treatment, and environmental remedia-
tion. Nanoscale fluid dynamics decipher the flow of nanoparticles in the environment
as a result of interactions with biological and ecological systems. Researchers are
keen to understand the transportation of nanomaterials in association with environ-
mental contaminants through groundwater systems. For food authenticity, safety,
and traceability, every food company should need to use smart labels at more robust
and innovative functional lightweight packaging. Each developed and developing
countries have a separate policy and regulation for the use of nanotechnological
products and applications. Explicit initiatives on nanotechnology must be needed
to promise that the opportunity provided by nanotechnology is not misused, and
research does not become fragmented. The uncertainty, complexity, and diversity of
nanotechnology mean that any initiative should not be a strictly preconceived closed
program. Flexibility will be needed to stay side by side of development as they arise.
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11 Challenges and Future Trends in Using Nanomaterials
in Humans

Nanotechnology-based production uses minimal human resources, land, mainte-
nance, and it is cost-effective, high productivity with modest requirements of mate-
rials and energy. The extensively growing field offers scientists and engineers an
excellent opportunity to manipulate or alter the nanoscale materials to yield benefit
of enhancedmaterial characteristics like increased strength, lightweight, higher elec-
trical conductivity, and chemical activity in comparison to their large-scale counter-
parts. However, for biomedical applications, the toxicity evaluation of nanomaterials
should be performed. Broadly, detailed physicochemical characterization of nanoma-
terial should be performed before and during any toxicity study. Essential properties
can control nanomaterial-induced toxicity, including size and shape of the nanomate-
rials, coating, chemical composition, crystal growth, nanomaterials purity, structure,
surface area, surface chemistry, surface charge, agglomeration, and solubility should
also be taken care. Measurements should be performed in a sufficiently stable state
of nanomaterials in the most suitable test medium, i.e., aggregation status and ion
release from metallic nanomaterials. Various engineered materials should be tested
for their multidisciplinary tiered toxicity using diverse models and experiments [165,
166]. Therefore, the first step in genotoxicity is an assessment of the physicochem-
ical properties of nanomaterials. The validation of the proposed tiered approaches
still waits for the future. The researchers are continuously trying to increase the rele-
vant database with an increasing number of publications (papers, reviews, or even
patents) every year [167], particularly the market share of the nanotechnology prod-
ucts is also growing up to thousands of billions of Euros [168]. Balanced use of the
nanotechnologies/nanomaterialsmust be arranged to optimize the opportunities/risks
factors.

Further studies related to the influence of size and shape, capping agents, recep-
tors immobilization onto the metal nanoparticles are still necessary. Varying sizes
can tune surface plasmon resonance, the shape of the nanomaterials and different
surface functionalization of both silver and gold nanoparticles can reduce the toxi-
city and enhance a variety of biomedical applications in the future. For example, CNT
toxicity can be reduced via functionalization, surface coating, and stimulation of the
autophagic flux. The amino functionalization decreases the CNT toxicity to the cells
[169] and albumin coating for SWCNTs [170]. We have summarized some compar-
ative points about the advantages and disadvantages of nanotechnology discussed
throughout our review in the form of the following Table 1.

12 Conclusions

Nanoparticles can enter and get distributed around the human body very easily. After
entering into humans, it moves within the body and creates cellular toxicity. Then
it attacks the respiratory system, cardiovascular system, brain, skin, gut, and other
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Table 1 Comparative discussion about advantages and disadvantages of nanotechnology

Advantages Disadvantages

Early-stage detection of some diseases Still at its infancy stage

Reduction of the size of any material, machine
or equipment

More research and developmental work need
to be done

Reduction of the amount of energy and resource Expensive technology till now

Helps to clean up the existing nano-pollution Creates environmental nano pollution

Able to secure the economy once it can be fully
implemented

It can create social-economic disruption in
society

Applicable and implementable to most of the
applications ever existed

The huge initial cost for implementation

Can alter the basis of technology for human, in
its matured phase

Resistance from a culture perspective,
activists, journalists and even within the
government

Improvement of the therapeutic drug index by
increasing efficacy and/or reducing toxicities

Knowledge limitation from many industries
and misperception among many fields about
its capabilities.

Targeted delivery of drugs in a tissue-, cell- or
organelle-specific manner

The government does not regulate
nanomaterials

Enabling sustained or stimulus-triggered drug
release

Requirement of significant investment and
research but yield is still a limiting factor

More sensitive cancer diagnosis and imaging Some nanoparticles may be toxic to humans

Better pharmaceutical properties (i.e. stability,
solubility, circulating half-life and tumor
accumulation) of therapeutic molecules

Nanotechnology made weapons are more
powerful and more destructive by increasing
the explosion potential

Provision of new approaches for the
development of synthetic vaccines

Lack of employment in the fields of traditional
farming, manufacturing, and industrial sector

