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Preface

Nanotechnology is the branch of science which involves the study and application 
of nanoparticles (NPs), those entities which exist within the 1–100-nm-size range in 
at least one dimension. Nanotechnology applications include improvement of agri-
cultural production using bioconjugated NPs (encapsulation), transfer of DNA into 
plants for the cultivation of pest- resistant varieties, nanoformulations of agrochem-
icals for pesticides and fertilizers for crop improvement, and nanosensors/nanobio-
sensors in crop protection for the identification of diseases and residues of 
agrochemicals. Preliminary results on the current agricultural use of nanotechnol-
ogy by densely populated countries such as China and India indicate that this tech-
nology may offer a significant impact on reducing hunger, malnutrition, and child 
mortality. Different types of NPs (ZnO-NPs, Au-NPs, CuO-NPs, CNTs, AgNO3- 
NPs, and TiO2-NPs) have been studied for plant growth and development. Particle 
size, size distribution, shape, surface and core chemistry, crystallinity, agglomera-
tion state, purity, redox potential, catalytic activity, surface charge, and porosity are 
all important for understanding the behavior of NPs. Thus, nanomaterials have wit-
nessed increased scrutiny in the basic and applied sciences as well as in bio- 
nanotechnology. This book is dedicated to presenting the latest developments of the 
role of nanoparticles on plant growth and development.

This work is composed of 11 chapters. Chapter 1 provides the scope and chal-
lenges of nanoparticle applications in plants. Chapter 2 discusses phosphorus trans-
formations and availability upon nanoparticle application, a topic not covered in any 
previous volume on nanoparticles. Recent progress in synthesis of metal/metal 
oxide nanoparticles by green methods and their applications is covered in Chap. 3. 
Chapter 4 summarizes the current understanding of the fate and behavior of ZnO- 
NPs in plants and their uptake, translocation, and impacts on mitigating several 
negative plant growth conditions. Latest knowledge of TiO2 NPs including interac-
tions, transport, and translocation within plants and future perspectives regarding 
their use is discussed in Chap. 5. Chapter 6 highlights the current understanding as 
well as future possibilities of Ag-NP research in plant systems. Chapter 7 addresses 
the role of silicon NPs in plant growth, photosynthesis, and stress tolerance. Chapter 
8 presents the nature of copper oxide nanoparticles, their uptake and translocation 
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mechanisms, and potential toxic effects on different plant species at both physiolog-
ical and cellular levels. This chapter also addresses tolerance mechanisms generated 
by plants and a critical assessment of the necessity for further research. In Chap. 9, 
the effects of nanofertilizers with PGPR as an innovative method for improving crop 
productivity are described. Chapter 10 covers the interaction of engineered nanoma-
terials with the soil microbiome and plants and their impact on plant and soil health. 
In Chap. 11, a new threat to crop plants and soil rhizobia, arising from nanoparti-
cles, is presented.

This book is not an encyclopedia of reviews but rather a compendium of newly 
composed, integrated, and illustrated contributions describing our knowledge of 
nanoparticles as they influence plant growth and development. The chapters incor-
porate both theoretical and practical aspects and may serve as baseline information 
for future research through which significant developments are possible. It is 
intended that this book be useful to the students, researchers, and instructors, both 
in universities and research institutes, especially in relation to biological and agri-
cultural sciences.

With great pleasure, we extend our sincere thanks to all the contributors for their 
timely response, their excellent and up-to-date contributions, and their consistent 
support and cooperation. We are thankful to all who have helped us in any capacity 
during the preparation of this volume. We are extremely thankful to Springer 
Publishing for their expeditious acceptance of our proposal and completion of the 
review process. The subsequent cooperation and understanding by their staff are 
gratefully acknowledged. We express our sincere thanks to our family members for 
all the support they provided and the neglect and loss they suffered during the prepa-
ration of this book.

Finally, we are thankful to the Almighty who provided and guided all the chan-
nels to work in cohesion on the concept to the development of the final version of 
this treatise, Nanotechnology for Plant Growth and Development.

Aligarh, India Shamsul Hayat
Muncie, IN, USA John Pichtel
Nanjing, China Mohammad Faizan 
Aligarh, India Qazi Fariduddin 
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Chapter 1
Nanomaterials: Scope, Applications, 
and Challenges in Agriculture and Soil 
Reclamation

T. M. Salem Attia and N. I. Elsheery

Abstract Nanotechnology has attracted scientists for study and exploitation of the 
unique physical, chemical and biological characteristics of nanomaterials. 
Nanomaterials are being developed for applications to a wide range of fields includ-
ing medicine, drug delivery, electronics, fuel cells, solar cells, food preparation, and 
space exploration. Nanomaterials have already provided numerous benefits to agri-
culture – nanotechnology possesses the capability to detect and treat plant diseases, 
enhance photosynthetic rate and nutrient absorption by plants, deliver active ingre-
dients to specific sites and treat water to remove contaminants. The potential of 
nanotechnology in agriculture and its effect on the planet is vast. This chapter will 
address the benefits of nanomaterials to agriculture and also to reclamation of dis-
turbed lands.

Keywords Nanotechnology · Plant germination · Pesticide detection · Nano- 
fertilizers · Land reclamation

1.1  Introduction

Nanotechnology has many definitions that embrace the properties and applications 
of nanomaterials. The most basic definition of nanomaterials is, “those materials 
that measure between 1 and 100 nm (NNI 2005). Material classification based sim-
ply on size does not, however, offer a satisfactory definition. Many nano-sized  
structures (e.g. weathered minerals) are present in the environment naturally 
(Masciangioli and Zhang 2003), and do not fall into the category of nanoparticles. 
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The requirements for classification as nanotechnology include the model that mate-
rials must possess unique physical, chemical, and/or biological characteristics, dif-
ferent from those found at bulk scale in the same material (NNI 2005). Compounds 
also must be formed on the principle of atomic scale control of assembly and 
structure.

The National Nanotechnology Initiative (NNI) divides the definition of nano-
technology into three requirements; in other words, any ‘nanotechnology’ must 
involve all three: (1) research and technology improvement at the atomic, molecu-
lar, or macromolecular levels, in the length scale of approximately 1–100 nanome-
ters; (2) creating and using structures, devices, and systems that have novel 
properties and functions because of their small and/or intermediate sizes; and (3) 
ability to be controlled or manipulated at the atomic scale (NNI 2005). The key 
underlying concept in nanotechnology is that the properties and behavior of matter 
change markedly at the nanoscale. For example, nanoscale status observed size and 
structure dependent; consequently, optical, electrical, interfacial and tensional prop-
erties are changes.

In addition to increased reactivity, the catalytic activity of nanomaterials is often 
greater than that of the same elements at the macro scale. Enhancing the physical 
and chemical properties of nanomaterials can lead to the creation of novel func-
tional materials with enormous benefits for addressing some of the great challenges 
of modern society, e.g., energy production and storage, water treatment, lighter and 
stronger vehicles, better health care, efficient computers, etc.

Huge investments in nanotechnology are resulting in production many types of 
nanoparticles (NPs) that are moving rapidly from laboratories to mass markets. 
Nanoparticles will continue to be more heavily used in consumer products and 
industrial and commercial scenarios.

There is some cause for concern regarding the hazard potential of NPs. In par-
ticular, the high reactivity may impart adverse biological effects. Nanoparticles are 
comparable in size to certain structural components of cells and are therefore small 
enough to penetrate biological barriers; additionally, most nanomaterials are persis-
tent. Therefore, in order to encourage sustainable development of nanotechnologies 
and safeguard human health and ecosystems it is necessary to assess the risks side- 
by- side with research and development of nanomaterials.

Nanomaterials were developed for many applications in many fields such as 
Medicine, drug delivery, electronics, fuel cells, solar cells, food and space and etc. 
these application could be nominalized as follows: (1) Nanomaterials are developed 
to have many beneficial impacts in medicine according to the size of molecules that 
can deliver drugs directly to diseased cells in your body. When it’s perfected, this 
method should significantly decrease the damage treatment such as chemotherapy 
does to a patient’s healthy cells. (2) Nanotechnology holds some answers for how 
we enhance the capabilities of electronics strategies while we reduce their weight 
and power consumption. (3) Nanotechnology has many beneficial impacts on sev-
eral aspects of food science, from how food is grown to how it is packaged. 
Nanomaterials developed will make a difference not only in the food taste, but also 
in food safety, and the health benefits that food provides. (4) Nanomaterials have a 
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huge catalyst reactivity that reduce the cost of catalysts used in fuel cells to produce 
hydrogen ions from fuel such as methanol and to improve the efficiency of 
 membranes used in fuel cells to isolate hydrogen ions from other gases such as 
oxygen. (5) Developed nanotech solar cells are lower cost than conventional solar 
cells. Currently, researchers developing batteries using nanomaterials. One such 
battery will be a noble as new after storage for decades. Also batteries manufactured 
from nanomaterials could be recharged significantly faster than conventional batter-
ies. (6) Nanotechnology may hold the key to making space-flight more practical. 
Innovations in nanomaterials make lightweight spacecraft and a cable for the space 
elevator promising. By significantly reducing the amount of rocket fuel required, 
these advances could lower the cost of reaching orbit and traveling in space. (7) 
Nanotechnology has many benefits to solve the shortage of fossil fuels such as die-
sel and gasoline by making the production of fuels from low grade raw materials 
economical, increasing the mileage of engines, and making the production of fuels 
from common raw materials more effective. (8) Nanotechnology can increase the 
powerful of catalysts used to transform vapors released from cars or industrial 
plants into beneficial gasses. This was attributed to high surface area of catalysts 
made from nanoparticles to interact with the reacting chemicals than catalysts made 
from larger particles. The larger surface area allows more chemicals to react with 
the catalyst progressively, which makes the catalyst more efficient. (9) 
Nanotechnology has many applications to solve many problems in water purifica-
tion. One of these problems is the removal of industrial wastes, such as a cleaning 
solvent called TCE, from groundwater. Nanoparticles have the ability for biodegra-
dation of these chemicals and converted it to harmless components. Studies have 
shown that this method is more efficient and lower costs in ground water treatment 
than methods which require pumping the water out of the ground for treatment. (10) 
Nanotechnology can be used as sensors to detect very small amounts of chemical 
vapors. Various types of nanomaterials, such as carbon nanotubes, zinc oxide 
nanowires or palladium nanoparticles can be used as sensors. Because of the small 
size of nanotubes, nanowires, or nanoparticles, a few gas molecules are enough to 
change the electrical properties of the sensing elements. This allows detecting a 
very low concentration of chemical vapors. (11).

Among its many applications nanotechnology is proven to offer substantial ben-
efits to agriculture. Utilization of nanomaterials in agriculture focuses in particular 
on reducing application of plant protection products, minimizing nutrient losses 
from fertilization, and increasing yields through optimized nutrient management. 
Nanotechnology has been proven with the ability to detect and treat certain plant 
diseases, enhance nutrient absorption by plants, deliver active ingredients to spe-
cific sites, and treatment of water supplies. Relevant materials include nanocap-
sules, nanoparticles and even viral capsids. The use of target-specific nanoparticles 
can decrease damage to non-target plant tissues and the amount of chemicals 
released to the environment. Nanotechnology can also be applied to plant breeding 
and genetic transformation.

Nanomaterials and nanostructures with unique chemical, physical, and mechani-
cal properties (e.g. electrochemically active carbon nanotubes, nanofibers and 
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fullerenes) have been applied in highly sensitive biochemical sensors. These nano-
sensors have related application in agriculture, in particular for soil analysis, 
 biochemical sensing and control, water analysis, and pesticide and nutrient detec-
tion and quantification. Nanotechnology also plays an important role in the treat-
ment of agricultural waste products.

1.2  Nanotechnology Applications in Agriculture

1.2.1  Plant Germination and Growth

The effects of nanomaterials on seed germination and growth of agricultural crops 
have been evaluated extensively. Zheng et  al. (2005) studied the application of 
nano-sized and conventional TiO2 on yield of naturally-aged spinach seeds. Seeds 
treated with nano TiO2 increased in dry weight (73%), photosynthetic rate (three- 
fold) and chlorophyll a formation (45%) compared with the control over 30 days. 
This effect may be attributed to photo-sterilization and photo-generation of super-
oxide and hydroxide anions by nano-TiO2. These reactive oxygen species (ROS) 
can enhance seed stress resistance and support capsule penetration for water and 
oxygen absorption for rapid germination. Zheng et al. (2005) theorized that TiO2 
nanoparticles might have improved absorption of inorganic nutrients,

The key mechanism for increased speed of germination in the presence of NPs is 
the penetration of nanomaterials into the seed. Khodakovskaya et al. (2009) con-
cluded that MWCNTs can penetrate tomato seeds and improve germination rate by 
increasing seed water absorption. The MWCNTs increased seed germination to 
90% compared to 71% in the control in 20 days. MWCNTs likewise increased plant 
biomass. Shah and Belozerova (2009) showed that nanoparticles (Pd, Au at low 
concentrations; Si, Cu at high concentrations, and a combination of Au and Cu) had 
a positive effect on seed germination, enhanced shoot-to-root ratio and seedling 
growth. Phytotoxicity of [Application of (?)] nano-Al and Al2O3 significantly 
enhanced root extension of ryegrass and corn, respectively, whereas nano-Al sup-
ported radish and rape root growth.

The influence of NPs on plants can be positive or negative (Monica and Cremonini 
2009). One of the most important concerns regarding application of nanomaterials 
for seed germination is potential phytotoxicity. The degree of phytotoxicity is a 
function of the type of nanomaterial and its prospective application. For example, 
the applicability of fluorescein isothiocyanate (FTIC)-labeled silica NPs and photo-
stable cadmium-selenide (CdSe) quantum dots were tested for improving seed ger-
mination. It was concluded that FTIC-labeled silica nanoparticles enhanced seed 
germination in rice, while CdSe quantum dots prevented germination (Nair et al. 
2011). Lin and Xing (2007) assessed phytotoxicity of nanomaterials (MWCNTs, 
Al2O3, ZnO, Al and Zn) and their effects on germination rates in radish, rape canola, 
ryegrass, lettuce, corn, and cucumber. They concluded that higher concentrations 
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(2000 mgL−1) of nano-sized Zn (35 nm) and ZnO (~20 nm) prevented germination 
in ryegrass and corn, respectively. Root length of both species was influenced by 
200 mgL−1 nano-Zn and ZnO.

The US EPA has agreed to the use of nano silver in agriculture in the United 
States (Bergeson 2010a, b); at present there are more than 100 pesticides which 
contain nano Ag by virtue of its anti-microbial characteristics. However, the impacts 
of nano-Ag on ecosystems and human health remains a concern. Lu et al. (2010) 
concluded that citrate-coated colloidal Ag nanoparticles were not genotoxic 
(genetic), cytotoxic (cell), or phototoxic (toxicity through photodegradation) to 
humans, but the same material was toxic in powder form. This was attributed to the 
“chemical change of spherical silver nanoparticles in the powder to form silver 
oxides or ions.” Photoxicity of the powdered Ag nanoparticles was inhibited by 
coating with biocompatible polyvinylpyrrole (Lu et al. 2010).

Oancea et al. (2009) assumed that controlled release of active plant growth stim-
ulators and other chemicals encapsulated in nanocomposites composed of layered 
double hydroxides (anionic clays) could be another possible opportunity for organic 
agriculture. However, important food organic certifiers (e.g. UK soil association, 
Biological Farmers of Australia) are opposed to using nanomaterials for organic 
agriculture (Scrinis and Lyons 2010). Recently, German-based organizations such 
as Naturland and the International Federation of Organic Agriculture Movements 
(IFOAM) considered food products grown with artificial nanomaterials as non- 
organic food (Naturland 2011 and IFOAM 2011).

1.2.2  Plant Protection and Production

Nanopesticides can be summarized as very small particles of pesticidal active com-
ponents or other small engineered structures with useful pesticidal characteristics 
(Bergeson 2010b). Nanopesticides can enhance the dispersion and wettability of 
agricultural formulations (i.e., decreasing organic solvent runoff and harmful pesti-
cide movement) (Bergeson 2010a). Nanomaterials and biocomposites exhibit use-
ful characteristics such as rigidity, permeability, crystallinity, thermal stability, 
solubility, and biodegradability (Bouwmeester et  al. 2009; Bordes et  al. 2009), 
which are important for formulating nanopesticides. Nanopesticides possess a large 
specific surface area which increases affinity to the target (Jianhui et al. 2005). Sub- 
categories of nanopesticides such as nanoemulsions, nanoencapsulates, nanocon-
tainers and nanocages have recently been discussed (Bergeson 2010b; Bouwmeester 
et  al. 2009; Lyons and Scrinis 2009) for plant protection (Table  1.1). Basically, 
nanomaterials degrade faster in the soil than plants with residue levels below the 
regulatory criteria in foodstuffs. Jianhui et al. (2005) reported the advance of sodium 
dodecyl sulfate (SDS)-modified photocatalytic TiO2/Ag nanomaterial combined 
with dimethomorph (DMM), a commonly used pesticide in agricultural production. 
The modified formulation, 96 nm average granularity, improved dispersivity and 

1 Nanomaterials: Scope, Applications, and Challenges in Agriculture and Soil…
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Table 1.1 Nanomaterials in agricultural plant protection and production

Purpose Material Findings References

Smart agrochemical delivery 
system via plant roots of 
sunflower, tomato, pea and 
wheat

Magnetic carbon-coated 
nanoparticles

Nanoparticles moved 
through plant xylem 
and phloem within 24 h

Cifuentes 
et al. 
(2010)

Controlled release herbicide 
delivery system for atrazine

Polyhydroxybutyrate- 
co- hydroxyvalerate 
microspheres with 
atrazine (13 nm)

Good affinity of 
herbicide with polymer, 
decreased genotoxicity 
and increased 
biodegradability

Grillo et al. 
(2010)

Nanocomposite-based 
controlled release of 
herbicide, 
2,4-dichlorophenoxyacetate 
(2,4-D)

Inorganic Zn-Al layered 
double hydroxide (ZAL) 
as release agent

Initial burst of 2,4-D 
followed by sustained 
release that depends on 
type of anions and their 
concentrations in 
release medium

Hussein 
et al. 
(2005)

Controlled delivery system for 
water-soluble pesticide 
(validamycin)

Porous hollow silica 
nanoparticles (PHSNs)

Pesticide was loaded 
into PHSNs (36 wt % 
loading capacity) and 
the release was in two 
stages: initial burst 
followed by sustained 
release

Liu et al. 
(2006)

Reduce bean rust disease 
severity

CNT conjugated with 
INF24 oligonucleotides

Treatment reduced rust 
severity

Corrêa 
et al. 
(2010)

Control of lentil pathogen and 
wilting

Silver nanoparticles- 
AgNPs (0.5–1000 ppm)

Faster plant growth 
compared to control; 
AgNPs did not reduce 
plant wilting

Ashrafi 
et al. 
(2010)

Physical and biological 
changes of Brassica oleracea 
in presence of nanomaterials

TiO2 (5–8 nm) 
0.05–2 mL of TiO2 in 
500 mL of Hoagland 
solution

Higher concentrations 
had negative impact on 
shoot length but 
positive impact on root 
length

Singh et al. 
(2010)

Carbon nanostructures on 
tomato germination

MWCNTs Seed germination not 
related to MWNCTs 
(observed up to 7 days)

Lima et al. 
(2010)

Treatment of fungal pathogens 
in vitro and in chickpea and 
wheat plants

Amphotericin B nano 
disks (AMB-NDs) 
0.1–2 mg/mL (in vitro), 
0.1–10 mgL−1 (plants)

AMB-NDs inhibited 
fungi at 0.1 mg/mL (in 
vitro); effective for 
chickpea fusarium wilt 
control (preventive 
dosage of 0.1 mgL−1) 
and wheat leaf rust 
controlled by foliar 
treatment

Perez-de- 
Luque et al. 
(2012)
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breakdown of the pesticide in soil while enhancing its impact in vegetable seedlings 
(cabbage and cucumber). Modification of the nanomaterials using SDS significantly 
improved absorption of DMM.  Guan et  al. (2010) fabricated encapsulated 
 nano- imidacloprid with above properties to be used for pest control in vegetable 
production. The SDS-modified Ag/TiO2 imidacloprid nanoformulation was devel-
oped by a microencapsulation technique that used chitosan and alginate. It was 
applied to soybean plants that were transplanted to a soil of pH 6.2. The formulation 
residues in soil and plants degraded faster during the first 8 days, and concentrations 
were minimal to undetectable after 20 days. The SDS in the above applications was 
used to enhance photodegradation of the NPs in soil. Alternatively, Mohamed and 
Khairou (2011) developed highly photo-degradable Ag/TiO2 particles (5–7  nm), 
manufactured using polyoxyethylene laurel ether (POL) and SDS, which was 
applied for 2,4-D herbicide degradation under visible and UV radiation. The POL-
manufactured nanoparticles can photo-degraded faster during the same expo-
sure period.

Toxicity or biosafety of pesticides is a major concern in agricultural produc-
tion. With application of nanopesticides, there is uncertainty on their long-term 
impacts to human health and the environment. Xu et  al. (2010) concluded that 
with better kinetic stability, smaller size, low viscosity and optical transparency, 
nanoemulsions can potentially be an improved pesticide delivery medium. The 
micro- or nanoemulsion as a carrier for pesticide delivery can increase solubility 
and bioavailability of nanopesticides. However, there is a need to evaluate possi-
ble uptake of nanopesticides by agricultural workers via inhalation. Shi et  al. 
(2010) studied the toxicity of chlorfenapyr (nanopesticide) on mice. It was con-
cluded that the chlorfenapyr nanoformulation at concentrations from 4.84 to 
19.36 mg/kg was less toxic to mice than the common (non-NP) (?) formulation. 
Thus, nanopesticides may decrease adverse environmental and human risks as 
compared to common pesticides.

Formulation stability is an important practical issue at the nano level. Liu et al. 
(2008) successfully fabricated a stable nanopesticide (bifenthrin) using polymer 
stabilizers such as poly (acrylic acid)-b-poly (butylacrylate) (PAA-b-PBA), polyvi-
nylpyrrolidone (PVP), and polyvinyl alcohol (PVOH). A flash nano-precipitation 
technique was used to prepare 60–200 nm bifenthrin nanoparticles.

Another important avenue of research is the development of nanomaterials as a 
protective layer to allow for slow release of conventional pesticides and fertilizers. 
For example, Corradini et al. (2010) discovered the possibility of using chitosan 
nanoparticles, a highly degradable antibacterial material for slow release of NPK 
fertilizer. Liu et al. (2006) fabricated kaolin clay-based nanolayers as a cementing 
and coating material for slow release fertilizers. Nano-clays possess interactive sur-
faces with high aspect ratio for encapsulating agrochemicals such as fertilizers, 
plant growth promoters, and pesticides (Ghormade et al. 2010).

1 Nanomaterials: Scope, Applications, and Challenges in Agriculture and Soil…
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1.2.3  Pesticide Residue Detection

The US Food and Drug Administration (FDA 2005) reported about 1045 chemicals 
as pesticide residues. Nanomaterial-based sensors can be used to detect many pesti-
cide residues instead of traditional gas or liquid chromatography (GC/LC) -mass 
spectroscopy (-MS) techniques (Stan and Linkerhägner 1996; Sicbaldi et al. 1997; 
Balinova et al. 2007). Traditional techniques involve numerous steps including sam-
pling, solid-phase extraction in the laboratory, sample analysis, and defining spec-
tral peaks to determine pesticide residues. The U.S.  Department of Agriculture 
(USDA) lists (?) single- and multi-residue methods based on GC/LC-MS to evalu-
ate organophosphates, organochlorines, carbamates, triazines, triazoles, pyrethroids, 
neonicotinyls, and strobilurin residues in 85 agricultural commodities (USDA 2010).

Nanosensors for pesticide residue detection offer “high sensitivity, low detection 
limits, super selectivity, fast responses, and small sizes” (Liu et al. 2008). Table 1.2 
presents nanosensors designed for the detection of pesticide residues such as methyl 
parathion (Kang et al. 2010; Parham and Rahbar 2010), parathion (Li et al. 2006; 
Wang and Li 2008), fenitrothion (Kumaravel and Chandrasekaran 2011), pirimicarb 
(Sun and Fung 2006), and dichlorvos and paraoxon (Vamvakaki and Chaniotakis 
2007). Additionally, Dyk and Pletschke (2011) have reviewed enzyme-based bio-
sensors for organochlorine, organophosphate, and carbamate residue detection. 
Some of these biosensors use C, Au, hybrid Ti, Au-platinum (Pt), and nanostruc-
tured lead dioxide (PbO2)/TiO2/Ti to immobilize enzymes on sensor substrate and to 
increase sensor sensitivity.

Application of nanomaterials as biosensors for pesticide residue detection is 
vast; nevertheless, some issues such as: (1) availability of nanomaterials sensitive to 
multiple pesticide residues; (2) simplicity of sensor manufacture techniques and 
instrumentation; (3) desired dependability and repeatability in trace level detection; 
(4) cost; and (5) concerns related to nanomaterial exposure to the surrounding envi-
ronment must be considered. Also, the vast array of pesticides used in agricultural 
production might minimize using nanomaterial-based sensors for detection pesti-
cide residue (Liu et al. 2008; Dyk and Pletschke 2011). Liu et al. (2008) reported 
that development of selective and stable sensing techniques to participate as bio-
molecules (enzymes, antibodies, etc.) with nanomaterials is needed. As a starting 
point, nanosensors can be used to detect major residuals that are highly hazardous 
to human health. Smart nanomaterials also can be used as sensors for pesticide 
detection. The smart nanomaterials and nanopesticides (Bergeson 2010b) that act as 
a source of pesticide as well as indicative sensor make no need of sensors for detect-
ing pesticide residues in soil. Nanomaterials that rely upon slow, targeted release of 
the material but which can also indicate deficiency (e.g., via color change) of nutri-
ents in soil could work as an advanced alert system for farmers to adjust dosage rate 
and frequency.

T. M. S. Attia and N. I. Elsheery
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1.2.4  Plant Pathogen Detection

Bergeson (2010a) reported that application of pesticides and fertilizers [should 
(?)] occur after detection of pathogens and prior to onset of symptoms. 
Nanomaterials could be used for identification of bacterial, viral and fungal plant 
pathogens (Boonham et al. 2008; Yao et al. 2009; Chartuprayoon et al. 2010) in 
agriculture as a rapid analytical tool. Nanoparticles demonstrate high accuracy 
for detection of viral pathogens in plants (Baac et al. 2006). Nanoparticles also 
can be modified for use as a diagnostic tool to detect compounds related to a dis-
eased condition. Nano- chips are kinds of microarrays which contain fluorescent 
oligo capture probes which the hybridization can be detected (López et al. 2009). 
These nano-chips are capable of detecting single nucleotide changes of bacteria 
and viruses due to their sensitivity and specificity (López et al. 2009). Yao et al. 
(2009) developed fluorescencet silica nanoparticles uploaded with an antibody to 
detect Xanthomonas axonopodis pv. Vesicatoria which causes bacterial spot dis-
ease in Solanaceae plants. Singh et al. (2010) used nano-gold-based immune sen-
sors by using surface plasmon resonance (SPR) that could detect Karnal bunt 
(Tilletia indica) disease in wheat. The researchers attempted to detect the disease 
using an SPR sensor in wheat plots for seed certification and to formulate plant 
quarantines. Application of nanomaterials for detecting pathogens using nano-
sensors in field applications is highly valuable for rapid diagnosis and disease 
eradication. Plants affected by different stress disorders through physiological 
changes such, the induction of systemic defense, that regulated by plant hor-
mones: jasmonic acid, methyl jasmonate and salicylic acid. Wang et al. (2010) 
merged this indirect stimulus to develop a sensitive electrochemical sensor by 
using a modified gold electrode with copper NPs to monitor salicylic acid levels 
in oil seeds for fungi (Sclerotinia sclerotiorum) detection. Further work in devel-
oping nanosensors to detect pathogens, their byproducts, and to monitor physio-
logical changes in plants is needed.

1.2.5  Nanomaterials for (Mine?) Soil Reclamation 
and Environmental Remediation

Nanotechnology is a promising approach for reclamation of mine soils which 
involves removing or destroying contaminants and enhancing soil quality and fer-
tility. Advantages of nanomaterials over traditional amendments for soil reclama-
tion include higher reactivity due to smaller particle size, higher specific surface 
area and easier delivery of particles into porous media (i.e., soil). High reactivity 
leads to high efficiency and a rapid rate of soil reclamation, while easy delivery is 
advantageous for in situ application. Nanomaterials with great potential for mine 
soil reclamation include zeolites, zero-valent iron NPs, iron oxide NPs, phos-
phate-based NPs, iron sulfide NPs, and carbon nanotubes. This section places 

T. M. S. Attia and N. I. Elsheery



11

emphasis on the functions of these NPs in soil quality improvement; additionally, 
transport and mobility of NPs in the environment as well as their possible eco-
toxicological effects are introduced.

1.2.5.1  Zeolites as a Soil Conditioner

Zeolites are crystalline hydrated aluminosilicates of alkali (Na+, or K+) and alkaline 
earth (Ca2+ or Mg2+) cations characterized by an ability to hydrate/dehydrate revers-
ibly and to exchange some of their constituent cations with those in aqueous solu-
tion without a major change in structure (Pabalan and Bertetti 2001). The unique 
feature of zeolites is that they possess an open, three-dimensional cage-like struc-
ture with a vast network of open channels throughout. The channels and pores, typi-
cally 0.3 to 0.7  nm in diameter, impart to the mineral large specific area (about 
105 m2 g−1) for ion exchange and for selective capture of specific molecules (e.g., 
H2O). Because of these structural features, zeolites generally are of low density 
compared with that of other minerals. Nearly 50 natural species of zeolites have 
been recognized, and more than 100 species have been synthesized in the laboratory 
(Mumpton 1985). Clinoptilolite is the most abundant zeolite species in sedimentary 
deposits and also the most mined zeolite mineral worldwide (Boettinger and Ming 
2002). Zeolites occur in soils less than 5% (by weight) in content; again, clinoptilo-
lite is the major zeolite species in soils.

By virtue of their ion exchange, adsorption, and molecular sieve properties, as 
well as their geographical abundance, zeolite minerals have generated worldwide 
interest for use in a broad range of applications. In agricultural enterprises, zeolites 
have been used as soil conditioners, slow-release fertilizers, and remediation agents 
for contaminated soil (Ming and Allen 2001). Published literature reveals that zeo-
lite nanomaterials improve mine soil quality by increasing water holding capacity, 
increasing the clay-silt fractions, improving nutrient levels, and removing toxins 
(Ming and Allen 2001).

Reducing Soil Bulk Density and Improving Soil Water Holding Capacity

Natural zeolites possess several unique physical properties that make them attrac-
tive for improving soil physical properties. For example, the bulk density of zeolite 
minerals can be as low as 0.8 Mg m−3 as a result of its porous nature (Ming and 
Allen 2001). Mine soils often suffer from coarse texture which results in a high 
water infiltration rate, low water holding capacity and high bulk density (thus hin-
dering root growth). Application of fine-grained zeolites (<0.05 mm) might increase 
effective silt and clay fractions, enhance water-holding capacity, and decrease bulk 
density which will ultimately improve crop growth. Githinji et al. (2011) studied the 
effect of zeolite (0.55–0.6 mm) at a rate of 15% (v v−1) to sand (0.31 mm) media. 
They reported that bulk density decreased from 1.67 to 1.56 Mg m−3 and available 
water content increased two-fold. Wehtje et al. (2003) reported that Bermuda grass 
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(Cynodon dactylon) performance increased using zeolite-soil mixtures due to 
increased water holding capacity relative to control (non-amended soils).

Particle size distribution of zeolite minerals and application rate are important 
factors in improving soil physical properties. Petrovic (1990) reported that the opti-
mum particle size of clinoptilolite added to golf course sand was between 0.1 and 
1 mm for improving water infiltration, water availability, and aeration in soil. Huang 
and Petrovic (1990) reported that clinoptilolite particle size and amendment dosage 
are the main parameters for enhancing the water available to plants in a sand 
medium. They reported that available water in sand amended with 5 and 10% (g g−1) 
clinoptilolite with a particle size of >1 mm was near 6 g kg−1, whereas available 
water to plants in the same soil amended with same amount of <0.047 mm clinopti-
lolite was approximately 10 and 17  g  kg−1, respectively. Shoot-growth rate can 
increase by 26–60% on a sand-based putting green turf after using 10% clinoptilo-
lite amendment (Huang and Petrovic 1995). Lopez et al. (2008) proposed solving 
drought-related problems by application of zeolite to soil which would act as a 
wicking (capillary) material to attract water from a shallow ground water table to 
the plant root zone. This would reduce dependence on precipitation or irrigation. 
They reported that grass planted in the zeolite-packed core structures survived, 
while the grass planted in the control area (no zeolite treatment) died.

Zeolites have also shown a substantial benefit for survival of vegetation in soils 
having poor structure, which have high bulk density, low water holding capacity, 
and where the available water depends mainly on precipitation (reference, year).

Improving Soil pH and Cation Exchange Capacity

Mine soils are usually acidic and infertile with low cation exchange capacity (CEC), 
resulting in poor nutrient status for plants. In contrast, pure zeolite materials usually 
have high CEC, ranging from 220 to 570 cmolc kg−1 (Boettinger and Ming 2002). 
Adding zeolites to a mine soil can increase overall CEC and pH in most cases (Ming 
and Allen 2001), which will improve soil nutrient holding capacity. Huang and 
Petrovic (1995) reported that application of 10% (g  g−1) zeolite to a sandy soil 
resulted in increased CEC from 0.08 to 15.59 cmolc kg−1 and pH from 5.4 to 6.6. 
Other studies reported that, with application of clinoptilolite to glacial till and 
marine clay at rates of 25% and 50% (g g−1), CEC increased 2.6 ∼ 3.3 times and pH 
increased from 4.2 to 6.5 (Katz et al. 1996).

It has also been reported that adding 0.2 ∼ 2% zeolites to soil was beneficial to 
crop seed germination and crop production (Khan et al. 2009). As shown above, 
zeolites can increase the pH of acidic solution or soils due to its alkaline properties. 
The acid neutralization properties might be enhanced by virtue of the high CEC by 
which zeolites exchange solution protons (H+) with Ca2+ ions. The acid neutraliza-
tion capacity of zeolites is limited, however, compared with that of agricultural 
liming materials. Previous studies report that application of zeolites at 10% (g g−1) 
to mine soils increased pH by 0.5–1 unit; in contrast, when using liming materials, 
pH increased by 2–3 units (Liu and Lal 2012).
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It is not known whether zeolites can diminish acid generation in mine soils 
resulting from oxidation of sulfide minerals. But application of fine zeolites may 
block the pores in the coarse-textured mine soils and decrease oxygen dispersion to 
the underlying sulfide materials. Moreover, zeolites have the ability to adsorb gas-
eous molecules such as H2S and SO2 thereby decreasing harm to vegetation.