organs. Some nanomaterials kill harmful bacteriawithin the body, and some kill good
bacteria and live-cells of the human body. Nanoparticles with different substances are
used in SIM cards of cell phones or sunscreens. When these are used, free nanoparti-
cles get released in the environment (air, water, or soil). Engineering fields like civil
and electronics also create new occupational health risks, making new, potentially
toxic nanomaterials. The toxicity of nanoparticles depends on their shape, size, and
chemical composition. Centuries before, Paracelsus quoted, “everything is a poison,
and nothing is a poison, it is only a matter of a dose.” In regards to nanomaterials,
the quotes hold value for both dose and particle size. The new interdisciplinary
investigations explore the potentially harmful effects of these useful NPs and help in
environmental preservation. Owing to a smaller size, the inhalation of nanomaterials
imposes an adverse impact on human health. The inhalation causes severe injury to
the lungs and can also become fatal. The deterioration of lungs can be observed even
after the 60s of nanoparticle inhalation. Therefore, for sustainable nanotechnology
development, it is mandatory to evaluate and spread knowledge about the short term
and long term exposure benefits and hazards for nanomaterials.
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To conclude, nanotechnology has the potential to impact society, both positively or
negatively. Its consumers, producers, and dealers include all the communitymembers
and all stakeholders, so we should collectively raise the voice in its various growth
and commercialization phases. Nanotechnology is currently in its infancy stage, with
a significant lack of awareness about its effects on humans and the environment. As
civilization moves forward, the vital query is: how should we manage the risks
and uncertainties of this emergent technology? Is anyhow the COVID-19 pandemic
situation human-made? If not, we can face such circumstances due to the careless
application of nanotechnology in different fields.
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1  Introduction
Due to their multifarious uses, Australian Acacia auriculi-
formis (Sonajhuri) has been widely introduced across the 
tropics (Tassin, Rangan, & Kull,  2012; Dubliez, Freycon, 
Marien, Peltier, & Harmand,  2018) for the last 50 years 
(PROTA, 2016). A. auriculiformis species are planted as for-
estry and agroforestry to increase the soil fertility (particu-
larly nitrogen) to integrate carbon and to restore soil nutrient 
in the degraded forests and degraded lands (Bernhard-Re-
versat, 1993; Franco et al., 1994; Parrotta & Knowles, 1999; 
Fuentes-Ramirez, Pauchard, Cavieres, & Garcia,  2011; 
Bouillet et al., 2013; Sitters, Edwards, & Venterink, 2013; 
Permadi, Burtona, Pandita, Walker, & Race, 2017). One of 
the fastest growing tree species, A. auriculiformis is planted 
for agroforestry, commercial forestry (ISC, 2020), well dec-
oration purposes, fuel, charcoal, and supply of wood (Sitters 
et al., 2013; Permadi et al., 2017). The presence of nitrogen-
fixing species (NFS) similar to the Australian acacias usual-
ly increases forest production and crop production at nitro-
gen deficiency sites (Binkley, 1992; Khanna, 1998; Bouillet 
et al., 2013; Nambiar & Harwood, 2014; Paula et al., 2015; 
Dubliez et  al.,  2018). The Australian A. auriculiformis 
has the ability to sequestrate carbon in both biota and soil 
that also involved in climate modification (Binkley, 1992; 
Kaye, Resh, Kaye, & Chimner,  2000; Resh, Binkley, & 
Parrotta, 2002; Lee, Ong, King, Chubo, & Su, 2015; For-
rester, Pares, O’Hara, Khanna, & Bauhus, 2013). However, 
in some cases, soil carbon storage by this species may not 
be ensured (Voigtlaender et al., 2012; Oelofse et al., 2016). 
A. auriculiformis species has been most dangerous for soil 
health and forest ecosystem through reduction of soil mois-
ture, soil fertility, and under growth in Purulia district.

Soil health is considered as an important factor for 
the improvements of agricultural production (Sarvade 
et al., 2019). According to FAO (2015), soil health is con-
tinued capacity of soil to existing living system, which 
preserved the biological productivity, environmental excel-
lence, and promotes the plant and animal health. Healthy 
soil helps to maintain soil biota and plant life, decompose 
organic matter, amassment and cycle of water and nutrients, 
neutralize toxic compounds, soothe microbes, and conserve 
the quality of water (Slavich, 2001). Due to rapid growth of 
human population and reduction in land holding, soil health 
is depleting through overexploitation of land resources and 
nutrient (Sarvade, Singh, Prasad, & Prasad, 2014).

Agroforestry is considered as a sustainable land use sys-
tem as it can conserve soil and enrich various properties of 
soil (physical, chemical, and biological) through multifunc-
tional mechanism (Pandey, 2007; Das, Deb, & Arunacha-
lam, 2011; Anju & Koppad, 2013; Mandal et al., 2013; Sar-
vade et al., 2014; Guleria et al., 2014; Nair, 2014; Sarvade 
& Singh,  2014; Berhe & Retta,  2015) (Fig.  27.1). In the 
tropics, Agroforestry systems can converse land degrada-
tion problem through their positive effects on soil (Torn-
quista, Hons, Feagley, & Haggar,  1999). The amount of 
litter accumulation, class of litter, frequency of decompo-
sition, and improvement of soil properties are controlled 
by the kind of tree species, their age, and density. (Isaac & 
Nair, 2006; Nair, 2007; Xiong, Xia, Li, Cai, & Fu, 2008; 
Sarvade et al., 2014).

Some of the exotic species, such as A. auriculiformis, are 
more risky among a variety of plant species that can degrade 
soil health (Kidanu, Mamo, & Stoosnijder, 2005). A. auriculi-
formis competes with different plants to obtain the moisture of 
soil (Kidanu et al., 2005; Forrester, Theiveyanathan, Collopy, 
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& Marcar, 2010; Albaugh, Dye, & King, 2013) and acquires 
topsoil nutrients (Gupta, 1993; Guo, Sims, & Horne, 2002). 
Therefore, these species adversely affect biodiversity and 
can reduce plant diversity (Huttel & Loumeto,  2001). This 
tendency of plants represents as allelopathy (Lisanework & 
Michelsen,  1993; Paul, Polglase, Nyakuengama, & Khan-
na, 2002; Hartemink, 2006; EDDMapS, 2016). Modifications 
in the structural variety of soil microorganisms (Mycorrhizal 
fungi and Rhizobia) interrupt the growth of innate plants in 
Purulia district. A. auriculiformis establishes strongly optimis-
tic plant–soil reactions that are essential systems for its further 
annexation (Gaertner et al., 2014) and indicates the competi-
tive ability as a threat compared to the native plants (Rodri-
guez-Echeverria, Afonso, Correia, Lorenzo, & Roiloa, 2013). 
A. auriculiformis have also harmful effects on fixates of soil 
nutrients and neighboring plant species (Liu et al., 2017; Mei-
ra-Neto et al., 2018). Often in some water-limited or drought-
prone areas, the introduction of exotic NFS species similar to 
the Australian A. auriculiformis can change the seasonal water 
availability of the soil (Rascher, Grobe-Stoltenberg, Maguas, 
& Werner, 2011; Siddiq & Cao, 2016).