1.2.5.2  Nano-Enhanced Fertilizers

Zeolite-Enhanced Fertilizers

Mine soils usually lack nitrogen (N) and phosphorus (P); therefore, fertilizers are 
needed to ensure successful vegetative establishment (Burger and Zipper 2011). 
However, applying conventional N fertilizers often promotes growth of noxious 
weeds, suppressing the establishment and growth of crops and tree seedlings 
(Burger and Zipper 2011). Moreover, excessive use of mineral fertilizers has 
resulted in excessive nitrate leaching to groundwater, resulting in ground/surface 
water contamination. Therefore, using zeolites with nitrogen can provide a slow 
release fertilizer to meet crop needs while minimizing leaching losses (Ming and 
Allen 2001). In addition, improved fertilizer efficiency will decrease volatilization 
losses of gaseous N as NH3 or N2, especially when NH4

+ fertilizers are exchanged 
onto zeolite exchange sites. In this way, the NH4 + ion is unavailable for conversion 
to the gaseous phase via microbial processes (Ming and Allen 2001).

Clinoptilolite is highly selective for K+ and NH4
+ relative to sodium (Na+) or 

divalent cations such as Ca2+ and Mg2+ due to the location and density of negative 
charge in the structure and the dimensions of interior channels (Ming and Allen 
2001). Hence, NH4

+− and K+− loaded zeolites are typically used as slow release 
fertilizers. Perrin et al. (1998) loaded clinoptilolite with NH4

+ by soaking various 
size fractions in 1 M (NH4)2SO4 for 10 days (d) and changing the soaking solution 
every 2–3 days. The solids were applied to 4-liter containers seeded with sweet corn 
(Zea mays). Soil fertilized with (NH4)2SO4 leached 10–73% of added N (depending 
on application rate) whereas <5% of the added N leached from the (NH4)2SO4- 
zeolite- amended soil, regardless of N application rate and zeolite particle size. 
Nitrogen use efficiency (NUE) ranged from72.0 to 95.2% using NH4

+-clinoptilolite- 
amended soil after 42 days of plant growth, compared to 29.7–76.3% in soils fertil-
ized with (NH4)2SO4 only. Moreover, Lewis et al. (1984) reported that a NH4-loaded 
clinoptilolite amendment could prevent injury by urea to radish (Raphanus sativus) 
plants while serving as an efficient slow-release N fertilizer. Barbarick and Pirela 
(1984) concluded that zeolites offer benefits to vegetation such as: preventing leach-
ing losses of ammonium fertilizers; reducing ammonia toxicity to plants; and 
increasing crop yields.

Zeolites loaded with potassium have been used as a slow-release K-fertilizer 
(Williams and Nelson 1997; Carlino et al. 1998). Phosphorus (P) is also an impor-
tant nutrient for vegetative establishment and reforestation in reclaimed mining 
areas. Rock phosphates such as apatites (e.g., Ca10 (PO4)6(OH)2) are commonly 
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used sources of P in mine soil rehabilitation (Jacinthe and Lal 2007). However, 
availability of phosphorus depends upon the degree of apatite dissolution. Alkaline 
soil pH often impedes dissolution and decreases the quantity of soluble P. Jacinthe 
and Lal (2007) reported that rock phosphate has no effect on tree growth on 
reclaimed mine land, which was attributed to the relatively high pH of the soil rang-
ing from 6.5 to 8.0. Zeolites have been used to address this problem: some research-
ers have used a combination of zeolite and ground apatite to enhance dissolution of 
apatite in order to deliver more available P even at high soil pH. This procedure 
creates exchange sites for Ca2+ in zeolites which decrease Ca2+ ions in the soil solu-
tion, thus supporting further apatite dissolution and phosphate release (Lai and 
Eberl 1986; Eberl et al. 1995 and He et al. 1999). Lai and Eberl (1986) combined 
rock phosphate with untreated and treated (NH4

+, Na+, and H+) zeolite at a ratio of 
1:5 and reported that the mixture contained 5–70 times more soluble P than that 
contained in the rock phosphate-only control. Using batch experiments, Allen et al. 
(1993) reported that the greater the zeolite to P rock ratio, the more P was released 
to solution, further confirming the role of zeolites in P rock dissolution.

Other Nano-Enhanced Fertilizers

Beyond zeolites, research has progressed on other types of nanomaterial-combined 
fertilizers. To achieve about 30–50% efficiency of the conventional fertilizers and 
no other management practices to increase the rate, Derosa et al. (2010) applied 
nanotechnology for fertilizer improvements. Lal (2008) suggested that applying 
nanotechnology to agriculture (including fertilizer development) is one of the best 
options for increasing crop production and supplying the world’s increasing popula-
tion with food. Suggestions that C nanotubes and zinc oxide nanoparticles are capa-
ble of penetrating tomato (Lycopersicon esculentum) root or seed tissues indicate 
that new nutrient delivery systems can be developed using the nanoscale porous 
domains on plant surfaces (2010). These phosphate-based nanoparticles have the 
potential to be used as P nanofertilizers for agricultural uses.

1.2.5.3  Nanomaterials for Remediating the Mine Soils Contaminated 
with Heavy Metals and Other Toxins

Zeolites

Natural and synthesized zeolites can immobilize heavy metals and radionuclides in 
contaminated soils and sediments, thus minimizing the risks of release to neighbor-
ing water bodies or by being taken up by plants/animals. Edwards et  al. (1999) 
proved that mine soils polluted by Zn, Pb, Cu, and Cd and treated with synthesized 
zeolites (0.5–5% by weight) resulted in significant reductions (42–72%) of the 
labile and easily-available fractions of the metals. In addition to adsorption, zeolites 
raise soil pH which plays a role in metal immobilization (Edwards et  al. 1999). 

T. M. S. Attia and N. I. Elsheery



15

Other scientists, using leaching solutions such as 0.01 M CaCl2 or dilute acetate to 
evaluate the stability of the heavy metals in the soil phase, have obtained similar 
results (Lin et al. 1998; Shanableh and Kharabsheh 1996; Moirou et al. 2001). The 
leachable fraction of the metals using these solutions was significantly reduced after 
soils were amended with 0.5–16% zeolites by weight (Lin et al. 1998; Shanableh 
and Kharabsheh 1996; Moirou et al. 2001).). Liu and Zhao (2007) and Liu (2011) 
discussed nanosized vivianite (Fe3 (PO4)2·8H2O) particles (∼10  nm) and apatite 
(Ca5 (PO4)3Cl) particles (<200 nm) for heavy metal remediation.

Plants have also been used as indicators to evaluate metal toxicity and bioavail-
ability in zeolite-amended soils. Using perennial ryegrass (Lolium perenne L.) and 
alfalfa (Medicago sativa L.) as indicator plants, Haidouti (1997) reported that appli-
cation of zeolites at 1–5% (g g−1) minimized Hg uptake by plants by up to 58 and 
86% in roots and shoots, respectively. Chlopecka and Adriano (1996) found that 
addition of 1.5% (g g−1) zeolite to a Zn-spiked soil was able to overcome the harm-
ful effects of the metal and to increase growth and yield of maize and barley 
(Hordeum vulgare). The Zn concentration in plant tissue was also minimized by the 
amendment. Knox et al. (2003) reported that applying 2.5–5% zeolites to a metal- 
laden soil near a Zn-Pb smelter significantly increased growth of maize and oat 
(Avena sativa) and decreased Cd, Pb, and Zn accumulation in tissues. In contrast, 
neither plant could grow in the unamended soil. Mahmoodabadi (2010) reported 
that application of natural zeolites increased shoot dry weight, and number and dry 
weight of root nodules, and decreased Pb toxicity to soybean (Glycine max).

There are many reports, however, which indicate that application of zeolites for 
metal remediation reduced the growth of some crops and vegetables (Geebelen 
et al. 2002; Coppola et al. 2003; Stead 2002). It is generally believed that use of 
Na-type zeolites results in release of Na+ to the soil solution and negatively affects 
plant growth even though the adverse effects of heavy metals were alleviated. 
Therefore, using Ca-type zeolites for heavy metal remediation is preferred at sites 
where revegetation is planned.

Zeolites possess unique selectivity for Cs+ and Sr2+; therefore, zeolites are effec-
tive agents for trapping radioactive 139Cs and 90Sr in soils contaminated from nuclear 
fallout, contact with water from reactor cooling reservoirs, or contamination from 
radioactive waste spills (Ming and Allen 2001). Similar to heavy metal remediation, 
the primary purpose of using natural zeolites is to immobilize radionuclides in the 
soil and to reduce or prevent uptake of those nuclides by plants (Ming and 
Allen 2001).

Iron Oxide Nanoparticles (nFeOs)

As an important constituent of soil and a necessary nutrient to plants and animals, 
iron (Fe) is classified as the 4th most abundant element in the earth. Fe oxides which 
commonly occur in soils and sediments usually occur as nano-crystals (5–100 nm 
in diameter). Reactive surfaces adsorb a wide range of both inorganic and organic 
substances through mechanisms such as surface complexation and surface precipi-
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tation (Bigham et al. 2002). By virtue of their notable absorption capacity for toxic 
substances and their environmentally friendly characteristics, many types of engi-
neered iron oxide NPs have been synthesized and applied for in situ water/soil 
remediation processes. For example, nano-Fe oxide (nFeOx) solution can be 
pumped/spread directly onto polluted sites at low cost with insignificant risks of 
secondary contamination.

The nFeOs which have been intensively studied for heavy metal removal from 
water/wastewater include goethite (α-FeOOH, needle-like, 200  nm  ×  50  nm), 
hematite (α-Fe2O3, granular, 75  nm), amorphous hydrous Fe oxides (particles, 
3.8  nm), maghemite (γ-Fe2O3, particle, 10  nm), and magnetite (Fe3O4, particles, 
approx. 10 nm) (Hua et al. 2012). These nFeOs have been widely researched for 
heavy metal removal from the aqueous phase via adsorption. Target contaminants 
have included Cu2+, Cr6+, Ni2+, Pb2+, Cr3+, Zn2+, As5+, and As3+ (Hua et al. 2012). The 
use of nFeOs for polluted soil reclamation, however, has not been widely studied. 
Many researchers report that nanoparticles have the capacity for removal of heavy 
metals from the aqueous phase and can sequester the labile fractions of heavy met-
als from the soil solution by adsorption, thus decreasing their availability and mobil-
ity in soil.

Application of industrial wastes rich in iron oxides to contaminated soil resulted 
in substantial immobilization of heavy metals (Xenidis et al. 2010; Kumpiene et al. 
2008; USEPA 2007), suggesting that application to mine soils could significantly 
immobilize soil-bound toxic substances. Shipley et al. (2011) used a column packed 
with soil mixed with 15% (g−1) nano magnetite and leached it with mgL−1 arsenic. 
As concentrations were detected in the effluent for up to 132 days and the influent 
was containing 100 μg/L, and it was observed that solution injected through the 
column at a rate was 0.3 mL h−1. Only 20% of the contaminant had leached after 
208 days as compared with soil alone, that experienced negligible As adsorption. 
Shipley et al. (2011) reported that 12 heavy metals (V, Cr. Co, Mn, Se, Mo, Cd, Pb, 
Sb, Tl, Th, and U) could be simultaneously removed from soil by nFeOs. After 35 h 
of leaching, only Cr, Mo, Sb, and Co leached more than 20% of initial influent lev-
els, revealing the high adsorption capacity of the nFeO nanoparticles, even for mul-
tiple toxins. Nano-hematite has similar adsorption capacity to the nano-magnetite 
(Shipley et al. 2011).

Remediation efficacy and deliverability of the NPs are controlled by chemical 
composition and NP stability and transport behaviors in the media (water, soil, and 
aquifer). Stability and transport of nFeOx depend on particle size, particle concen-
tration, particle magnetism, solution chemistry.

For a given NP suspension, particle stability is largely governed by the electro-
static repulsion between particles (O’Carroll et al. 2013). The force is caused by 
particle surface charge; surface zeta potential is used to quantify the magnitude of 
charge or the electrostatic repulsion. When zeta potential is high, the repulsive force 
between particles is strong; thus, the nano suspension is more stable. Charged ions 
(e.g., H+, OH−, Na+, or Cl−) in the background solution can affect suspension stabil-
ity by changing the particle surface charge (zeta potential). A pH value where the 
net surface charge becomes zero is termed point of zero charge (PZC), and the solu-
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tion is least stable and most prone to form aggregates at pH values close to the 
PZC. Therefore, nanoparticle stability is influenced by solution pH, i.e., the extent 
to which it approximates particle PZC. The PZC for magnetite nanoparticles occurs 
at pH 7.1; the suspension will not be stable at pH values from 6 to 8 because the net 
particle surface charge decreases to about zero and rapid aggregation takes place 
due to minimal repulsion. In contrast, the NP suspension will be stable at pH 3–5 or 
9–10, which are far from the PZC of magnetite NPs (Hu et al. 2010)

Nanoparticles in a concentrated solution are more likely collide with each other 
which makes them less stable than in a dilute solution where they form aggregates 
and eventually precipitate (He et al. 2008 and Baalousha 2009). He et al. (2008) 
reported that aggregation rates were higher for small hematite NPs due to changes 
in surface properties.

The force of magnetism among nFeO particles increases the probability of 
aggregation. Hong et al. (2009) observed that the stability and transport of magnetic 
NPs are adversely influenced by a combination of electrostatic and magnetic inter-
actions. Hong et al. (2009) reported, during a column test with sand media, that the 
less-magnetic NPs were removed from the columns at a higher rate compared with 
the more-magnetic particles. The nonmagnetic nFeOs were readily transported: the 
majority of particles were retained at the column inlet for all transport experiments, 
the magnetic NPs were the greatest retained, indicating that magnetically changed 
the aggregation and subsequent straining cause a greater retention in the column.

Magnetic particles include maghemite (γ-Fe2O3), magnetite (Fe3O4), and zero 
valent iron (Feo), while a hematite (α-Fe2O3) nanoparticle is nonmagnetic. On the 
other hand, transport of magnetic NPs might be controlled by the magnificent of an 
external magnetic field to the system.

Natural organic matter can modify NP surfaces and change the particle PZC 
when absorbed. Changes of NP suspension stability by humic acids (HA) are likely 
due to the effect of the HA on particle PZC.  Adsorption of HA often causes a 
decrease of magnetite PZC towards more acidic pH values. Hu et al. (2010) reported 
that PZC of magnetite NPs decreased from 7.1 (without HA) to 5.8 at 2 mg L−1 HA 
and 3.77 at 3  mg  L−1 HA.  When HA concentration was sufficiently high (e.g., 
10 mg L−1), the PZC decreased to values outside the range (pH 3–10) that it is com-
monly encountered in the natural environment. In this case, the suspension shows 
the highest stability under normal conditions (Hu et al. 2010). Similar results were 
obtained by other scientists (He et  al. 2008; Baalousha 2009; Hong et  al. 2009; 
Baalousha et al. 2008). An increase of solution ionic strength generally enhances 
NP aggregation such as nano CaCl2 and TiO2 (Hu et al. 2010).

Iron oxides nanoparticles are generally assumed to have small or no toxicity 
to organisms according to limited reports. For example, Karlsson et al. (2009) 
assessed the ability of the nFeOs with varying sizes on cell death, mitochon-
drial damage, DNA damage and oxidative DNA lesions after exposure of the 
human cell line A549. They reported that the iron oxide (Fe2O3) NPs exhibited 
low toxicity with no clear difference between different particle sizes. Auffan 
et al. (2006) suggested that the organic coating on maghemite NPs served as a 
barrier to direct contact between particles and cells (human fibroblasts), fur-
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ther reducing possible toxic impacts. They found that the coated nFeOs pro-
duced weak cytotoxic and no genotoxic effects.

One key mechanism driving the toxicity of manufactured metal NPs is their abil-
ity to cause oxidative stress in cells by generating ROS.  ROS damage proteins, 
 lipids and DNA in addition to causing necrosis and apoptosis (Karlsson et al. 2009). 
However, Limbach et al. (2007) postulated that chemical composition rather than 
the nanoscale size is the most significant factor determining formation of ROS in 
exposed cells. Moreover, they observed that dissolved Fe ions promote a 20-times 
greater ROS production than exposure to the same amount of iron as Fe2O3 NPs, 
indicating that nano-sized Fe particles do not cause more toxicity than soluble Fe or 
Fe NPs having large particle sizes.

Nanoscale Zero-Valent Iron Particles (nZVI)

Nanoscale zero-valent iron (nZVI) technology, developed in the 1990s, was devel-
oped to degrade toxic halogenated hydrocarbon compounds and other petroleum- 
related products which pollute groundwater as a consequence of underground 
storage tank leakage, organic solvent spills, etc. (Zhang 2003). Metallic iron parti-
cles are highly effective reducing agents and are able to degrade many organic con-
taminants to benign compounds by reduction reactions. Relevant contaminants 
include chlorinated methane, chlorinated benzene, pesticides, polychlorinated 
biphenyls (PCBs), and nitro aromatic compounds (Zhang 2003). In addition to high 
degradation efficiency, this technology involves use of an eco-friendly material 
which is easily delivered to the subsurface due to its small particle size.

ZVI technology is also used to treat heavy metals in water and soil. Zero valent 
iron is a strong reductant with a reduction potential (E0, Fe2+/Fe0) of −0.44  V 
(O’Carroll et al. 2013). Theoretically, some metals with E0 much more positive than 
−0.44 V could be reductively immobilized by nZVI. Typical examples of such met-
als with environmental importance include CrO4

2−/Cr3+ (E0 = +1.56 V), Cr2O7
2−/

Cr3+ (E0 = +1.36 V), and UO2
2+/U4+ (E0 = +0.27 V) (O’Carroll et al. 2013). The 

high-valent species (CrO4
2−, Cr2O7

2−, and UO2
2+) of those metals are usually more 

soluble and more toxic in the natural environment than their low-valent counterparts 
(Cr3+ and U4+).

The nZVI converts the former to the latter through reduction reactions, thus 
reducing their solubility/mobility and toxicity (the overall process is termed reduc-
tive immobilization). For example, uranium (U) is the most common radionuclide 
pollutant found at many nuclear waste sites. It is detected in contaminated ground-
water as highly soluble and mobile U6+ in the form of UO2

2+ (Cao et al. 2010). Fe 
oxyhydroxides adsorb UO2

2+ in soil and uranium mine tailings (Abdelouas 2006). 
However, acid mine drainage can dissolve and release the adsorbed uranium. These 
risks can be solved by converting uranium (U)to insoluble U4+ oxides using 
nZVI. Many reports conclude that, compared to other reductants (iron filings, galena 
(PbS), iron sulfide), nZVI is more efficient for reductively immobilizing U6+ from 
the aqueous phase, which may be attributed to its nano size, high reactivity, large 
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surface area, and the reactive Fe(II) solubilized from nZVI (Yan et al. 2010; Fiedor 
et al. 1998; Crane et al. 2011; Dickinson and Scott 2010; Riba et al. 2008). The lit-
erature reveals that U6+ is removed by nZVI via reductive precipitation of UO2

2+ 
(U4+) with minor precipitation of UO3·2H2O (U6+) as confirmed by X-ray 
 photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) analyses (Yan et al. 
2010)). Oxygen level, solution pH, and presence of bicarbonates and calcium ions 
all affect reductive immobilization processes (Yan et al. 2010; Fiedor et al. 1998). It 
has also been reported that nZVI is able to convert Cr+6 to Cr+3 in aqueous solution 
or soil media. Franco et al. (2009) reported that 97.5% of Cr+6 in a polluted soil was 
converted to Cr+3 by nZVI, which significantly decreased the chromium toxicity of 
the spoil. Similar results were obtained in soil using nZVI (Xu and Zhao 2007; 
Ponder et al. 2000).

Selenium (Se) is an important nutrient in animals, but high concentrations could 
be harmful when activities such as mining into shale for oil and phosphorus or irri-
gating arid and semiarid lands produce seleniferous soils (Lemly 1997). Plants can 
accumulate Se from impacted soils (Mackowiak and Amacher 2008). Plant accumu-
lation and soil ingestion lead to Se bioaccumulation and Se poisoning in livestock 
and wildlife (Witte and Will 1993; Thomas et  al. 2005). High-valence selenium 
species (SeO4

2− or Se6+ and SeO3
2− or Se4+) are more soluble and mobile in the envi-

ronment, and more toxic than are the low-valent species such as Seo and Se2−. nZVI 
has been applied to remove selenium from solution and reduce high-valent species 
to low-valent ones, thus reducing Se toxicity and solubility (O’Carroll et al. 2013). 
Olegario et al. (2010) reported that nZVI had high adsorption capacity for elimina-
tion of dissolved Se6+ (up to 0.1 mole Se/mole Fe). Using X-ray absorption near 
edge structure (XANES) spectroscopy and X-ray absorption fine structure (EXAFS) 
spectroscopy, they identified FeSe compounds in the solid phase as the reduced Se2− 
species, transformed from Se6+. They concluded that nZVI has the capability for 
reduction of soluble Se oxyanions to insoluble Se2−.

The nZVI is able to treat other toxic elements in water or soil such as Hg2+, Ni2+, 
Ag+, Cd2+, As3+, and As5+ (Li and Zhang 2006, 2007; Kanel et  al. 2005, 2006). 
Decontamination mechanisms include reduction of metal ions to zero-valent metals 
on nZVI surfaces and/or adsorption of ions on nZVI. (The ZVI surfaces may con-
tain a layer of iron oxidation products, e.g., iron oxides) (O’Carroll et al. 2013). 
Watanabe et al. (2009) reported that application of 0.01% nZVI (g g−1) to a Cd-spiked 
soil decreased Cd accumulation in rice (Oryza sativa) seeds and leaves by 10% and 
20%, respectively, compared to control.

Migration of bare nZVI NPs is estimated to be within a few cm in the subsurface 
soil (Saleh et al. 2008; Tratnyek and Johnson 2006). Due to a rapid NPs accumula-
tion and interaction with surfaces of ambient porous media, substantial efforts have 
been made to enhance the stability and mobility of nZVI (e.g., using nanoparticle 
stabilizers), with the expectation that nZVI would diffuse throughout the entire 
contaminated aquifer and degrade pollutants in situ as soon as being injected into 
the subsurface.

Supported by laboratory column test results, several reports have claimed suc-
cessful synthesis of nZVI with improved stability and mobility as well as reactivity 
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(He and Zhao 2005, 2007; Phenrat et al. 2008; Sakulchaicharoen et al. 2010). There 
is no solid evidence, however, on significantly increased mobility of such products 
in the field (O’Carroll et al. 2013). Stabilized nZVI has been visually confirmed to 
travel only as far as 1  m from an injection well, and evidence suggests that the 
 maximum travel distance of up to 2–3 cm may be achieved in high permeability 
formations (O’Carroll et al. 2013). The differences between the laboratory and field 
data likely results from the fact that lab studies used lower Fe concentrations 
(<0.25 g L−1), higher flow velocities (15–30 m day−1), and simplified subsurface 
simulations in sand-packed columns. Field experiments have used higher Fe appli-
cation rates (1–30 g L−1), lower groundwater flow rates (0.1–10 m day−1), and more 
complicated aquifer formations (O’Carroll et  al. 2013), which result in greater 
aggregation and precipitation of nZVI. In addition, nZVI is oxidized more rapidly 
in column studies due to the presence of dissolved oxygen, creating maghemite and 
magnetite precipitates (Reinsch et al. 2010). These reports suggest that risk of nZVI 
dispersal in the environment and subsequent exposure of organisms does not occur 
extensively in current stages of nZVI technology.

No field experiments have been reported using nanoparticles for soil remedia-
tion. For mine soil recovery and vegetation establishment purposes, a thin soil sur-
face layer (e.g., 50 cm depth) for plant root growth is typically required. In a method 
similar to the surface irrigation, a nanoparticle suspension could be applied over the 
targeted land surface. By exploiting nanoparticle size, the particles could engaged 
within the polluted surface layer only after the entire targeted soil column saturated 
and treated by the particles, thus it can reduce the risk of nanomaterial spread and 
subsequent secondary contamination can occur to neighboring soil and water bod-
ies. With this approach, nZVI and other nanoparticles of high mobility may not be 
required for surface soil remediation.

There is a limited number of reports pertaining to the toxicological and ecotoxi-
cological effects of nZVI use. Grieger et al. (2010) reported the possible effects of 
exposure to nZVI as follows: (a) low serious toxicity to aquatic organisms, with 
sublethal effects at minor concentrations (<1 mg L−1); (b) histological and morpho-
logical changes in some species, during attach to organisms and cells; (c) some 
coatings decrease toxicity by reduced adherence; (d) release of Fe(II) from nZVI 
leads to ROS production as well as distruction of cell membranes causing cell death 
and lysis, and possible enhancement of biocidal effects of Fe(II); (e) aging of nZVI 
under aerobic conditions decreases nZVI toxicity, as Feo is rapidly oxidized.

Other metal-based SPs for environmental remediation include nanoscale manga-
nese oxides and hydroxides, aluminum oxides, titanium oxides, zinc oxides, and 
magnesium oxides. All these can adsorb heavy metals from solution onto their sur-
faces (Bigham et al. 2002). Among metal oxide NPs, iron and manganese NPs are 
sensitive to the compact environment such as waterlogged soils or wetlands. 
Particles may be reduced to lower valence states thus losing some adsorption capac-
ity. For manganese, zinc, and aluminum-based NPs, phytotoxicity might be useful 
under acidic soils conditions. Moreover, Limbach et al. (2007) reported that cobalt 
and manganese oxides (Co3O4 and Mn3O4) NPs produced more ROS (thus indicat-
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ing more toxicity) than their respective salt solutions while titanium dioxide (TiO2) 
and iron oxide (Fe2O3) nanoparticles were relatively inert.

Phosphate-Based Nanoparticles

Phosphate-based NPs are useful for removal of heavy metals from contaminated 
soil by creating highly insoluble and stable phosphate compounds. An example is 
treatment of lead-enriched soil. The solubility of common lead compounds in soils 
such as anglesite (PbSO4), cerussite (PbCO3), galena (PbS), and litharge (PbO) have 
been determined as 10–7.7, 10–12.8, 10–27.5, and 10+12.9, respectively (Ruby et al. 1994). 
In comparison, lead phosphate compounds such as pyromorphites (Pb5[PO4]3X, 
where X = F−, Cl−, Br−, and OH−) have solubility products lower than 10−71 (Ruby 
et al. 1994). This indicates that lead phosphates are of significantly lower solubility 
than other Pb products in soils.

Conversion of less- to more stable Pb compounds using phosphate amendments 
is a thermodynamically preferred process which minimizes the leachability and 
availability of lead in the solid phase. Some phosphate amendments are more effec-
tive for in situ Pb precipitation and have been intensively studied (Ruby et al. 1994). 
Other metals having been investigated and effectively treated by phosphate (include 
Cu2+, Zn2+, Cd2+, Co2+, Cr3+, Ba2+, U6+, and Eu3+ (Ma et al. 1995; Raicevic et al. 2005; 
Raicevic et al. 2006 and Basta and McGowen 2004).

Generally, soluble phosphate salts and particulate phosphate minerals are the 
commonly utilized phosphate forms for this purpose. The former includes phos-
phoric acid (Eighmy et  al. 1997), NaH2PO4 (Stanforth and Qiu 2001), and 
(NH4)2HPO4 (Basta and McGowen 2004), the latter various forms of apatite includ-
ing synthetic apatites (Peld et al. 2004), natural rock phosphates (Ma et al. 1995; 
Raicevic et al. 2005; Raicevic et al. 2006; Basta and McGowen 2004), and biogenic 
apatites such as fishbone (Knox et al. 2006). Although both are extremely effective 
for in situ accumulation of heavy metals at the laboratory scale, problems in the 
field persist. For example, although soluble phosphates are mobile in the subsurface 
and thus more effective in heavy metal stabilization, excesses may result in eutro-
phication. Furthermore, excess quantities of phosphoric acid and ammonium phos-
phates may cause acidification of soil (Basta and McGowen 2004). Amendment 
dosage of 3% PO4 (or 1% as P) by weight for soils has been studied by EPA and 
other scientists (USEPA 2001), and they suggest higher risk of a phosphate which 
can spill to water bodies and soil acidification following heavy metal remediation.

Solid phosphate application is hindered by large-sized particles which restrict 
phosphate mobility and delivery, which inhibits phosphate from contacting and 
reacting with heavy metals in subsurface layers. Also, finely ground solid phosphate 
particles are not mobile in soils, so mechanical mixing is required in the field for 
treatment. Considering the problems of phosphate application, Liu and Zhao [86] 
fabricated nanosized iron phosphate particles for heavy metal accumulation. Their 
NP formulation overcame the delivery problem and also the risk of secondary con-
tamination related with the latter. The nanoparticle suspension, having the same 
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mobility as the solution form due to the nanoscale particle size, is readily trans-
ported to the contaminated zone using conventional engineering methods (e.g., 
spray or well-injection). The NPs are also reported to be environmentally friendly 
because the phosphate in solid form is less bioavailable to algae than are those in 
soluble forms (Reynolds and Davies 2001). Algae-bioavailable P and N are primar-
ily responsible for eutrophication in surface waters.

Liu and Zhao (2007) synthesized and applied a new class of iron phosphate (vivi-
anite) NPs for in situ adsorption of Pb2+ in soils. Batch experiments revealed that the 
NPs significantly reduced leachability and bioaccessibility of Pb2+ in three soils 
(calcareous, neutral, and acidic), evaluated by the toxicity characteristic leaching 
procedure (TCLP) and physiologically based extraction test (PBET), respectively. 
When soils were treated for 56 d at rates ranging from 0.61 to 3.0 mg g−1 as PO4

3−, 
the TCLP-leachable Pb2+ decreased by 85–95%, and the bioaccessible fraction 
decreased by 31–47%. Results from a sequential extraction technique indicated a 
33–93% decrease in exchangeable Pb2+ and carbonate-bound fractions, and an 
increase in the residual Pb2+ fraction when Pb2+-spiked soils were amended with the 
NPs. Additions of chloride to the treatment further lower TCLP-leachable Pb2+ in 
soils, suggesting the formation of chloropyromorphite minerals. Compared to solu-
ble phosphate application for in situ metal immobilization, use of iron phosphate 
NPs resulted in an approximate 50% decrease in phosphate leaching.

Liu (2011) carried out remediation of Pb-contaminated soil (2647.9 mg Pb kg−1) 
from a shooting range using manufactured apatite NPs. The apatite NP solution 
decreased the TCLP-leachable Pb fraction in the soil from 66.43% to 9.56% after 
1-month amendment at a ratio of 2 mL solution to 1 g soil. The Pb concentration in 
the TCLP solution was decreased to 12.15 mg L−1 from 94.33 mg L−1.When the 
amendment ratio was raised five-fold, leachable Pb decreased to 3.75 mg L−1 with 
only about 3% of the soil Pb leachable.

Phosphate-based NPs can also be used as P nano-fertilizers. In addition to sup-
plying nutrient P to the plants, these NPs have the benefit of easy delivery (by spray-
ing to the soil surface) with minimum P leaching to adjacent water bodies.

Iron Sulfide Nanoparticles

Sulfide-based NPs have been studied for removal of mercury (Hg) and arsenic (As) 
in water and soil/sediment by providing sulfide (S2−) ligands and/or controlling sur-
faces. Reduced sulfur (S2−) is considered a stabilizer/sink of heavy metals in reduced 
environments such as sediments or waterlogged soils, by forming highly insoluble 
metal sulfides (Moore et al. 1988). It has been estimated that a sediment sample is 
considered safe or nontoxic to aquatic organisms when the molar ratio of acid vola-
tile sulfides (AVS) to total heavy metal concentrations (e.g., Cu + Ni + Zn) is >1 
(Ankley et al. 1996). Ideally, all heavy metals are bound as insoluble metal-sulfide 
phases and thus the concentration of soluble (bioavailable) metals in pore water 
decreases (Ankley et al. 1996).
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Sulfide (S−2) has been proposed as an important inorganic compound for removal 
of Hg from the water column, thus halting formation of methylmercury (CH3Hg). 
Methyl mercury is considered one of the most toxic Hg species, which can easily 
bioaccumulate and concentrate in fish and other aquatic organisms and become bio-
magnified through food chains. Consumption of fish and shellfish contaminated 
with CH3Hg is the primary route of human exposure to mercury (Ankley et  al. 
1996). Dissolved, neutral mercury complexes (primarily HSo and Hg(HS)2 rather 
than Hg2+ or total dissolved Hg) are considered the main Hg(II) species controlling 
the extent of mercury methylation in contaminated sediments (Liu et  al. 2009; 
Benoit et al. 1999). Iron sulfide amendments decrease concentrations of the neutral 
mercury complexes by formation of charged Hg(II)-polysulfides (e.g., HgS2 2−, 
HgSH+, HgS2H−) (Liu et al. 2009; Benoit et al. 1999; Drott et al. 2007; Xiong et al. 
2009). In addition, formation of insoluble mercuric sulfide complexes also reduces 
conversion of the ionic Hg to volatile metal Hg in soil (Revis et al. 1989).

Liu et  al. (2009) reported that synthesized mackinawite (FeS) was capable of 
reducing aqueous Hg approx. 0.75 mol Hg2+/mole FeS. They proposed that 77% of 
the Hg removed was via precipitation of insoluble HgS species, and the residual 
23% by adsorption to the FeS surface.

Under anoxic environments, iron sulfides have the ability to reduce the mobility 
and availability of As by adsorption and/or precipitation, depending on solution pH, 
iron sulfide type and As oxidation state (Renock et al. 2009; Wolthers et al. 2005; 
Gallegos et al. 2007, 2008). Wolthers et al. (2005) concluded that maximal As(V) 
adsorption by nano FeS occurred at pH 7.4 with an adsorption capacity of 0.044 mol 
As/mol FeS while the capacity was 0.012 As/mol FeS to As(III)..

The reduction capacity of iron sulfides is also practical for reductive immobiliza-
tion of Tc+6 (Liu et al. 2008), Cr6+ (Patterson et al. 1997), and U6+ (Hua and Deng 
2008), and also for reductive degradation of trichloroethylene (TCE) and tetrachlo-
roethylene (PCE) (Butler and Hayes 1998, 1999, 2001). Again, the sulfide ion (S2−) 
plays the major role in these reduction reactions and the decontamination mecha-
nisms are similar to those of zero-valent iron NPs as discussed before.

Mackinawite is a widely reported iron sulfide synthesized for remediation stud-
ies in the laboratory. This compound is prepared by mixing Fe2+-containing and 
S2−-containing salts under anaerobic conditions, which produces micrometer-sized 
particles (Liu et al. 2008; Ankley et al. 1996; Xiong et al. 2009) which aggregate 
and precipitate within minutes (Xiong et al. 2009). Using carboxymethylcellulose 
(CMC) as a nanoparticle stabilizer, Xiong et  al. (2009) fabricated a stable FeS 
spherical nanoparticle suspension with a particle size of 31.4  ±  4  nm diameter 
which remained suspended for at least 3 months. Shi et al. (2006) synthesized FeS 
NPs also using the CMC stabilizer, creating spherical particles with an average size 
of 4–6 nm. Xiong et al. (2009) reported that CMC- stabilized NPs enhanced adsorp-
tion of Hg in a sediment sample. When the molar ratio of FeS NP to Hg (sediment- 
bound) was set to 26.5, the Hg concentration in sediment pore water decreased by 
97% and the TCLP leachability of sediment-bound Hg decreased by 99%, indicat-
ing that FeS NP amendment significantly decreased the labile Hg portion in the 
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sample. In addition, FeS significantly decreased the availability of Hg species 
(HgSo + Hg (HS)2°) by up to three orders of magnitude. The FeS spherical NP sus-
pension was highly mobile in a clay loam sediment column, indicating high mobil-
ity for soil/sediment remediation. The authors observed that complete breakthrough 
of the NPs occurred at around 18 pore volumes (PVs), compared to 3 PVs for the 
inert tracer (Br−).Morever, FeS spherical NPs were applied in the same tests, the 
majority (>99.7%) of particles were captured on top of the sediment column (Xiong 
et al. 2009). The work of Xiong et al. is probably the only one using FeS NPs to 
remediate soil-bound contaminants (Hg).