2  Materials and methods

2.1  Study area

Bounded by the latitudes of 22°40′N to 23°42′N and the 
longitudes of 85°49′E to 86°54′E, in eastern fringe of the 
Chota Nagpur Plateau (Fig.  27.2), funnel-shaped Puru-
lia district is located in the westernmost part of the West 
Bengal. The district is bounded by the state of Jharkhand in 
north, west, and south; and in eastern part by the districts of 
Bardhaman, Bankura, and Jhargram of West Bengal, India.

The geological structure of the region has been adorned 
with various stratigraphic units from the earliest Precam-
brian (Archaeans) period to younger Tertiary–Quaternary 
period (Dunn, 1929). From the topographical point of view, 
this region is very much diversified as it is endowed with 
numerous dome-shaped inselbergs, escarpments, spurs, un-
dulating upland, and erosional plain (Mahato & Jana, 2019). 
The elevation of different parts of Purulia ranges between 
78 and 699  m above the mean sea level with its much more 
diversity of the polycyclic landscape through the undulat-
ing Archean plateau (Dunn & Dey, 1942). As the Purulia 
district is a part of the Chota Nagpur granite-gneiss tract, 
it has not felt any severe diastrophic movement in its pro-
longed geological history, but it has been greatly affected by 
the orogenic forces (Dunn, 1929; Singh, 1969; Ray, 1982; 
Ghosh, 2012). The study area occupies on the eastern edge 
of the Precambrian granite-gneiss tract of the Chota Nagpur 
Plateau (Singh, 1969).

Climatologically, Purulia district is characterized by 
subtropical monsoon type of climate with very high day 
temperatures during the summer months reaching up to 
46°C, whereas the minimum temperature drops to 3°C dur-
ing the winter months and the region feels the plentiful cool 
(Bhattacharya et  al.,  1985; Datta & Chakraborty,  2017). 
The evaporation rate of the district is very high during the 
summer months due to mean monthly average temperature 
of 32°C, while the average monthly temperature in winter 
months is 11°C. The average long-term annual rainfall be-
tween the periods of 1960–61 and 2014–15 is 132 cm of 
which 80% rainfall occur during June to September (Bhat-
tacharya et al., 1985; Datta & Chakraborty, 2017). The soil 
of the area is infertile laterite and red gravelly type, which is 
characterized by infertile, unproductive, erosion prone, lack 
of soil nutrients, and lower water holding capacity (NBSS 
& LUP, 2010).

2.2  Acacia auriculiformis and its distribution in 
the district

A. auriculiformis is widely introduced as a commercial 
plantation to supply different yields such as firewood, 
charcoal, pulp, and construction equipment; moreover, 
it is used for soil conservation and ecological restoration 
(Awang & Taylor,  1993; Franco & de Faria,  1997; Otsa-
mo, Adjers, Hadi, Kuusipalo, & Vuokko, 1997; Midgley & 
Turnbull, 2003; Eyles et al., 2008; Kull & Rangan, 2008; 
Coetzee et al., 2011; Hai, Duong, Toan, & Ha, 2015). This 
tree species was brought to India from Australia in 1946 
(Kushalapa,  1991) and planted for forestry to extended 
monoculture tree plantations. A. auriculiformis has been 
widely cultivated in Purulia district by government and 
private initiatives for its ability to grow in poor soils. At 
present, A. auriculiformis has been planted in Purulia over 
an extensive area for vegetation restoration, reduction of 

FIGURE 27.1  Relation between soil components and soil health.



Effects of Sonajhuri (Acacia auriculiformis) plantation on soil health in Purulia district   Chapter | 27    345

wastelands, conservation of soil, production of pulp, wood, 
firewood, construction materials, and ornamental purposes 
(Fig. 27.3 and Table 27.1).

Government and private organizations have taken ini-
tiatives for the plantation of A. auriculiformis in most of 
the fallow lands and wastelands of the district for environ-
mental sustainability and its multipurpose uses, but this 
initiative did not properly address the district's indigenous 
environment. This species becomes harmful to environment 
for reduction of soil nutrients, soil moisture, soil fertility, 
atmospheric moisture, and undergrowth, but recently the 
rate of A. auriculiformis plantation is constantly increasing 
(Table 27.1).

2.3  Sampling design

Soil samples were taken during November to December 
2019 using a 4-cm diameter auger. Samples were collected 
randomly from four sites under <5, 6–10, 10–15, and >15 
years old A. auriculiformis plantation area (AG <5, AG 
6–10, AG 11–15, and AG >15, respectively) and two sites 
under the inexistent of A. auriculiformis species such as 

scrub grassland sites and native forest sites. All these sites 
were selected for exhaustive analysis of the altered chemi-
cal properties of topsoil (0–20 cm) and subsoil (20–40 cm). 
Aboveground litter layer removed before the collection of 
samples. Samples have been collected from the top layer of 
soil because this layer is very much affected by the grow-
ing vegetation cover (Jobbagy & Jackson, 2001). In total, 
64 sample sites [(AG <5)-10, (AG 6–10)-10, (AG 11–15)-
10, (AG >15)-10, scrub grassland sites-9 and native for-
est sites-15] were selected in the study area for testing and 
validation of chemical characteristics (Fig.  27.2 and Ta-
ble 27.2). At each site, two samples were taken such as one 
from topsoil and another from subsoil (n = 2); therefore, to-
tal number of sample is 64 × 2 = 128. All the selected sites 
are located on homogenously well-drained and sandy soils 
of the rolling plateau fringe and characterized by a gentle 
to moderately inclined topography (Elevation 157-182 m).

2.4  Analytical methods

Air-dried fine soil samples were taken for testing and 
analysis of chemical characteristics and charge properties 

FIGURE 27.2  Location of the study area with 64 soil-sampling sites.
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TABLE 27.1 Acacia auriculiformis plantation area and total plantation area of Purulia district during 2004–05 to 2014–15.