Other research suggests that FeS NPs can immobilize not only other heavy met-
als (especially As) but also some organic contaminant which exist in soils or in sedi-
ments. However, caution must be taken when using NPs in a mine soil reclamation 
plan; most iron sulfide (S−) solids could oxidize to soluble sulfate species (SO4

2−) 
due to their instability in aerobic environments (Liu et al. 2008; Ankley et al. 1996). 
Consequently, their adsorption capacity is lost and the contaminants previously 
retained on the FeS surface would be re-released to pore water and become remobi-
lized (Ankley et al. 1996). Processes such as draining a pond or waterlogged land 
and dredging sediments are examples of how sediments may become exposed to air. 
In practical terms, it is difficult to maintain soil or sediment under anaerobic condi-
tions for long periods, and a change in redox potential might result in a secondary 
contamination problem when using FeS NP amendments.

The generation of acidity in mine drainage and soils established from oxidation 
of the iron sulfide minerals (mostly pyrite, FeS2) by oxygen (O2) is inevitable after 
these buried minerals are exposed to the air through the mining process (Blodau 
2006). Therefore, simple application of FeS minerals to the affected soils might 
exacerbate the AMD and soil acidity problems at a site. More stable adsorption 
materials such as iron oxide NPs (for As) or phosphate-based NPs (for heavy met-
als) could be better options.

Carbon Nanotubes

Carbon nanotubes (CNTs) are macromolecules consisting of sheets of C atoms 
covalently bonded in hexagonal lattices that seamlessly roll into a hollow, cylindri-
cal shape with both ends commonly capped by fullerene-like tips (Niu and Cai 
2012). According to their structures, CNTs could be categorized into single-walled 
C nanotubes (SWCNT) and multi-walled C nanotubes (MWCNT). The diameter of 
CNTs vary from hundreds of nanometers and micrometers to 0.2 and 2  nm for 
SWCNT, and from 2 to 100 nm for coaxial MWCNTs. CNTs are promising adsor-
bent materials for nonpolar organic contaminants such as trihalomethanes, polycy-
clic aromatic hydrocarbons, or naphthalene, dioxin, herbicides, DDT and its 
metabolites because of their large surface area, tubular structure and nonpolar prop-
erties (Niu and Cai 2012; Theron et al. 2008 and Mauter and Elimelech 2008.

CNTs have nonpolar characteristics, which leads to very low sorption of polar 
metal ions. Sorption is increased, however, after modification of the CNT surface by 
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generating oxygen-containing polar functional groups (–COOH, –OH, or –C=O). 
These functional groups result in greatly increased negative charge on the CNT 
surface. The oxygen atoms in the functional groups provide a single pair of elec-
trons to a metal ion, which increase the cation adsorption capacity of the CNTs (Rao 
et  al. 2007). MWCNTs pretreated with nitric acid exhibited high adsorption for 
many heavy metal ions including Pb(II) (97.08 mg g−1), Cu(II) (24.49 mg g−1), and 
Cd(II) (10.86 mg g−1) from aqueous solution. In addition, SWCNTs and MWCNTs, 
after oxidation with NaClO, demonstrated improved Ni(II) sorption properties. 
These treatments increased polarity of the CNT surface, making them more hydro-
philic and, therefore, able to adsorb more charged metal ions from solution (Li et al. 
2003 and Lu and Liu 2006).

Although CNTs may prove to be efficient adsorbents for many kinds of pollut-
ants in both drinking and environmental waters, their practical application may be 
hindered by high cost (Theron et al. 2008). However, CNTs could be applied at the 
small-scale with sludge or to other solid wastes to remove contaminants which 
would render these wastes safe for land application.

In the aqueous phase pristine CNTs are prone to aggregation and precipitation 
due to their extreme hydrophobicity (Hyung et al. 2007; Jaisi and Elimelech. 2009). 
Dispersion of CNTs in the aqueous phase can be achieved either by modifying the 
surface structure and introducing hydrophilic (polar) functional groups (Jaisi and 
Elimelech. 2009; Jaisi et al. 2008) or by improving the interactions on the nanotube/
water interface through addition of surfactants (Jiang et  al. 2003), polymers 
(O’Connell et al. 2001a), or natural organic matter (Jaisi et al. 2008; Jiang et al. 
2003; Zhou et al. 2012). The former method directly enhances the hydrophility of 
CNTs, while the latter option creates a thermodynamically suitable surface in water 
and also provides steric or electrostatic repulsion among dispersed CNTs, thus pre-
venting aggregation (Hyung et al. 2007).

Natural organic matter may play a significant role in fate and transport of nano-
tubes in the environment. Hyung et al. (2007) stated that the water samples collected 
from the Suwannee River, USA, provided a MWCNT stabilizing capacity similar to 
that of fabricated solutions containing model natural organic matter (SR-NOM). For 
the same initial MWCNT concentrations, the concentrations of suspended MWCNTs 
in SR-NOM solution and Suwannee River water samples were significantly greater 
than those in a solution of 1% sodium dodecyl sulfate (a surfactant used to stabilize 
CNTs in the aqueous phase).

During study of the transport of carboxyl-functionalized SWCNTs in quartz 
sand-packed columns, Jaisi and Elimelech (2009) and Jaisi et al. (2008) reported 
that the performances of the nanotubes were generally similar to those obtained 
with colloidal particles and bacterial cells. For instance, ionic strength of the solu-
tion was increased due to increased SWCNT deposition in the column; additionally, 
divalent cations (e.g., Ca2+) decreased SWCNT stability more than did monovalent 
cations (e.g., Na+) at the same ionic strength. However, at very low ionic strengths, 
even in DI water, the SWCNT nature in sand media changed slightly, reflecting that 
simple physical constraints (i.e., straining) also played roles in nanotube mobility.
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Jaisi and Elimelech (2009) reported that straining plays an important roles on 
nanotube mobility in soil. They compared the mobility of linear nanotubes and 
spherical fullerene nanoparticles in columns packed with the same soil. Fullerene 
removal rates were lower than were those of SWCNTs at the same ionic strength. 
Moreover, fullerene NPs were more affected by changes in ionic strength as com-
pared with SWCNTs. The authors suggest that linear shape and structure, particu-
larly the very large aspect ratio and its highly bundled (aggregated) form found in 
aqueous solution, were the main reasons for nanotube retention in soil columns. 
Furthermore, pore size distribution and pore geometry as well as heterogeneity in 
soil particle size, porosity, and permeability also participated in straining the flow 
through the soil by nanotubes. Thus, SWCNT mobility in soils is probably limited 
(Jaisi et al. 2008). The same results were found for MWCNTs (Xueying et al. 2009).

Natural soil environments are more heterogeneous and normally contain open 
soil structures (e.g., cracks, fissures, worm trails, and other open features) that can 
encourage mobility of SWNTs. Moreover, soil pore water is normally rich in dis-
solved organic molecules (e.g., humic and fulvic acids) that can improve the col-
loidal stability of nanomaterials (Jaisi et al. 2008). Due to limited study of NPs in 
soil, the discussions above reported significant suggestions on transport of all types 
of nanoparticles in the soil. On one hand, NP mobility may be lower and retention 
rate greater in soil media than reported using sand-packed columns in the laboratory 
due to the more complicated pore structures and pore distributions in soil. On the 
other hand, the existence of the preferential flow columns and natural organic matter 
in soil media would increase NP transport through soil and increase the risk of 
groundwater contamination.

1.2.5.4  Using Nanoenhanced Materials as Solid Waste Stabilizers/
Conditioners

Solid wastes possess a range of potential environmental contaminants (metals, salt, 
hydrocarbons, pathogens, noxious odors). Thus, to convert these wastes and impart 
benefits for landfill mining and soil reclamation, secondary environmental contami-
nations should be eliminated. Nano-enhanced materials have proved to enhance the 
environmental safety and public acceptance for landfill application of these wastes 
in mine or agricultural remediation. For example Li et al. (2007) reported that a low 
rate of nZVI (0.1% by weight) significantly eliminated noxious odors (caused by 
organic sulfur compounds), heavy metals, and organic contaminants in biosolids, 
indicating that nZVI could decrease the contamination of biosolids and increase 
their beneficial uses.

Turan (2008) concluded that co-composting of poultry litter mixed with 5% and 
10% (g g−1) natural zeolites removed 66% and 89% of salinity, respectively, in the 
end-product. Using 25%–30% (g g−1) zeolites for biosolids remediation can remove 
many heavy metals (100% of Cd, 28–45% of Cu, 10–15% of Cr, 50–55% of Ni and 
Pb, and 40–46% of Zn) and decrease leaching of these metals (Zorpas et al. 2000). 
Zeolites also used at lower rates (0.5% and 1.0%) significantly lowered levels of 
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labile Zn during experimental horticultural compost derived from sewage (Nissen 
et al. 2000). A rate of 1.0% zeolite caused significant reduction in total Zn and Cu 
transfer from soil to ryegrass plants over a 116 d growth period. The use of zeolites 
is a cost-effective amendment for compost to significantly reduce potential for soil 
metal mobility and soil to plant transfer (Villase˜nor et al. 2011). Villase˜nor et al. 
(2011) added three commercial natural zeolites to a pilot-scale rotary drum com-
posting reactor where domestic sewage sludge and barley straw were co-compos-
ted. All three types of zeolites removed 100% of Ni, Cr, Pb, and significant amounts 
(>60%) of Cu, Zn, and Hg originating in the sludge (Villase˜nor et al. 2011). It was 
also reported that clinoptilolites reduced 50% of NH3 emissions from the compost, 
thus avoiding N loss and unpleasant odors. Villase˜nor et al. (2011) claimed that 
addition of 10% zeolites produced composts compliant with Spanish regulations 
regarding heavy metal contamination. According to the authors, the zeolite-
amended compost could either be applied directly to soil, or the metal-polluted 
zeolites could be separated from the compost prior to application to ensure the 
environmental safety.

Use of zeolites as heavy metal absorbents in compost is verified by other 
researchers (Zorpas and Loizidou 2008; Zorpas et al. 1999, 2002). Gadepalle et al. 
(2007) applied compost containing 5% zeolite to an As-contaminated soil and 
observed that zeolite addition reduced As uptake by ryegrass and that less than 
0.01% of total As content in the soil may be absorbed by the plants. The literature 
above shows that amending solid wastes with relatively small quantities of nanoma-
terials could effectively reduce or eliminate the risk of secondary contamination 
associated with land applications of these wastes. This practice could expand the 
industrial or municipal waste lists which are safe for land application, thus reducing 
costs of waste disposal and ameliorating adverse environmental impacts. In addi-
tion, agricultural soils and drastically disturbed lands (e.g., mine soils) could benefit 
from these most cost-effective waste materials (soil amendments). Moreover, appli-
cation of NPs to stabilize or condition conventional soil amendment materials (e.g., 
composts, biosolids, coal combustion by-products) could be a potential aspect of 
utilization of nanotechnology in agriculture at low cost.

Zeolites, nFeOs, phosphate-based NPs, and sulfide-based NPs are efficient in 
immobilizing inorganic contaminants in the solids, while C nanotubes have a high 
absorption capacity for organic pollutants and nZVI can destroy the organic waste-
water contaminants (OWCs) present in wastes by reduction reactions. Finally, incu-
bation of nanomaterials with solid wastes could stabilize the former and reduce the 
risks of nanomaterial spills and contamination resulting from direct application of 
NPs to the [to soil reclamation and environmental remediation].

1.2.5.5  Using Nanoenhanced Materials to Control Soil Erosion

Soil erosion caused by rainfall or wind at a closed mining site can result in loss of 
quality surface soil, exposure of buried sulfide minerals, and transport of sediments 
and pollutants to surface water bodies. Therefore, soil erosion management is of 
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substantial importance in a mine soil reclamation plan. Nanoenhanced materials 
offer benefits to combat the harmful effects of soil erosion.

Andry et al. (2009) reported that surface runoff and soil loss can be significantly 
decreased by application of 10% of a Ca-type zeolite material when applied to an 
acidic soil under simulated rainfall. This was attributed to enhancement of wet 
aggregate stability and the large particle size of the sediment due to the amend-
ments. Andry et al. (2009) suggested that zeolites can be more effective than lime in 
soil erosion management. Yamamoto et al. (2004) also applied a Ca-type of artificial 
zeolite at rates of 5–25% in sodic soils to control the rate of runoff and soil loss. 
They reported that the exchange of Ca2+ on zeolites with Na+ in the sodic soil 
reduced clay dispersion, resulting in increased soil hydraulic conductivity and soil 
aggregation, which decreased runoff rate and soil loss. Zheng (2011) reported that 
using polyacrylamide (PAM, a polyelectrolyte used for soil erosion management) 
and magnetite NPs to an As-spiked soil subject to simulated rainfall decreased soil 
erosion while the NPs reduced As leaching. Wang et al. (2007) reported that using 
alumina nanoparticles (Al2O3, 140–330 nm) in conditioning a wastewater treatment 
sludge resulted in larger flocs and better dewatering effects than the single condi-
tioning by polyelectrolyte only. Beneficial effects were more evident when finer 
nanoparticles (140 nm) were used. Wang et al. (2007) suggested that the NPs can 
increase the elongation of the chain-like structures of the polyelectrolyte, resulting 
in more effective bridging effects and better flocculation. PE (polyelectrolyte)-NP 
flocculation systems have been widely used for eliminating solid particles from 
solution (Ovenden and Xiao 2002; Yan and Deng 2000). Flocculation in such a 
system is induced by the sequential addition of a positively charged polyelectrolyte 
followed by negatively charged NPs such as bentonite and colloidal silica. The sys-
tem produces better flocculation and drainage (dewatering) than conventional 
polymer- only flocculation systems (Ovenden and Xiao 2002). These results suggest 
that double application of polyelectrolyte and NPs could increase flocculation and 
improve soil particle size and particle stability, thus effectively managing soil ero-
sion caused by wind or rain.

1.3  Conclusion

Nanotechnology has attracted many researchers as a result of the unique physical, 
chemical and biological characteristics of NPs that differ from those at the bulk 
scale for the same material. Nanomaterials are being developed for applications in 
many fields such as medicine, drug delivery, electronics, fuel cells, solar cells, 
food, and space exploration. Nanomaterials have provided many advances for agri-
cultural purposes. Nanotechnology offers benefits for plant germination and 
growth. TiO2 NPs increased dry weight (73%), photosynthetic rate (three-fold) and 
chlorophyll-a formation (45%) than control over a germination period of 30 days. 
Nanomaterials achieved better growth rate of spinach seeds than traditional TiO2 
indicating that nanomaterials have beneficial properties for plant germination. 
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Other nanoparticles have shown positive effects on seed germination and plant 
growth such as Pd and Au at low concentration; Si and Cu at high concentrations, 
and combinations of Au and Cu.

Nanomaterials can also be used to detect and treat plant diseases. Since nanoma-
terials could be used for resistance bacterial, viral and fungal plant pathogens in 
agriculture. Nano-chips are capable of detecting single nucleotide changes of bacte-
ria and viruses due to their sensitivity and specificity. Nanomaterial-based 
 nanosensors can be used to detect many pesticide residues instead of conventional 
gas or liquid chromatography (GC/LC)-mass spectroscopy (-MS) techniques. Some 
biosensors use C, Au, hybrid titanium (Ti), Au-platinum (Pt), and nanostructured 
lead dioxide (PbO2)/TiO2/Ti to immobilize enzymes on sensor substrate and to 
increase the sensor sensitivity.

Nanomaterials are also used for plant protection instead of manufactured pes-
ticides. Nanopesticides can enhance the dispersion and wettability of agricul-
tural formulations and result in reduced organic solvent runoff and pesticide 
migration off-site.

Nanomaterials and biocomposites exhibit useful characteristics such as rigid-
ity, permeability, crystallinity, thermal stability, solubility, and biodegradability 
which are important for formulating nanopesticides. Nanopesticides possess a 
large specific surface area which increases the affinity to the target. Many kinds of 
nanopesticides are available such as nanoemulsions, nanoencapsulates, nanocon-
tainers and nanocages. Nanomaterials have also been applied for enhancement of 
nutrient absorption by plants, delivery of active ingredients to specific sites and 
water treatment processes. The potential of nanotechnology in agriculture is huge; 
this exciting field needs greater scrutiny in order to understand and utilize all the 
benefits of nanomaterials.
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Abstract Nanotechnology has paved the way for overcoming numerous obstacles 
in agriculture by providing distinct improvements, beyond those of traditional 
methods. Engineered nanomaterials (ENMs) have been employed to improve plant 
growth and development, with specific goals of increasing crop production, sup-
pressing plant disease and improving nutrient management. Nutrient deficiencies in 
soil limit crop yields worldwide. In recent decades, nanoparticles (NPs) have been 
considered as a mechanism for improving plant nutrition. This chapter draws atten-
tion to one of the crucial issues in agriculture management, i.e., the phytoavailabil-
ity of naturally-bound nutrients in soil, particularly inorganic phosphorus (Pi), 
which has been an on-going concern for sustainable crop production. In most soils, 
substantial concentrations of inorganic and organic phosphates are present; how-
ever, approximately 88–99% of inorganic phosphorus is bound with calcium (Ca) 
and therefore unavailable to plants. About 30–40% of global crop yields are limited 
by low phosphorus availability. The content of this chapter focuses on the potential 
role of NPs for improving phytoavailability of soil phosphorus with special empha-
sis on soil properties affecting phosphorus availability; impacts of NPs on plant 
growth and development; potential phytotoxic effects of NPs and routes of entry in 
plants; and other mechanisms including biogeochemical processes.
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2.1  Introduction

Phosphorus (P) is an important element in the environment and its availability has 
major implications on ecosystem function and structure. Phosphorus is an essential 
nutrient both for plants and animals. Phosphorus deficiency is regarded as a main 
factor in limiting global crop production (Marschner and Rengel 2012). It was 
reported that crop yields are ~ 30–40% below desired levels because of low phos-
phorus availability (Vance et al. 2003). In Pakistan, ~ 90% soils were reported with 
low available phosphorus concentrations, with consequent deficiency experienced 
by crop plants (Akhtar et  al. 2016). Agriculture is considered the backbone of a 
nation’s economy, especially for the developing countries, that enables the provi-
sion of food to a huge population. World population is predicted to increase to 8 bil-
lion in 2025 and increase further to 9.6 billion in 2050 (FAO 2016). Therefore, it is 
necessary to increase agricultural production to meet the needs of the growing 
population.