Year Plantation area (ha) A. auriculiformis plantation area (ha) PS GR

2004–05 514 381 74.12451362 13.39421613

2005–06 375 260 69.33333333 −31.75853018

2006–07 451 346 76.71840355 33.07692308

2007–08 745 620 83.22147651 79.19075145

2008–09 843 657 77.93594306 5.967741935

2009–10 802 569 70.94763092 −13.39421613

2010–11 971 815 83.93408857 43.23374341

2011–12 1098 746 67.9417122 −8.466257669

2012–13 897 705 78.59531773 −5.495978552

2013–14 1024 768 75.00 8.936170213

2014–15 1105 873 79.00452489 13.671875

Data source of plantation area and A. auriculiformis plantation area is Forest Department of Purulia, 2017. The present authors have computed PS and GR. 
PS—Percentage share of A. auriculiformis plantation area to plantation area, that is, PS  =  A. auriculiformis plantation area/plantation area × 100; GR—growth 
rate of A. auriculiformis plantation area, that is, GR = (present−past)/past × 100.

FIGURE 27.3  Spatial distribution of Acacia auriculiformis plantation in Purulia district using SOI topographical sheet, new edition in 2010 with 
the help of Arc-GIS 10.4 software assigning UTM, WGS 1984, 45°N zone projection system.
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TABLE 27.2 Design of field sampling in Purulia district of West Bengal, India.

Sample 
sites

Geographical location Soil weight (g) Types of sample sites

Latitude (N) Longitude (E) Ts Ss

Acacia auriculiformis planting Sites Scrub and 
grassland sites

Native 
forest sitesAG <5 AG 6–10 AG 11–15 AG >15

1 22°57′22.476″ 86°38′51.368″ 371 346 √

2 23°01′52.773″ 86°41′33.841″ 320 334 √

3 23°07′52.073″ 86°37′21.563″ 311 309 √

4 23°04′58.115″ 86°30′06.583″ 327 353 √

5 23°00′02.364″ 86°26′24.135″ 380 311 √

6 22°58′13.109″ 86°34′18.301″ 357 329 √

7 22°54′48.643″ 86°30′54.435″ 314 367 √

8 22°48′14.342″ 86°31′56.891″ 375 340 √

9 22°46′17.605″ 86°28′08.645″ 305 304 √

10 22°51′03.517″ 86°37′10.034″ 317 347 √

11 23°00′46.845″ 86°23′30.119″ 388 357 √

12 23°05′14.227″ 86°23′42.137″ 330 349 √

13 23°06′38.342″ 86°18′01.664″ 342 320 √

14 23°03′37.221″ 86°12′00.389″ 315 326 √

15 23°10′07.309″ 86°20′39.941″ 365 367 √

16 23°08′24.174″ 86°29′58.420″ 314 340 √

17 23°07′51.145″ 86°35′04.169″ 309 304 √

18 23°06′57.701″ 86°40′29.036″ 327 347 √

19 23°05′02.327″ 86°43′49.187″ 325 350 √

20 23°10′24.152″ 86°43′39.512″ 364 382 √

21 23°09′51.361″ 86°37′50.401″ 340 342 √

22 23°12′48.126″ 86°40′01.353″ 365 373 √

23 23°14′00.991″ 86°44′00.416″ 318 360 √

24 23°17′25.256″ 86°44′10.039″ 355 330 √

25 23°18′00.953″ 86°37′39.114″ 320 342 √

26 23°24′48.655″ 86°32′19.540″ 334 305 √

27 23°16′39.607″ 86°29′31.733″ 350 314 √

28 23°20′42.943″ 86°33′39.206″ 382 317 √

29 23°13′22.258″ 86°25′58.307″ 342 330 √

30 23°14′26.722″ 86°19′49.858″ 373 357 √

31 23°18′28.074″ 86°22′56.381″ 360 375 √

32 23°22′14.154″ 86°24′47.954″ 324 380 √

33 23°25′55.163″ 86°28′01.280″ 303 388 √

34 23°18′47.439″ 86°17′03.911″ 329 320 √

35 23°21′09.167″ 86°16′02.229″ 357 313 √

36 23°23′09.234″ 86°11′05.357″ 349 367 √

37 23°19′13.458″ 86°11′42.407″ 320 351 √

38 23°14′50.621″ 86°11′08.856″ 326 344 √

39 23°09′04.375″ 86°11′54.502″ 310 360 √

40 23°06′24.307″ 86°08′05.148″ 330 394 √

41 23°11′40.825″ 86°07′51.453″ 364 411 √

(Continued)
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with the help of standard procedures followed (Kasongo, 
Van Ranst, Verdoodt, Kanyankagote, & Baert, 2009). The 
samples were analyzed for the distribution of particle pro-
portions by pipette method as well as estimation of organic 
carbon content (Corg) by Walkley and Black method, pH 
(water and KCl extracts 1:2.5), and total nitrogen content 
(Ntot) by macro-Kjeldahl method. Whereas exchangeable 
base cations (1M NH4OAc at pH 7) and cations exchange 
capacity (CEC7) were ascertained on combined soil sam-
ples as prescribed by Van Ranst, Verloo, Demeyer, & Pau-
wels (1999). Uehara and Gillman (1980) method has been 
applied to determine field pH, pH0, and charge properties of 
litter samples, and Gillman and Sumpter (1986) improved 
this method following for pH0 ascertained, the soil com-
ponent was Ca2+ impregnated and paddled to equilibrium 
with 0.002 M CaCl2. The pH is standing to various values 
in the range from 4.0 to 7.0. In stable condition, the pH 
assessed and labeled as pH0.002 (ratio of soil from solution 
1:2.5), where the similar soil sample counterweighted with 

a 2M CaCl2 solution and labeled as pH0.05. As the pH reacts 
with the determination of changes in negative and positive 
charges, the soil is again filled with Ca2+ and equilibrated 
with 0.002M CaCl2.