2.2  Phosphorous as a Macronutrient

Phosphorus (P) is considered a macronutrient due to its requirement in large quanti-
ties by plants (Pagliari et al. 2018). A sustainable supply is of utmost importance for 
optimal plant growth and development. Phosphorus is taken up by plant root as the 
dihydrogen phosphate (H2PO4−), hydrogen phosphate (HPO4

2−) and orthophosphate 
(PO4

3−) ions. Phosphorus is an essential constituent of adenosine triphosphate 
(ATP), deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). Phosphorus defi-
ciency can affect different plant functions, seed development, root structure and 
ultimately crop yield.

2.3  Soil Status

In most soils, high concentrations of inorganic and organic phosphates are present; 
however, approximately 88–99% of the inorganic phosphorus is naturally bound 
with calcium (Ca) and therefore unavailable to plants. At the global scale, numerous 
soils suffer phosphorus deficiency due to fixation (Gyaneshwar et  al. 2002). 
Phosphorus availability is also a function of soil pH (Vance et al. 2003). In alkaline 
and acidic soils, phosphate (PO4

−3) ions are adsorbed onto positively charged 
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 minerals like Ca, aluminium (Al) and iron (Fe) oxides (Hinsinger 2001). Moreover, 
phosphorus content is influenced by soil type and its inherent physical and chemical 
characteristics (Karaman et al. 2006), for example, content of certain types of clay 
minerals.

As a consequence of intensive crop cultivation, soil fertility declines due to the 
uptake of vital nutrients by plants from soil. About 90% of soils in Pakistan suffer 
from phosphorus deficiency (GoP 2017). To meet phosphorus requirements, phos-
phate fertilizers have been applied which become immobilized, and only a small 
proportion, e.g., about 10–30%, is taken up by plants (Holford 1997). The situation 
will become more critical in the future as global population increases, while global 
phosphorus reserves decline. It is estimated that readily available phosphorus will 
be depleted by 2050; estimated phosporous reserves and their sustainability have 
been shown in (Fig. 2.1) (Cordell et al. 2009, 2011).

In agriculture, approximately 90% of phosphorus is derived from phosphate rock 
(Brunner 2010), a non-renewable resource which occurs in only limited locations. 
Most phosphate reserves i.e., 75%, are present in Morocco which exports the most 
phosphate ore. Although China and USA also possess significant phosphate reserves, 
they do not export to global markets, thereby further limiting the supply chain.

Global future demands for phosphate rock related to crop and food production 
are high than the reserves. It is estimated that total demand for food production will 
increase by 40% in 2030 and 70% in 2050 (Foresight 2011). Geopolitical instability 
could induce inflation in the prices of phosphate fertilizers with a consequent 
decrease in food production as had occurred in 2008 (Cordell and White 2011). In 
2016, global total phosphate rock consumption was estimated at 60,973,000 tonnes 

Fig. 2.1 Phosphorus reserves over the years and sustainability options. (Source: Cordell et  al. 
2011)
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(IFA 2018). In Pakistan, the phosphate fertilizer used for agriculture purposes 
reached 1,209,145 tonnes for year 2016 (FAO 2016). According to IFA statistics, 
global demand for phosphate fertilizer increased by 2.0% in 2016–2017 (IFA 2017). 
The global phosphate rock supply is predicted to increase by 9% relative to 2017, 
up to 250 Mt by 2022 (IFA 2018). Figure 2.2 shows the global consumption of 
phosphate fertilizer to crops. It illustrates that in 2014–2015, global phosphate fer-
tilizer application to cereal crops reached 20.5 Mt (44.6%); most of that P applica-
tion was attributed to wheat (14.6%) and rice (12.5%).

2.4  Forms of Phosphorus in Soil

Phosphorus is abundant in nature; however, it does not exist in elemental form, 
which is highly reactive and immediately oxidized in air. In soil and water phospho-
rus exists as the phosphate anion, in which each phosphorus (P) atom is bounded by 
four oxygen (O) atoms. The orthophosphate anion, having the chemical formula 
PO4

3−, is the simplest phosphate species. In soil solution, phosphorus species also 
exist in the form of H2PO4

− and HPO4
2−. In a typical soil profile, phosphorus is often 

present near the surface. In uncultivated soils, this occurs due to the cycling of phos-
phorus as vegetation is deposited on the surface. In cultivated soils accumulation 
also occurs due to application of fertilizers.

Phosphorus in soil is categorized into the following pools based on availability to 
plants: readily-available phosphorus; the inorganic labile pool that is rapidly 

Fig. 2.2 Global usage of phosphate fertilizer with respect to crop (2014–2015). (Source: 
International Fertilizer Association (IFA) and International Plant Nutrition Institute (IPNI), 2017 
(Heffer et al. 2017))
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released from soil to refill the soil solution; and organic non-labile P, which is slowly 
available (Fig. 2.3) (Menzies 2009).

2.4.1  Soil Solution Phosphorus

Plants acquire phosphorus in the form of H2PO4
− and HPO4

2− from the soil solution; 
however, uptake of HPO4

2− by plants is slower than is uptake of H2PO4
−. The pro-

portion of these two forms is governed by pH; in acid solutions (pH < 7), H2PO4
− is 

dominant, and in alkaline solutions (pH > 7), HPO4
2− is dominant. In soil, the con-

centration of soluble phosphorus is relatively low and constitutes only a small por-
tion of the annual ecosystem or crop requirement (Menzies 2009).

2.4.2  Inorganic Labile Phosphorus

Soil inorganic phosphorus consists of a solid phase, also termed the active or labile 
phosphorus pool, that readily replenishes P in soil solution. When phosphates are 
taken up by plants, the concentration in solution decreases and is subsequently 
replenished by phosphate released from the inorganic phosphorus pool. Soil inor-
ganic phosphorus in the active pool is essentially the main source of phytoavailable 
phosphorus (Pagliari et al. 2018).

Inorganic phosphates that make up the labile pool are attached to Al and Ca or 
other elements and form dissolvable solids. The phosphorus in this pool is mostly 
present as specifically adsorbed orthophosphate. Soil particles either act as a sink 
(adsorption) or source (desorption) of phosphate to soil water; therefore, phospho-
rus desorbs into solution for possible uptake by plants; alternatively, the phosphorus 
concentration increases due to mineralization or fertilizer application, thus main-
taining an equilibrium within the soil solution (Menzies 2009).

Solution P Labile P Non-Labile P

Fig. 2.3 Schematic illustration of the forms of phosphorus in soil. (Menzies 2009)
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2.4.3  Soil Organic Phosphorus

In most soils, phosphorus occurs in organic forms ranging from about 20% to 90% 
of the total phosphorus content. Organic phosphorus must first be mineralized 
before being taken up by plants via the activity of extracellular plant and microbial 
phosphatases. When plants and soil microorganisms have a phosphorus requirement 
but soil solution phosphorus concentration is low, phosphatase activity is acceler-
ated. In rhizosphere soils, phosphatase activities are usually higher than in non- 
rhizosphere soil due to the presence of microbial populations and plant root 
phosphatases. Plants have also established other strategies to exploit a large volume 
of soil, for example, by modifying root morphology (root hairs and branches) and 
symbiosis with mycorrhizal fungi.

The availability of organic phosphorus to plants depends on mineralization rate 
rather than the total amount present in soil. Mineralization and immobilization bal-
ance is governed by microbial population variability and activities; these processes 
are affected by environmental factors (Menzies 2009) as discussed below.

2.5  Abiotic Factors Affecting Phosphorus Availability

Myriad factors contribute to phosphorus availability in soils, for example soil prop-
erties (texture, pH, EC, organic matter percentage, etc.). Temperature and pH are 
discussed here in brief.

2.5.1  Temperature

Temperature strongly influences the equilibrium between mineralization and immo-
bilization of soil phosphorus. Above 30  °C, which is considered as an optimum 
temperature for bacterial growth, higher organic phosphorus mineralization rates 
are observed. At 45 °C, soil phosphatases increased at their optimum level which 
could further contribute to mineralization processes. In contrast, immobilization is 
increasingly preferred at temperatures below 30 °C (Menzies 2009).

2.5.2  pH

In alkaline soil the dominant cation is usually Ca2+ which reacts with phosphate 
causing immobilization and thus unavailability to plants. In soils with pH less than 
5.5, Al and Fe are dominant cations and react readily with phosphate. These insolu-
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ble compounds of Al and Fe phosphates are usually not phytoavailable. The range 
of phosphorus availability in soils as a function of pH appears in Fig. 2.4. Soil pH 
ranges between 5.5 and 7.0 usually contribute to optimum phytoavailability of 
phosphate (Menzies 2009).

In addition to the above factors, the presence of organic matter in soil can 
decrease phosphate adsorption on to goethite. The surface charge density decreases 
upon pH increase which consequently decreases the organic matter adsorption 
capacity (Vindedahl et al. 2016).

2.6  Environmental Concerns

Phosphorus plays dual role in the environment; on one hand, it is a major macronu-
trient. Phosphorus is an important component of nucleic acids, phospholipids, coen-
zymes and high-energy phosphate bonds, i.e., adenosine triphosphate (ATP) and 
adenosine diphosphate (ADP). Phosphorus also aids phospholipids in the formation 
of cell membranes (Daneshgar et al. 2018). On the other hand, synthetic fertilizers 
applied to agricultural soil may lead to increased P concentrations in water bodies 
through runoff, which could cause eutrophication, consequently resulting in death 
of aquatic life and deterioration of aquatic environments (Carpenter and Bennett 
2011). Moreover, the processing of low-grade phosphate rock can result in produc-

Fig. 2.4 Soil pH range as it affects phosphorus availability. (Source: Ramírez Avila et al. 2011)
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tion of impurities including toxic heavy metals, e.g., cadmium and uranium. For 
each ton of phosphate recovered, five tons of by-products such as phosphogypsum 
are produced; such wastes are radioactive and must be stockpiled properly. 
Stockpiling may be costly and lead to environmental contamination.

2.7  Nanotechnology as an Option in Soil Fertility

Nanotechnology refers to research and development of matter at the scale of approx-
imately 1–100 nm in any dimension (Kaiser et al. 2014). Nanotechnology has left 
no domain untouched by its scientific novelties and practical uses. Since the last 
decade, nanotechnology has progressed as an interdisciplinary field due to its wide 
range of applications in agriculture and plant science, including nano fertilizers 
(Askary et al. 2017), nano-bioprocessing and packaging (Yashveer et al. 2014), dis-
ease detection (Zucker et al. 2010), food processing (Sekhon 2014), and plant treat-
ment using nano-biocides (Moraru et al. 2003). Global production of engineered 
nanomaterials (ENMs) has been projected to exceed 0.5 Mt by 2020 (Maurer-Jones 
et al. 2013; Stensberg et al. 2011).

2.8  Applications of NPs in Agriculture

Nanotechnology has paved the way for addressing several obstacles in the agricul-
ture sector by providing unique and marked improvements over traditional methods. 
ENMs have been used to improve plant growth and development with specific goals 
to increasing crop production and combatting plant diseases. The global scientific 
community has been inspired to explore the potential impacts of ENMs at various 
plant stages (Fig. 2.5).

Fig. 2.5 Overview of ENM properties and their potential applications for plants
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It is of utmost importance to explore innovative technologies like nanotechnol-
ogy in the agricultural sector, for the cultivation of ‘smart crops’ that can grow and 
sustain in harsh climates, produce greater yields in shorter duration and with less 
agrochemicals inputs (Kumar et al. 2015; Sekhon 2014). ENMs could potentially 
provide the precise necessary quantities and maintain a sustained release of agro-
chemicals (i.e., herbicides, pesticides, and fertilizers) and targeted biomolecules 
(proteins, nucleotides) delivery, as catalysts with multifunctional abilities (Fraceto 
et al. 2016) (Fig. 2.6). Successful application of NPs was recently highlighted as an 
appropriate method for controlled and sustained release of nitrogen fertilizers 
(Kottegoda et al. 2017).

NPs are under increased scrutiny in certain areas of agricultural research. Various 
studies have investigated the behavior of NPs on specific plant species. Application 
of NPs to plants in different experimental conditions such as type of cultural media 
(soil and hydroponics), exposure time (long- and short-term), changes in nutrient 
levels of cultured medium, etc. have shown varied results. A detailed list of NP 
effects on plants, and their applications are presented in Table 2.1.

2.9  NP Amendments and Soil Nutrients

Improving phytoavailability of nutrients in soil is one of the primary goals of plant 
nutrition research. NP application can influence nutrient availability in soil by mod-
ifying the adsorption-desorption mechanism. Diffusional transportation and diffu-
sion coefficients lie within low ranges (10–12 to 10–15 cm2 s−1) in soils that ensure 
an adequate phosphorus supply to plants (Lynch et al. 2012). Phosphorus supply 
was reported to improve in Brassica napus by using P-loaded Al2O3 NP in a hydro-
ponic system (Santner et al. 2012).

Furthermore, the precise application of NPs may improve use of soil pore water 
occurring in lower soil horizons, resulting in better dissolution of NP complexes 
thereby improving the diffusion of bound phosphorus to the rhizosphere. Various 
approaches could be used to improve the phytoavailability of phosphorus in soils 
such as changing the rhizosphere soil pH or improving the root exudation.

Some researchers have investigated NPs for providing slow release of nutrients 
from fertilizer materials (Corradini et al. 2010). A coating of synthetic NPs on fertil-
izer granules can provide controlled release of P. Release could extend over a longer 
period and provide for rapid growth and high crop yield during the entire growth 
period. Limited scientific investigations have been conducted to date, and have 
reported both negative and positive impacts of ENP use. Further research must be 
conducted to explore the maximum potential effects of these NPs.

2 Phosphorus Phytoavailability upon Nanoparticle Application
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Fig. 2.6 Different applications of nanomaterials in plant science. (a) ENPs used as carriers for 
delivery of various compounds; (b) used as insecticides, pesticides, and nano-fertilizers in conju-
gation with ENPs; (c) controlled release of insecticides, pesticides, and fertilizers etc. from nano-
carrier to the target; (d) transport of bioactive molecules using nano-carriers into plant cells; (e) 
nano-carriers used as indicators or biomarkers. (Source: Verma et al. 2018)
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Table 2.1 Effects of different concentrations of NPs on several crop plants

NP Treatment Concentration Effects Reference

TiO2

Application 
medium: MS 
media

Levels: 10, 20, 
30, 40 mg mL−1

The 30 mg mL−1 rate significantly 
increased germination percentage, 
root-shoot length and biomass fresh weight 
of parsley seedlings.
Chlorophyll content also improved.

Dehkourdi 
and Mosavi 
(2013)

TiO2

Application 
medium: Petri 
dish
Exposure 
period: 14 days

Levels: 
0–80 mg L−1

40 mg L−1 TiO2 NPs improved mean 
germination time by 31.8% in fennel seeds 
relative to control.
Germination percentage greatly improved 
at 60 mg L−1.

Feizi et al. 
(2013)

TiO2

Application 
medium: Soil
Exposure 
period: 14 days

Levels: 0, 0.01%, 
0.02%, and 
0.03%

Under the water deficit conditions, the 
0.02% concentration increased height, 
biomass and seed number of wheat along 
with the other traits such as gluten and 
starch content.

Jaberzadeh 
et al. (2013)

TiO2

Application 
medium: Soil
Exposure 
period: 
150 days

Levels: 
0–750 mg kg−1

500 mg kg−1 to cucumber plants increased 
phosphorus concentration by 34% and K 
by 35% in cucumber fruit.
Evidence of TiO2 NP translocation from 
root to fruit was found, which suggests 
potential for introduction to food chain.

Servin et al. 
(2013)

TiO2

Application 
medium: Petri 
dish and soil
Exposure 
period: 15 days 
and 7 days

Levels: 
0–5000 mg kg−1

Results of germination and root elongation 
of tomato seedlings showed that short-term 
exposure of TiO2 NPs did not induce 
phytotoxicity.
In soil, the 5000 mg kg−1 rate after 1-week 
exposure induced phytotoxicity as 
increased superoxide dismutase activity in 
tomato seedlings.

Song et al. 
(2013)

TiO2

Application 
medium: Petri 
dish and soil
Exposure 
period: 21 days

Levels: 0, 2, 5, 
and 10 mg L−1

No morphological effect on chickpea were 
observed. The 5 mg L−1 concentration 
minimized damage in sensitive and 
resistant chickpea genotypes induced by 
cold stress.
TiO2 NP activated some defensive 
mechanisms in chickpea seedlings, that 
help plants to cope with the cold stress.

Mohammadi 
et al. (2013)

TiO2

Application 
medium: 
Nutrition pots
Exposure 
period: 7 days

Levels: 0.05, 0.1 
and 0.2 g L−1

The 0.1 g L−1 rate increased photosynthesis 
rate in tomato leaves during mild heat 
stress.