Structural proportion of pH (H2O), pH (KCl), Corg (%), 
Ntot (%), and C/N represents in different sites along with 
successive age of A. auriculiformis species.

2.5  Statistical analyses

Major variations in the chemical properties of the soil have 
been recorded in the A. auriculiformis plantation sites of 
different ages, scrub grassland sites, and native forest sites, 
identifying by the one-way ANOVA analysis. The variances 
between the treatments mean values at P < .05 significant 
find out by least significant difference (LSD) test. Pearson's 
correlation coefficients (PCC = r2+_) have been calculated 
to ascertain the correlations between the specific soil char-
acteristics.

Sample 
sites

Geographical location Soil weight (g) Types of sample sites

Latitude (N) Longitude (E) Ts Ss

Acacia auriculiformis planting Sites Scrub and 
grassland sites

Native 
forest sitesAG <5 AG 6–10 AG 11–15 AG >15

42 23°12′01.004″ 86°04′00.579″ 345 356 √

43 23°11′54.908″ 85°58′57.388″ 351 308 √

44 23°15′19.642″ 85°56′02.173″ 322 354 √

45 23°15′56.027″ 85°59′57.834″ 318 396 √

46 23°17′00.683″ 86°05′51.081″ 366 302 √

47 23°18′17.514″ 86°00′03.558″ 326 374 √

48 23°18′38.696″ 85°52′58.331″ 387 354 √

49 23°23′29.097″ 85°56′01.922″ 316 405 √

50 23°21′56.341″ 86°01′07.989″ 389 327 √

51 23°20′42.139″ 86°05′17.505″ 335 338 √

52 23°23′21.877″ 86°04′44.112″ 305 340 √

53 23°26′39.972″ 86°02′50.542″ 322 362 √

54 23°28′33.156″ 86°23′11.934″ 370 384 √

55 23°28′39.093″ 86°31′52.739″ 346 320 √

56 23°31′01.972″ 86°28′00.383″ 334 348 √

57 23°37′00.521″ 86°33′56.149″ 309 350 √

58 23°31′48.227″ 86°36′04.306″ 353 355 √

59 23°29′40.607″ 86°39′52.911″ 311 349 √

60 23°36′08.192″ 86°47′01.101″ 329 324 √

61 23°33′03.541″ 86°49′54.834″ 367 316 √

62 23°24′44.077″ 86°47′39.553″ 340 346 √

63 23°20′48.233″ 86°46′04.417″ 304 305 √

64 23°20′39.068″ 86°40′11.105″ 347 385 √
Ts, Topsoil; Ss, subsoil; AG, age of A. auriculiformis species; √, selected sites for sampling.

TABLE 27.2  Design of field sampling in Purulia district of West Bengal, India. (Cont.)
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3  Results and discussion

3.1  Chemical characteristics of soil

The mean chemical properties of topsoil and subsoil in A. 
auriculiformis plantation areas are shown in Tables 27.3A 
and B represent the average chemical properties of top-
soil and subsoil in scrub grassland sites and native forest 
sites. Table 27.3A shows that the pH (H2O) and pH (KCl) 
of topsoil and subsoil significantly decrease according to 
different successive ages of plantation field (Fig.  27.4A). 
Within 10 years, A. auriculiformis trees influence a clear 
acidification of the topsoil of the study area. The average 
topsoil pH(H2O) of the 15-year-old A. auriculiformis forest 
is about 5.26, whereas it is about 6.40 under scrub grass-
lands and about 6.15 under the native forests (Fig. 27.4D).

The main reasons for the soil acidification with de-
crease in soil pH are organic acids generating from litter 
and corrosion products of the root or litter extractives (Ka-
songo et  al., 2009). In addition to neutralizing the effects 
of enhanced N mineralization by nitrification, this study is 

influenced by the low-solubility macromolecular elements 
formed by the acidity reduction processes generated be-
neath the acacia forest. For example, it is seen here that the 
amount of Corg of organic matter in the acacia forest has de-
creased significantly from 2.92% to 1.94% during the early 
6 years of the plantation.

The chronological sequence of A. auriculiformis species 
also highlights an important and uninterrupted decline in 
Corg and Ntot content over a period of 15 years (Fig. 27.4B 
and C). As estimated, the availability of organic compo-
nents is mostly influenced in the topsoil, as a result about 
252% decreases of the Corg content following 15 years of 
A. auriculiformis plantation. A major fluctuation in the Corg 
matters of together the topsoil (2.92%) and subsoil (1.31%) 
is existent during 5 years. During 6–10 years old A. auricu-
liformis fields, the Corg matters double to achieve moder-
ately high heights in the topsoil (around 1.94%), while more 
than 15 years oldest A. auriculiformis fields are character-
ized by low Corg matters (1.16% and 0.77% in the topsoil 
and subsoil, respectively).

TABLE 27.3(B) Average pH(H2O), pH(KCL), Corg (%), Ntot (%), and C/N ratio of topsoil and subsoil under the scrub 
grassland sites and Native forest sites.

Soil 
situation

Scrub grassland sites Native forest sites

pH 
(H2O)

pH 
(KCL)

Corg 
(%)

Ntot 
(%) C/N pH(H2O) pH(KCL)

Corg 
(%)

Ntot 
(%) C/N

Topsoil 
(0–20 cm)

6.39c 6.22c 3.02e 0.341e 9a 6.15c 6.31c 4.15e 0.414e 10a

Subsoil 
(20–40 cm)

6.24c 6.17c 2.97d 0.284d 11a 6.02c 6.12c 3.78e 0.311e 11a

pH (H2O) and pH(KCL)—pH of water and KCl extracts 1:2.5; Corg—organic carbon content; Ntot—total nitrogen content. All the values followed by different 
letters are statistically significantly different (P < .05).

TABLE 27.3(A) Average pH (H2O), pH (KCL), Corg (%), Ntot (%), and C/N ratio of topsoil and subsoil under the Acacia 
auriculiformis plantation sites of cumulative age.

Soil situation
Age of the 
plant species

A. auriculiformis plantation sites

pH(H2O) pH(KCL) Corg (%) Ntot (%) C/N

Topsoil 
(0–20 cm)

AG <5 6.13c 6.01b 2.92d 0.280d 10a

AG 6–10 5.77b 5.62ab 1.94c 0.186c 10a

AG 10–15 5.51ab 5.34ab 1.87b 0.080b 11b

AG >15 5.26a 5.19a 1.16a 0.045a 15c

Average 5.67a 5.54ab 1.97c 0.148c 12b

Subsoil 
(20–40 cm)

AG <5 5.94b 5.87b 1.31c 0.100b 13a

AG 6-10 5.82ab 5.60ab 1.00b 0.080b 13a

AG 10-15 5.59ab 5.38a 0.97b 0.080b 12a

AG >15 5.22a 5.14a 0.77a 0.040a 19b

Average 5.64ab 5.49a 1.01b 0.075b 14a
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The amounts of Corg and Ntot content in the scrub grass-
land sites and native forest sites are significantly higher 
than A. auriculiformis sites (Fig. 27.4E). The average Corg 
content of A. auriculiformis sites of topsoil and subsoil are 
1.97% and 1.01%, respectively, where scrub grassland sites 
are 3.02% and native forest sites are 4.15%. On the other 
hand, the Ntot content of topsoil in scrub grassland sites are 
0.341% and native forest sites are 4.15%, which are specifi-
cally better than the A. auriculiformis sites. The pH values 

of native forest sites and scrub grassland sites are character-
ized as neutral (Fig. 27.4D).

In all soil samples, the pH (H2O) values are higher than 
the pH(KCl) signifying a clear adverse charge. Besides, 
the Corg matters is very ominously (P <  .01) absolutely 
interrelated with the cation exchange capacity (Pearson 
product moment correlation values are A. auriculiformis 
sites, r2 = −0.539; scrub grassland sites r2 = 0.8665; native 
forest sites r2 = 0.8704; (Fig. 27.4F), which aids from the 

FIGURE 27.4  Graphical representation of various soil properties of different sites. (A) pH (H2O) and pH (KCL) status of topsoil and subsoil in 
different ages of Acacia auriculiformis sites; (B) decreasing Corg in topsoil and subsoil of different ages of A. auriculiformis sites; (C) decreasing Ntot in 
topsoil and subsoil of different ages of A. auriculiformis sites; (D) comparison of pH values between different sites; (E) comparison of Corg and Ntot content 
between different sites; (F) correlation between ages of different plantation sites and chemical properties of soil.
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supplementary supply of pH-dominated charged colloidal 
measurable.

3.2  The effects of density and canopy of Acacia 
auriculiformis species on soil C and N

Increasing density of A. auriculiformis species is asso-
ciated with the soil nitrogen (N) and carbon (C) (Belsky, 
Mwonga, Amundson, Duxbury, & Ali,  1993; Ludwig, de 
Kroon, Berendse, & Prins, 2004; Hagos & Smit, 2005; Sit-
ters et al., 2013) (Fig. 27.4; Tables 27.3A and B). The abun-
dance of A. auriculiformis is the root cause of decreases in 
Corg and Ntot contents, which is also the cause of variances 
in soil nutrients. Primarily, the topsoil underneath in tree 
canopies of acacia is depriving the Corg and Ntot in all sites, 
which would expect given that all sites were of different 
ages. On the other hand, the relationship among the soil C 
and N and tree thickness outside the canopy of A. auricu-
liformis is significantly positive; it reflects the reality that 
the distance to the adjacent tree decreases with increasing 
density. Second, general decreases in Corg and Ntot along the 
density incline of acacia forest, and the soil Corg and Ntot 
values indicate decreasing ratio of soil C and N generating 
from the trees.

Binkley (2005) suggested that N-enhancement by N-
fixing plants could cause fluctuations in the slow-moving 
soil-microbial community of organic matter; this process 
can account for the addition of C along the density gradi-
ent of the tree. In the scrubs and native forestlands, the N 
enhancement processes stabilized in this effect, but A. au-
riculiformis species become oppositely effects on microbial 
community. Therefore, the present authors have strongly 
standardized that the density and canopy of scrubs and na-
tive forest is better than the A. auriculiformis.

3.3  Effect of Acacia auriculiformis in Purulia

The widespread invasion of A. auriculiformis in different 
parts of the world has caused an overall conflict of focus 
on the positive and negative effects of the species (Kull 
& Rangan,  2008; Richardson & Rejmanek,  2011; Wilson 
et  al.,  2011; Tassin et  al.,  2012; Ismael & Metali,  2014; 
Aguiar, Barbosa, Barbosa, & Mourao,  2014; Souza, 
Chaves, Barbosa, & Clement, 2018). The multipurpose use 
of this species is socially and economically very much im-
portant (ISC, 2020). In spite of several described benefits 
of A. auriculiformis in forestry, agroforestry, and agricul-
tural systems, there is growing evidence for the causes of 
its detrimental properties, as this species can have penetrat-
ing negative effects on biodiversity, soil health, and human 
well-being (Richardson & Rejmanek, 2011; Attias, Ferreira 
Siqueira, & de Godoy, 2013; Koutika & Richardson, 2019). 
However, A. auriculiformis have restrictions for enhancing 
forest productivity, restoring C and N, and soil fertility and 

controlling the degraded land restoration (Koutika & Rich-
ardson, 2019). The authors did not endorsed A. auriculifor-
mis for reclamation of degraded land in Purulia, because 
of its restricted performance with reference to most of the 
variables that have been measured. In the same way, Par-
rotta and Knowles (1999) suggested that the defective capa-
bility of fast growing species (such as acacia and eucalyptus 
species) does not support in the successional processes of 
Brazil (Koutika & Richardson, 2019).