Qi et al. 
(2013)

(continued)
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Table 2.1 (continued)

NP Treatment Concentration Effects Reference

TiO2

Application 
medium: 
Spraying
Exposure 
period: Up to 
vegetative and 
reproductive 
stage

Levels: 0.01 and 
0.03%

Chlorophyll content (a and b), total 
chlorophyll (a + b), chlorophyll a/b, 
carotenoids and anthocyanins of maize 
significantly improved in response to NPs 
application.
At the reproductive stage (emergence of 
male and female flowers), the maximum 
increase in pigment was observed relative 
to the control.

(Morteza 
et al. 2013)

TiO2

Application 
medium: Petri 
dish
Exposure 
period: 10 days

Levels: 0, 10, 20, 
40 and 80 mg L−1

For five medicinal plants Alyssum 
homolocarpum, Salvia mirzayanii, Carum 
copticum, Sinapis alba, and Nigella sativa, 
treatment at suitable concentrations 
improved characteristics of germination as 
well as vigor index.

Hatami et al. 
(2014)

TiO2 and Fe3O4

Application 
medium: Soil
Exposure 
period: 90 days

Levels: 
0–250 mg kg−1

Phosphorus accumulation varied in roots 
(TiO2 > Fe3O4 > control) and shoots 
(Fe3O4 > TiO2 > control). Increased growth 
of Lactuca sativa plants, and greater 
biomass and phosphorus content along 
with increased phytoavailable phosphorus 
in soil.
Methionine and cystine levels were high 
with increase in rhizosphere soil solution P.

Zahra et al. 
(2015)

TiO2

Application 
medium: Soil
Exposure 
period: 14 days

Levels: 
0–100 mg kg−1

Shoot-root length of Lactuca sativa plants 
increased by 49% and 62%, respectively, 
with 100 mg kg−1 treatment.
Phosphorus uptake per plant increased up 
to five-fold.

Hanif et al. 
(2015)

TiO2

Application 
medium: Soil
Exposure 
period: 90 days

Levels: 
0–750 mg kg−1

Phosphorus concentration in Oryza sativa 
roots, shoots, and grains increased by 2.6-, 
2.4- and 1.3-fold, respectively, in response 
to 750 mg kg−1.
Grains harvested from plants possessed 
improved levels of glycerol content, 
palmitic acid, and amino acids.

Zahra et al. 
(2017)

TiO2

Application 
medium: Soil
Exposure 
period: 60 days

Levels: 
0–100 mg kg−1

Wheat plant length and phosphorus uptake 
increased compared to control with 20, 40 
and 60 mg kg −1 treatment.
Chlorophyll content increased up to 32.3% 
at 60 mg kg−1, whereas 11.1% decrease 
occurred at 100 mg kg−1.
Micronuclei cells increased by 53.6% and 
62.5%, at 80 and 100 mg kg−1.

Rafique et al. 
(2018a, b)

(continued)
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2.9.1  Soil Properties and the Effect of NPs

The determination of NP behavior in soil is challenging, as soils are a complex 
medium. According to recent estimates (Larue et al. 2018; Sun et al. 2016), about 
61 mg of TiO2 per kg of soil is contaminated due to the sewage sludge. This is a 
result of sludge application to agricultural soils which is considered a source of 
fertilizer. This suggest that agricultural soils are an important sink of ENMs to the 
environment. These sinks allow for translocation of NPs to crop plants and possible 

Table 2.1 (continued)

NP Treatment Concentration Effects Reference

TiO2

Application 
medium: Soil
Exposure 
period: 60 days

Levels: 0,100 and 
500 mg kg−1

Uptake and translocation of TiO2 NPs by 
cultivated wheat plants.
100 and 500 mg kg−1 rates showed no signs 
of phytotoxicity in terms of plant growth, 
biomass or chlorophyll content.

Larue et al. 
(2018)

ZnO
Application 
medium: Soil
Exposure 
period: 60 days

Levels: 0,100 and 
500 mg kg−1

Increased phosphorus uptake up to 10.8% 
in mung bean plants in response to 
10 mg L−1 treatment.

Raliya et al. 
(2016)

ZnO
Application 
medium: Soil
Exposure 
period: 30 days

Levels: 10, 100 
and 
1000 mg kg−1

The concentration level of <100 mg kg−1 of 
ZnO induced positive effects on cucumber 
plants; 1000 mg kg−1 induced phytotoxic 
effects.

Moghaddasi 
et al. (2017)

Ag
Application 
medium: Foliar
Exposure 
period: 7 days

Levels: 40 mg 
per plant

In 4-week old cucumber plants, antioxidant 
defense systems were activated (increased 
phenolic compounds) and a decrease in 
photosynthesis (decrease in phytol) upon 
NPs exposure.
NPs improved respiration (activation of 
TCA cycle intermediates), inhibited 
photorespiration, modified membrane 
properties decreased inorganic nitrogen 
fixation.

Zhang et al. 
(2018)

Apatite (nHA)
Application 
medium: Peat 
moss and 
perlite (1:1)
Exposure 
period: 
20 weeks

Levels: 21.8 as P Growth rate of soybean increased by 
32.6% due to application of nHA (21.8 as 
P) relative to soybeans treated with 
ca(H2PO4)2 fertilizer (a regular P fertilizer 
21.8 as P).
Shoot and root biomass improved by 
18.2% and 41.2% respectively.

Liu and Lal 
(2014)

Urea-HA
Application 
medium: Soil
Exposure 
period: 4 weeks

Levels: Urea to 
hydroxyapatite 
(6:1)

Application of urea-HA NPs saved urea 
consumption up to 50% in rice plants 
compared to control group.
The controlled release properties also 
improved rice crop yields.

Kottegoda 
et al. (2017)
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entry to food chains. Presently, limited information is available on the interactions 
of these NPs with soil (Sun et al. 2016).

Other factors are involved in phosphorus availability, e.g., soil properties (tex-
ture, pH, EC) and nutrient status of the soil. NPs possess small size that could favour 
their diffusion into the plant roots and paved way for the improved absorption of P 
along with NPs activating different physiological processes. In the literature, it is 
reported that NPs could stimulate the plant root exudation process that lead towards 
the pH decrease in rhizosphere zone consequently solubilize the fixed soil P making 
it available to plants. However, change in rhizosphere pH depends on plant species 
(Rengel and Marschner 2005) as well as soil properties. Further study is required to 
reveal the possible mechanism(s) in detail.

In previous studies it was reported that the concentration of phytoavailable P 
increased by 56% after 14 days culturing of Lactuca sativa with TiO2 NPs in sandy 
soil (Hanif et al. 2015). Larue et al. used TiO2 NPs (100 and 500 mg kg−1) on four 
different soils. NP mobility was greater in sandy soil relative to clayey soil. TiO2 NP 
behavior in different soil types was found to be mainly related to the clay percent-
age, organic carbon content and cation exchange capacity of the soil (Larue 
et al. 2018).

2.9.2  Effect of NPs on Phosphorus Availability

NPs possess a large surface area for sorption activity. Ti3+ possesses cationic sorp-
tive characteristics; the presence of TiO2 NPs in soil provide more adsorption sites 
for PO4

3− ions. Increased root exudation due to pH decrease in rhizosphere zone 
increased the desorption of PO4

3− ions consequently improved P mobilization in soil 
(Zahra et al. 2015). In another study, wheat plants exposed to 60 mg kg−1 TiO2 NPs 
over 60 days showed improved P uptake (Rafique et al. 2018a, b). TiO2 NP treat-
ment (500 mg kg−1) to cucumber plants resulted in an increase of P by 34% and K 
by 35% in cucumber fruit (Servin et al. 2013).

2.10  Phytotoxic Effects of NPs on Plants

Increased use of ENMs in various fields has raised concerns about their release and 
influence on the environment. Potential toxicological effects of NPs to soil and 
plants have received attention in the past decade. Most people know little about 
nanotechnology; many consider that future benefits of nanotechnology will offset 
its risks, if any. Although in some studies NPs seem to be beneficial to plants, 
declines in plant growth have also been reported. To date, data on bioaccumulation, 
biomagnification, and biotransformation of NPs in food crops have not been well 
defined; only limited studies have been conducted. Toxic effects of ZnO and TiO2 
NPs were studied in regard to seed germination of rice. Significantly reduced seed 
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germination was not observed in response to both types of NPs; however, ZnO NPs 
showed detrimental effects on rice roots at early seedling stage and stunted roots 
and reduced numbers of roots. TiO2 NPs were reported to have no effect on root 
length (Boonyanitipong et al. 2011).

In another study, ZnO and TiO2 NPs were reported to reduce wheat biomass, and 
were suggested to be harmful to this species. Moreover, small-sized TiO2 NPs 
(approximately 20 nm) were able to penetrate the plant cell wall. ZnO NPs possess 
higher solubility than do TiO2 NPs. Once dissolved in soil they are reported to be 
taken up by wheat at a higher rate (Du et al. 2011). In another study, nanosized 
Fe3O4 and TiO2 were employed at different concentrations to assess the effects on 
seedling growth of tomato in hydroponic conditions. Morphological alterations 
caused by NPs as well as tissue internalization and possible upward translocation of 
Fe3O4 and TiO2 NPs were documented. NP uptake and/or deposition in roots were 
observed using an Environmental Scanning Electron Microscope (ESEM) com-
bined with energy dispersive X-ray spectroscopy (EDX) (Giordani et al. 2012).

Conflicting results were reported within the same species with reference to the 
effects of NPs. It must be kept in mind that NPs behave differently not only based 
on phase, size, and shape, but also with respect to plant species, experimental condi-
tions, and applied concentrations (Castiglione et al. 2011). The food chain begins 
with plants, so at this stage, is critical to understand how plants respond to nanoma-
terials. The current literature indicates that knowledge of the environmental behav-
ior of NPs is at the early stages. Thus far there are few conclusive reports on 
nanotoxicity to plants.

2.11  Mechanisms and Entry Routes of NPs in Plants

The plant cell wall does not allow the seamless entry of any external entities includ-
ing NPs into the cell. The diameters of pores in the cell wall determine the size of 
NPs that may pass through. NPs and their aggregates within that size range could 
migrate across the cell membrane and be transferred to aerial parts of the plants. 
NPs might induce different morphological changes in root cell structures, resulting 
in widening of pores or stimulation of new cell wall pores (Wong et al. 2016) which 
ultimately enhance uptake of NPs, their aggregates or complexes. Further internal-
ization takes place during endocytosis (Etxeberria et al. 2006) due to formation of a 
cavity-like structure across the NP by the plasma membrane. By using embedded 
transport carrier proteins (Nel et al. 2009) or ion channels, NPs might also be able 
to pass the membrane (Fig. 2.7).

Accumulation of NPs lead to foliar heating on the leaf surface, which causes 
stomatal obstruction and variation in gaseous exchange that affect cellular functions 
and physiological traits of plants (Nair et al. 2010). Accumulation of TiO2 NPs mea-
suring <35 nm was reported in wheat (Triticum aestivum) roots. NPs can be translo-
cated to leaves if their diameter is <25 nm. Accumulation reached 109 mg Ti/kg dry 
weight in wheat roots, but the concentration in wheat leaves was below detection 
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limits (Larue et al. 2012). Another study demonstrated that nanostructures of TiO2 
(<5 nm size with 43% sucrose coating), translocated into the Arabidopsis thaliana 
cells and accumulated in distinct subcellular locations (Kurepa et al. 2010). In the 
cytoplasm, NPs attach to various organelles and obstruct metabolic processes at the 
site of attachment. Studies on translocation and influence of NPs within plants must 
be further investigated to underpin the mechanism of their behavior in plants.

Fig. 2.7 NP entry routes and their translocation within plants. (a) NP attributes that affect their 
entry and translocation in the plant, as well as their application method; (b) NP behavior in soil and 
their interaction with microorganisms and other compounds which facilitate or inhibit absorption 
by plant roots or leaves; (c) NPs can follow the apoplastic and/or the symplastic pathways for their 
translocation into plant cells. They use radial movement for shifting from one pathway to another; 
(d) NP penetration into cells may involve several mechanisms, i.e., endocytosis, or via pore forma-
tion or across the plasmodesmata. (Pérez-de-Luque 2017)

Z. Zahra et al.
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2.12  Microscopic and Spectrometric Techniques Used 
to Determine NPs Effects

Plants offer a prospective route for NP transfer to the ecosystem and serve as an 
important factor in the food chain for assessing possible bioaccumulation. Various 
microscopic and spectrometric techniques are now available to investigate NP 
effects on different parts of plants and their possible mechanisms of transfer 
(Fig. 2.8).

Scanning electron microscopy (SEM) equipped with EDX can be used to ana-
lyze morphological changes induced by NPs in plant shoots and roots. Morphological 
alterations including tissue internalization and possible upward translocation of 
Fe3O4 and TiO2 NPs in roots were examined using SEM equipped with EDX for 
chemical recognition. NPs agglomerates were observed on the root epidermis upon 
500 mg L−1 treatment level (Giordani et al. 2012).

Fourier-transform infrared (FTIR) spectroscopy was employed to study altera-
tions in functional groups of plants exposed to TiO2 NPs. FTIR analysis of cucum-
ber fruit exposed to TiO2 NPs (250–750 mg kg−1) showed significant alterations in 
amide, lipids, carbohydrates, and lignin (Servin et al. 2013). Another study using 
FTIR showed that NP-treated plants of Lactuca sativa exhibited stronger OH bonds 
(water) in shoots than the untreated group. Similarly, shoots of TiO2 and Fe3O4 
NP-treated plants had more phosphate, hydroxyl, and carbonyl groups (Zahra 
et al. 2015).

Fig. 2.8 Microscopic and spectrometric techniques for analysis of NPs in plants
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2.13  Conclusions

Phosphorus is the second most essential nutrient required for the plant’s growth and 
development and its deficiency in soil cause to limit the crop yield. Recently, NPs 
have been used as a factor to improve the nutritional content in plants such as 
improved P mobilization in soil and increased phytoavailability. These recent 
researches will help to estimate the potential of NPs to overcome the burden of 
nutrient deficit in soils for the provision of better crop yield. Furthermore, these 
studies helped to pave the way for future implication of these NPs in the form of 
nano-fertilizers at commercial level. To date, information gained from different 
studies has laid the foundation for basic understanding about the potential effects of 
NPs on plants. Based on different experimental and environmental conditions, both 
positive and negative impacts of NPs have been reported. However, controlled use 
of NPs is suggested in agro-environments to avoid environmental disturbances how-
ever, the potential benefits could only be obtained within the specified ranges.
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Chapter 3
Synthesis of Metal/Metal Oxide 
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and Their Applications
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and Jelena Popović-Djordjević 

Abstract Nanotechnology is an exciting field of research; numerous versatile 
nanoparticles can be synthesized into a range of sizes, shapes, and chemical compo-
sitions, ultimately offering extensive applications for humans. Correct synthesis, 
manipulation, and use of metal NPs grant them with unique thermal, optical and 
electronic properties. In material science, ‘green’ synthesis has been considered a 
reliable, sustainable and environmentally-friendly protocol. Non-toxic and 
environmentally- friendly methods have been developed for synthesis of metal/
metal oxide NPs. These techniques use live organisms such as bacteria, fungi, yeast, 
algae, and plants and their tissues and extracts. The biomolecules of natural extracts, 
such as enzymes, flavonoids, phenols, and terpenoids can be used as reducing agents 
of metal ions to metal NPs. Whilst the physical and chemical techniques used in 
traditional synthesis methods have raised environmental concerns due to use of haz-
ardous chemicals and their possible emissions to the environment, green methods 
have made it possible to develop a simple, rapid, and environmentally-friendly 
means of synthesizing NPs. NPs produced by green methods are usually more sta-
ble and do not require application of chemical stabilizers; as a result, toxic residues 
do not enter the environment. Green-synthesized NPs have extensive applications 
for their antibacterial and antifungal properties and may be used as either plant 
growth stimulators or inhibitors, depending on their type, size, and shape, as well as 
the specific plant species.
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3.1  Introduction

Nanotechnology, or simply nanotech, deals with objects on nanometer scales as the 
name implies. Nanotech is a leading-edge technology with special roles in disci-
plines such as chemistry, physics, and biology, and in applied science like electrical 
engineering, mechanical engineering, materials engineering, medical engineering, 
environment, and others (Nair et al. 2010).

As we move from microparticles to nanoparticles, changes occur in certain phys-
ical properties; two important ones are increased surface area to volume ratio and 
the introduction of particle size into the realm of quantum effects (Trindade et al. 
2001). As a result of the gradual increase in surface area to volume ratio following 
size reduction, the behavior of surface atoms dominates the behavior of internal 
atoms. This phenomenon affects particle properties both in pure form and when 
interacting with other materials. As soon as particles become sufficiently small, they 
begin to display quantum mechanics behavior (Trindade et al. 2001). The property 
of quantum dots (QDs) is an example. These dots are sometimes called artificial 
atoms because their free electrons occupy discrete and virtual states of energy like 
electrons trapped within atoms (Christian et al. 2008).

Nanoparticles are formed of different materials such as metals and ceramics. The 
basic element at the nanoscale is the nanoparticle (NP). As the name implies, NP 
refers to particles which one of its dimensions is in nanometer size. The second 
basic form is the nanocapsule, which is a capsule of nanometer diameter in which 
materials are encapsulated (Pokropoivny and Skorokhod 2007). Another basic ele-
ment is the carbon nanotube (CNT). This class of NPs was discovered by Nippon 
Electric Company, Ltd., Japan, in 1991. If a 2-D plate of graphite is bent to form a 
cylinder, CNTs are produced. CNTs are in various forms and sizes and may be 
single-walled or multi-walled (Kumar and Kumbhat 2016).

NPs can be broadly divided into metals and non-metals. Metal NPs are reactive, 
so they are prone to contamination with impurities during synthesis (Jeevandandam 
et al. 2018). Non-metal NPs tend to be environmentally friendly, so they have been 
widely used in healthcare, water purification, and green chemistry (and vice versa).