Initiatives have been taken for the cultivation of A. au-
riculiformis species to reclaim wastelands and fallow lands 
in Purulia, but these initiatives are not reducing the waste-
lands rather accelerates the same. This species becomes 
harmful for the environment of Purulia due to destroyed 
ecosystem facilities, habitat variation, monoculture forma-
tion, reform of successional arrangements, infrastructure 
damage, reduced natural biodiversity, damage of native 
species, and risk to endangered species. A huge plantation 
of fast-growing Australian acacia species on the wastelands 
of Purulia has omitted internal breeding of bird species 
(Chowdhury, 2019). A. auriculiformis plantation in Purulia 
is greatly reducing the number of native plant species (Mal-
lick, 2018). Such findings show that extensive plantation of 
Australian A. auriculiformis is harmful in outside their na-
tive range, such as Purulia.

3.3.1  Negative effects on soil
Variations in the capable variability of microorganisms ex-
isting in soil (rhizobia and mycorrhizal fungi) inhibiting the 
growth of native flora species, while restoring wastelands 
and degraded lands in Purulia district with Australian A. 
auriculiformis. The other Australian acacia species of the 
district are Akashmoni and Australian babul (ISC,  2020), 
recognized optimistic plant-soil responses, which are sig-
nificant materials for its additional annexation (Gaertner 
et  al.,  2014), indicated a tough antagonistic capability 
comparative to the native plant species. Australian A. au-
riculiformis has deleterious effects soil nutrients absorp-
tions by neighboring plants (Liu et  al.,  2017; Meira-Neto 
et al., 2018). In early incursion stage, A. auriculiformis is 
capable to absorb the nitrogen in both soil and leaf, enhance 
canopy layers, and facilitate an extensive range of light dif-
ference that is helped by the nitrogen received and shifted to 
neighboring plants (Meira-Neto et al., 2018).

Planting of A. auriculiformis and native mixed tree 
species [like Butea frondosa (Palash), Bassia latifolia 
(Mohul), and Shorea robusta (Sal)] in the wastelands and 
degraded forestlands of Purulia district, soil N, C, and P ac-
cessibility declined in the topsoil of pure acacia sites com-
pared to native mixed forest at the completion of the first 
10-year cycle. In Purulia, native tree accumulated greater 
amounts of P and N via litter, although the opposite picture 
can be seen in A. auriculiformis (Santos, Balieiro, Fontes, 
& Chaer, 2017) (Fig. 27.5). In subtropical Purulia, the NFS 
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such as Albizia lebbek (Siris), B. frondosa (Palash), Termi-
nalia arjuna (Arjun), and Lagerstroemia parviflora (Sidha) 
have higher P storage ability rather than non-NFS (Begum, 
Pramanick, Mukhopadhyay, & Majumdar, 2020). These 
studies may reveal the potential risk of fluctuating from N 
limitation to soil P restraint in long term involved in reduc-

ing forest productivity. It is to be mentioned that A. lebbek, 
B. frondosa, L. parviflora plantations will be mostly ben-
efited for the subtropical climate and nutrient-poor soil of 
Purulia (Fig. 27.6B), wherein N is the utmost inadequate 
nutrient and P accessibility is attenuate by forcible exploi-
tation because of the huge quantities of Al and Fe oxide 

FIGURE 27.5  Field photographs exhibiting different kinds of canopy cover. (A) More than 10-year-old acacia forest of Kulabahal mouza under 
the Racab reserve forest, (B) Acacia auriculiformis plantation in Kantadih mouza of Balarampur forest range, and (C) collection of soil sample during 
from 10 to 15-year-old acacia forest in Simni mouza of Kotshila forest range. A–C represent alien species with no undergrowth under the canopy layer. 
(D) Sal forest of Ajodhya protected forest, (E) Arjun plantation in Seja mouza of Hura forest range, and (F) high scrub and undergrowth under the native 
Kusum tree in Kalimati mouza of Baghmundi forest range. D–F are native species, showing high undergrowth and balanced plant ecology under the forest.

FIGURE 27.6  Different forest ecosystem of Purulia district. (A) Acacia auriculiformis Plantation on Maguria Pahar (hill) in Hura C. D. Block. This 
type of plantation promotes soil erosion and increases rocky field. (B) Butea frondosa (Palash) in Shyamalota mouza of Hura C.D. Block is an indigenous 
species of the study area. Palash is beneficial as it promotes undergrowth, increases soil moisture, soil organic matter. In Purulia, lac is cultivated in Palash 
tree, but the hard reality is that this tree is gradually being replaced by A. auriculiformis.
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in maximum of subtropical soils. A. auriculiformis spe-
cies help to increase the erosion rather than conservation 
(Fig. 27.6A) of soil in the study area due to reducing water 
availability of soil layers and absence of undergrowth.

3.3.2  Negative effects on biodiversity
In Purulia, the diversity and density of macroinvertebrates 
in the topsoil of native forests deliberate as moderate to 
lower (Begum, Pramanick, Mukhopadhyay, & Majumdar, 
2020), and changes in other forms of land use in this eco-
system can drastically change their population. The macro-
invertebrates of soil is an impressible indicator of natural 
systems and management, and it has a greater copiousness 
and multiplicity in the agroforestry methods compared to 
the other types of agricultural land use. Forestry and agro-
forestry plantations are mostly established in wastelands 
and degraded forestland of Purulia district that are ex-
tremely vulnerable to invasions of exotic trees. Australian 
A. auriculiformis can easily invade the degraded native 
forests that are suffering from water shortage and drought 
condition (Osunkoya, Othman, & Kahar, 2005). Attack of 
A. auriculiformis is supplementary with the modifications 
of biodiversity (ISC, 2020).

The spread of the A. auriculiformis trees on the native 
plants is identified as a specific threat to some infrequent 
species and their homes in Purulia. This species has invaded 
degraded forestlands, wasted areas, forestlands, and scrub in 
Purulia district and changed plant communities by shifting 
native plants. However, A. auriculiformis planting is taking 
place extensively across the district resulting in declining 
of soil moisture and rapid rise in temperature, which sig-
nificantly effects on soil macrofauna community. This spe-
cies is causing serious damage to lac insects and lac cultiva-
tion in the district. Lac insects require certain specific plant 
species (Modak & Basu, 2011) like B. frondosa (Palash), 
Schleichera trijuga (Kusum), and Zizyphus xylopyra (Kul) 
to survive. This species has an extensive range of effects 
on ecosystems, which is increasing with time and instabil-
ity and habitually transforming into ecological activities, in 
that way changing and decreasing the delivery of ecosystem 
services.

3.3.3  Negative effects on water availability
In various parched and water inadequate parts of the trop-
ics, initiating exotic NFS such as Australian A. auriculi-
formis may change patterns the seasonal water use (Ra-
scher et al., 2011; Siddiq & Cao, 2016). The introduction 
of fast growing species A. auriculiformis and eucalyptus 
consumes abundant water rather than other native trees and 
forests. The roots of the A. auriculiformis tree can absorb 
water from far below the soil layer and have a higher rate 
of transpiration than other native trees. As a result, in the 
A. auriculiformis fields of the district, both the topsoil and 

subsoil layers exposed to this water crisis, which com-
plicates the survival of the native species. Therefore, the 
10-year-old fields of this species do not have any types of 
undergrowth (Fig.  27.5A–C). The A. auriculiformis spe-
cies reduces the amount of moisture in the lower air, so the 
number of microscopic fauna species and different birds in 
these fields is much lower.

4  Risk assessment and remediation
Species such as the Australian A. auriculiformis have been 
extensively planted outside their native range for decades, 
which have become aggressive and have the negative impact 
on the environment. Attacks and related impacts naturally 
manifest only several decades after planting this species in 
large scale (Richardson, Le Roux, & Wilson, 2015; Koutika 
& Richardson, 2019). Outside of the native environment, 
this species has a definite detrimental effect on ecosystem 
and biodiversity (Wilson et  al.,  2011; Low,  2012; Attias 
et al., 2013; Sampaio & Schmidt, 2013; Aguiar et al., 2014; 
Richardson et  al.,  2015; Nambiar, Harwood, & Mend-
ham, 2018).

From the experience of long history of planting A. au-
riculiformis in Purulia district, three key issues will need 
careful attention while considering A. auriculiformis inva-
sive and management issues: (1) the role of habitation time 
and offensive debate, (2) harmful chemical effects of the 
environment, and (3) biological control.

Proper management of plantation can control invasions 
of A. auriculiformis into subtropical forests of Purulia and 
observing of soil seed stores, but no such evidence is found 
there. However, it is possible to maintain the nutrition bal-
ance and sustainability of the environment through appro-
priate remediation in the areas affected by A. auriculiformis.

l	 The principal remediation would be to develop practices 
to limit the damage of most important nutrient properties 
from the agroforestry scheme. The branches and bark of 
A. auriculiformis contain significant amount of nutri-
ents, particularly Ca, C, and N (Louppe, Ouattara, & Oli-
ver, 1998; Mendham, O’connell, Grove, & Rance, 2003; 
Nambiar & Harwood, 2014). Therefore, those parts have 
to be left in the cutting sites for process of decomposi-
tion, which will provide nutrients to the soil.

l	 A second remediation is the residue obtained after char-
coal burning will have to be returned to the A. auriculi-
formis fields. This practice has been observed in some of 
the degraded fields after cutting the acacia trees, which 
are now being promoted to recover the physical and 
chemical properties and improve the efficiency of tropi-
cal soils. For the positive role on the physical and chemi-
cal properties of the soil, it is necessary to use charcoal 
in acacia fields (Glaser, Lehmann, & Zech, 2002), which 
is also increased the water holding capacity of soil (Gla-
ser et al., 2002; Glaser & Birk, 2012).
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l	 The restoration of minor biomass parts (leaves, twigs, 
and small branches) for the tree growing and production 
during the second tree rotation.

l	 In the second rotation of planting, instead of the A. auric-
uliformis, native species such as Dalbergia sissoo (Shish-
am), B. frondosa (Palash), S. trijuga (Kusum), Z. xylopyra 
(Kul), B. latifolia (Mohul), S. robusta (Sal), and Carissa 
spinarum (Karamcha) should be planted (Fig.  27.7), 
which can survive with less water. These native plants can 
increase biodiversity and conserve soil nutrients.

l	 Initiatives are needs for the genetic improvement of the 
A. auriculiformis trees that can genetically modify the 
seeds so that they provide nutrients to the soil and does 
not destroy native plants.

5  Conclusion
A valuable fast-growing species, A. auriculiformis has ob-
vious benefits in economic and social perspectives for fuel 
wood, charcoal, timber, and ornamental purposes, but the 
species has the major negative effects on biodiversity and 

ecosystem functioning when it becomes more than 10 years 
old. In Purulia, with the increasing age, the Acacia species 
becomes increasingly detrimental to soil health. However, 
it is possible to bring back the soil nutrients in the acacia 
field through use of charcoal ash. As a result, the balance 
between soil physical, chemical, and biological components 
will be maintained and water-holding capacity will be in-
creased. Finally, the authors have suggested that the most 
important way to protect the soil health and reclaim the 
wasteland in Purulia district is afforestation and reforesta-
tion of native plant species.
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FIGURE 27.7  Forestry of native species. (A) Carissa spinarum (Karamcha) plantation in Dumdumi mouza of Purulia-I C.D. Block, (B) Shorea 
robusta (Sal) plantation in Chepua mouza of Manbazar-I C.D. Block, (C) Jatropha plantation in vast wasteland of Kulabahal mouza of Purulia-II C.D. 
Block for the reduction of wasteland and improvement of soil properties, (D) Dalbergia sissoo (Shisham) trees with undergrowth in Durmut mouza of 
Raghunathpur-I C.D. Block, which is gradually becoming rare in Purulia. These trees can be grown up in less amount of water.
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