3.2  Methods of NP Synthesis

NPs are manufactured from a wide range of materials by three general groupings of 
methods:

 (i) Vapor phase chemical condensation: This method is used to synthesize ceramic 
and metal oxide NPs. It involves vaporizing a metal followed by rapid conden-
sation, which yields nanometric clusters as a precipitated powder.
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 (ii) Chemical synthesis: This involves ‘growing’ NPs in a liquid medium (a ‘liquid 
intermediate’) containing the required reagents. The sol-gel method is an 
example. In chemical synthesis methods, final particle size can be controlled 
by stopping the process when the optimal size is attained or by selecting chem-
icals constituting sustainable particles and halting growth at a desired size. 
This method is used to fabricate QDs (Christian et al. 2008). It should be men-
tioned that to control the size of nanoparticles is usually used phytochemicals 
materials which are reducing and capping agent.

 (iii) Solid-state processes (grinding or powdering): In this method, micrometer- 
size particles are converted to smaller particles by applying direct energy 
such as by powdering or grinding. The properties of the resulting NPs depend 
on the grinding material, grinding duration, and the atmospheric environ-
ment. This method can be used to produce NPs from materials that do not 
readily lend themselves to production of NPs by the other two methods 
(Geonmonond et al. 2018).

A key aspect of nanotech is the development of safe and environmentally protec-
tive methods for NP synthesis without the involvement of hazardous chemicals. In 
this regard, biological processes for NP synthesis are evolving and have become a 
major branch of nanotech.

Presently, metal NPs have found various applications in medical engineering and 
biological, chemical, optical, and electrical science. Among the NPs, metal NPs 
have attracted more attention due to their catalytic and antimicrobial properties. 
However, most NP synthesis methods, e.g., laser-aided synthesis, chemical reduc-
tion, photochemical reduction, the use of irradiance, and so on, are still at the devel-
opment stage, so most encounter problems such as stability of synthesized NPs, 
control of crystal growth, and aggregation of nascent NPs due to slight variations in 
temperature, pH, and other environmental parameters (Bhainsa and Souza 2006) 
and, above all, the release of pollutants from utilization of hazardous chemicals. 
Recent attempts to develop nano green synthesis have given rise to biomimetic 
approaches that apply biological principles to NP formation (Tripathy et al. 2009). 
For these reasons, interest in biological methods of NP synthesis, known as the 
‘green method’ are growing.

3.2.1  Nanoparticle Synthesis by Green Methods

As mentioned, NPs can be synthesized in numerous ways. Nonetheless, some 
chemical methods cannot avoid the use of toxic chemicals in the synthesis protocol. 
Therefore, the need for reliable and environmentally benign methods of NP synthe-
sis has motivated researchers to consider using microorganisms (Klaus et al. 1999; 
Nair and Pradeep 2002), enzymes (Willner et al. 2006) and plant extracts (Jafari 
et al. 2015; Beyrami Miavaghi and Pourakbar 2016) as alternatives to chemical and 
physical methods. The application of green methods for bio-preparation of NPs is 
an exciting, yet not fully understood, option.
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Most organisms, both single-cell and multi-cell, that are known for the produc-
tion of inorganic NPs act intra- or extracellularly (Honary et al. 2012; Honary et al. 
2013). In green synthesis, metal ions are reduced by combining with biomolecules 
occurring in cell extracts such as enzymes, proteins, amino acids, polysaccharides, 
and vitamins that are environmentally friendly; this is not the case for NP synthesis 
with chemicals (Vinopal et al. 2007).

3.2.2  Bacteria

Naturally occurring metals and non-metals are in constant interaction with biologi-
cal components. The most abundant organisms in the biosphere are bacteria 
(Kushwaha et al. 2015). Bacterial species have been widely used for commercial 
applications of biotechnology, such as genetic engineering (Suresh et  al. 2014). 
Bacteria are capable of reducing metal ions and are important candidates for pro-
duction of NPs (Yuvakkumar et al. 2014). The biological components and reactions 
of both prokaryotes and eukaryotes are exploited for synthesis of NPs (Kushwaha 
et al. 2015).

Even slight changes to the local environment can be potentially detrimental to 
bacterial physiological processes but can be an advantage for NP production 
(Kushwaha et  al. 2015). Bacteria have been explicitly targeted for NP synthesis 
because of their rapid proliferation, low culture costs, and easy control and manipu-
lation of their culture media.

During synthesis of metal NPs, some bacterial species possess distinct mecha-
nisms for suppressing the potential toxicity of metals. Bacteria can synthesize NPs 
inside and outside cells, and can reduce and precipitate metal ions for NP synthesis 
using reducing agents such as proteins and enzymes (Ayesha 2017).

Prokaryotic bacteria and actinomycetes have been used to produce metal/metal 
oxide NPs such as gold and silver nanoparticles (Sowani et al. 2016; Dong et al. 
2017; Ali et al. 2018).

3.2.3  Fungi

Fungi perform better as biological agents in the synthesis of metal/metal oxide NPs 
due to the action of various intracellular enzymes (Sastry et al. 2003). Fungi can 
produce more NPs than bacteria (Mohanpuria et al. 2008). In addition, fungi are 
more versatile in NP synthesis than other organisms by virtue of the presence of 
enzymes, proteins, and reducing molecules on cell surfaces (Ahmad et al. 2003).

To synthesize NPs by fungal-nanotech processes, extracellular enzymes and sec-
ondary metabolites of fungi reduce metal ions to metallic NPs. As an example, in 
the extracellular synthesis of silver NPs, NADPH and NADH-dependent reductase 
enzymes are employed to reduce silver ions into silver NPs (Fayaz et al. 2010; Syed 
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et al. 2013; Li et al. 2012). Various strains of fungi, including Fusarium viz Fusarium 
oxysporum, Aspergillus fumigatus, and Aspergillus flavus have been used to pro-
duce NPs (Mukherjee et  al. 2002). Most recently, the powdery mildew fungus 
Coriolus versicolor has been exploited to synthesize stable silver NPs (Duran et al. 
2005). In addition, yeasts such as Candida glabrata, Torulopsis sp., 
Schizosaccharomyces pombe and MKY3 (a silver-resistant yeast strain) can synthe-
size NPs like CdS QDs (Reese and Winge 1988), nanocrystallites (Kowshik et al. 
2002a), and silver NPs (Kowshik et al. 2002b).

3.2.4  Algae

Both live and dead algal biomass is used for biocombination of NPs; algae are con-
sequently referred to as bionanofactor plants. Algae have a marked capacity for 
metal absorption and, therefore, the methods in which algae are used are cost- 
effective and practical (Bilal et  al. 2018). Algae contain substantial quantities of 
reducing factors that reduce metal salts to their metallic NP counterparts without 
production of harmful byproducts. Aqueous extracts of algae contain secondary 
metabolites, e.g., polysaccharides, proteins, tannins, and steroids as bioactive mol-
ecules (Arya et al. 2018). The polysaccharides of algae impart both reducing and 
stabilizing roles in this respect (Venkatpurwar and Pokharkar 2011; Xia et al. 2011).

3.2.5  Plants

The application of plant extracts to synthesize metal NPs has been advanced in 
recent years as a simple and effective alternative to chemical and physical methods. 
NP biosynthesis methods, in particular the plant-involved ones, are more efficient 
than other methods as they are inexpensive and the required materials are readily 
available (Mohanpuria et al. 2008). Therefore, application of plants as a sustainable 
and available source of production of eco-compatible NPs has interested research-
ers in recent years (Kelly et al. 2002). This method is environmentally protective 
and reduces the risk for humans, the atmosphere, and ecosystems (Donaldson et al. 
2005; Forough and Farhadi 2010). Plant-based synthesis is also much more reliable 
and safer than using bacteria, fungi, and yeasts. Furthermore, NPs produced from 
plants are more stable than the chemically synthesized ones.

Various secondary metabolites, enzymes, proteins, or other reducing factors are 
involved in the production of metal NPs in plants. The locus of NP bioaccumulation 
depends on the presence of the necessary enzymes and proteins involved in their 
synthesis. The recovery of NPs from plant tissue is time-consuming and expensive 
and enzymes are therefore important for degrading the cellulosic tissue, so it is 
easier to use plant extracts at both small- and large-scale to generate different metal 
NPs (Gardea-Torresdey et al. 2005).
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Many diverse plants have been evaluated in efforts to synthesize metal/metal 
oxide NPs. In early attempts, extracts of geranium were collected from leaves, 
stems, and roots for extracellular synthesis of NPs. Several studies reported the 
bioreduction of metal ions to metal NPs using this extract (Shankar et  al. 2003; 
Jafari et al. 2015; Pourakbar et al. 2019,).

Leaf extracts contain useful compounds like ketones, aldehydes, flavones, 
amides, terpenoids, carboxylic acids, phenols, and ascorbic acids, which can reduce 
metal salts to metal NPs (Doble and Krtuhiventi 2007).. Plant extracts have bio- 
molecules of carbohydrates and proteins that act as a metal-reducing agent in the 
formation of nanoparticles. The proteins in plant extracts are involved in the metal 
ions reduction by the amine agent (Li et al. 2007). Functional groups such as -C-O- 
C-, -C-O-, -C = C- and -C = O which are present in phytochemicals such as fla-
vones, alkaloids, phenols and anthracenes, can participate in the production of 
nanoparticles (Huang et al. 2007).

To synthesize NPs using leaf extracts, the extract is reacted with metal precursor 
solutions under specified conditions (Mittal et al. 2013). The determinant parame-
ters of plant leaf extracts (e.g., types of phytochemicals, concentration, metal salt 
concentration, pH, and temperature) are important to controlling the extent of 
nanoparticle formation and their yield and stability (Dwivedi and Gopal 2010). The 
phytochemicals present in leaf extracts of plants have an extremely high potential 
for reducing metal ions within a short period as compared with fungi and bacteria, 
which require longer incubation times (Jha et al. 2009). Therefore, plant leaf extracts 
are perceived as an excellent source of metals for the synthesis of metal oxide NPs.

It is now well-established that many phytochemicals such as alkaloids, terpe-
noids, phenolic acid, sugars, polyphenols, and proteins, can reduce metal salts to 
metal NPs. For example, Shankar et al. (2003) confirm that terpenoids occurring in 
geranium leaf extract are actively involved in converting silver ions to NPs. Eugenol 
is a major terpenoid compound in the extract of Cinnamomum zeylanisum. It has 
been used in the bioreduction of HAuCl4 and AgNO3 metal salts to their metal NP 
counterparts (Singh et al. 2010).

3.3  Synthesis of Metal Nanoparticles From Plants

3.3.1  Plant Extract Preparation

Place the plant (leaf, root, gum, or any other part) in a dark environment and allow 
to dry. After grinding the dry tissue, add 5 g–100 mL deionized water and place in 
an oven at 70 °C for 15 min to derive the extract. After purifying, centrifuge the 
extract at 5000 × g for 10 min.
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3.3.2  Metal/Metal Oxide Nanoparticle Preparation

To obtain metal NPs, prepare 1 mM solution of the intended metal, e.g. AgNO3 
solution for Ag NPs (Forough and Farhadi 2010), Zn(NO3)2 solution for Zn NPs 
(Fakhari et al. 2019), TiO2 solution for TiO2 NPs (Dobrucka 2017), Mg(NO3)2 solu-
tion for MgO NPs (Sharma et al. 2017), Cu(CH3COO)2 or Cu(NO3)2 solution for Cu 
NPs (Arya et al. 2018), and tetrachloroauric acid (HAuCl4

.3H2O) solution for Au 
NPs (Aljabali et al. 2018). Adjust 2 mL of the plant extract with 1 mM prepared 
metal solution to a final volume of 100 mL, and store at 62 °C for 15 min. The first 
sign of NP formation is the color change from light yellow to brown at both 62 °C 
and room temperature (Forough and Farhadi 2010).

3.3.3  Specifications of Synthesized Nanoparticles

To recognize NP formation and its unique properties such as size and form, the fol-
lowing methods can be used.

3.3.3.1  Color Change

The first sign of NP formation is color change from light yellow to brown. For 
example, Fig. 3.1 displays color change due to formation of Ag NPs from extracts 
of Althaea officinalis L., Mentha pulegium L., and Thymus vulgaris L. (Jafari et al. 
2015). Since NPs occur in different sizes, they differ in physical and chemical prop-
erties, which are in turn a source of differences in optical characteristics and color 
changes (Viau et al. 2003).

Fig. 3.1 Color variations during silver nanoparticle synthesis. The photos display silver nitrate 
(colorless solution) versus silver nanoparticle solution synthesized from (a) thyme, (b) penny-
royal, and (c) hibiscus. (Jafari et al. 2015)
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3.3.3.2  Spectrophotometry

The UV-visible technique is an efficient means of analyzing and characterizing 
metal NPs (Henglein 1993). The brown color characteristic of NP solutions ema-
nates from the stimulation of surface plasmon vibrations on NPs. The correct signa-
ture allows the use of spectrophotometry for assessing their formation. UV-vis 
analysis is performed using a standard tabletop spectrophotometer. The NP solution 
is centrifuged at 2800 g (5000 rpm) for 15 min and its absorption is recorded at 
200–800 nm. The maximum absorption varies for metal NPs according to metal 
type. For example, maximum absorption is in the range of 420–450  nm for Ag 
(Fig. 3.2) (Jafari et al. 2015), 350 nm for Zn (Fakhari et al. 2019), and 525–540 nm 
for Au (Aljabali et al. 2018).

3.3.3.3  Transmission Electron Microscopy (TEM) and Scanning Electron 
Microscopy (SEM)

The size distribution, morphology, and shape of prepared NPs are recognized by 
TEM and SEM. In SEM analysis, after refinement, desolvation, and freeze-drying 
of the prepared NPs, they are subjected to SEM analysis. Figure 3.3 shows the TEM 
imagery of silver NPs synthesized from Althaea officinalis L., Mentha pulegium L., 
and Thymus vulgaris L. (Jafari et al. 2015).

3.4  Applications of Nanoparticles

NPs synthesized by biological methods offer a plethora of applications. For exam-
ple, they may be used as a selective spectral coverage in optical receptors to inter-
cept solar energy, as secondary materials to modify the performance of electrical 
batteries, as strong anti-microbial agents, or as catalysts of chemical reactions 
(Duran et al. 2005). Below are two major applications of NPs for their antibacterial 
and antifungal activity and their effects on plant growth and development.

3.4.1  Antibacterial and Antifungal Properties of Silver 
Nanoparticles

The on-going emergence of resistance to antibiotics among pathogenic and oppor-
tunistic microorganisms has compelled scientific communities to constantly seek 
more effective medicines and new targets (Demir et al. 2014). New antibiotics have 
been introduced by the pharmaceutical industry over the past two decades, but none 
have been modified to address the activity of multidrug-resistant bacteria. Given 
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Fig. 3.2 UV-visible absorption spectrum of silver nanoparticles synthesized from (a) thyme, (b) 
pennyroyal, and (c) hibiscus by the green method. (Jafari et al. 2015)
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that the antimicrobial activities of NPs are well proven, the development of novel 
applications has presented them as a promising alternative to antibiotics. The anti-
bacterial activity of silver NPs against both Gram-positive and Gram-negative bac-
teria, as well as their antifungal properties, have been reported (Pal et al. 2007). 
Silver affects a wide range of biological processes in microorganisms; for example, 
it alters cell structure and the properties of the cell membrane (Pal et  al. 2007). 
Silver also hinders the expression of proteins and synthesis of ATP (Neal 2008). 
Although the specific antimicrobial mechanisms of NPs are not fully understood, 
some theories have been proposed including: (i) disruption of ATP synthesis and 
DNA replication by adsorption of both NPs and ions released from NPs; (ii) reac-
tion of NPs with membrane proteins and their accumulation in the cell wall, which 
impairs correct function and permeability of the membrane; (iii) synthesis of reac-
tive oxygen species (ROS) in the presence of NPs and released ions; and (iv) direct 
damage of NPs to membranes (Mirzajani et al. 2011).

Following the advent of nanotech and given the antimicrobial properties of silver 
and its increased activity at the nanoscale, it is suggested that they can be used to 
combat plant and animal pathogens. Silver NPs are hydrophilic particles having 
high effectiveness and rapid, non-toxic, non-allergic, and harmless impacts on 
humans. Unlike conventional antibiotics, Ag NPs by eliminating fungi and bacteria 
completely, unlike other antibiotics, do not produce any resistance to microbial con-
tamination (Clement and Jarret 1994).

The concept of toxicity is related to the harmful effects of nanoparticles that 
organisms are exposed. If the purpose is sterilizing or disinfecting a particular 
organ, toxicity may be perceived as a affirmative (antibacterial, antiviral) outcome.

However, if nanoparticles have negative impact on organisms in an unplanned or 
unwanted manner, such toxicity is a potential hazard (Park et al. 2007). Extensive 
research has focused on the effectiveness of silver NPs for control of 
microorganisms.

Many investigations have revealed the antifungal and antibacterial effects of sil-
ver NPs synthesized from plant extracts. Examples include antifungal effects of 

Fig. 3.3 TEM imagery of silver nanoparticles synthesized from (a) thyme, (b) pennyroyal, and (c) 
hibiscus. (Jafari et al. 2015)
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silver NPs synthesized from extracts of Euphorbia hirta L. (David et al. 2010), the 
antifungal (Figs. 3.4 and 3.5) and antibacterial (Figs. 3.6 and 3.7) effect of silver and 
copper NPs synthesized from extracts of Althaea officinalis L., leaf extracts of 
Thymus vulgaris L., and leaf extracts of Mentha pulegium L. (Jafari et al. 2015), and 
the antimicrobial effect of silver and copper NPs derived from the gum of Cerasus 
avium and Prunus armeniaca (Pourakbar et al. 2019).

It has been established that NP size influences the extent of their antibacterial 
and antifungal activities. In a study on the effect of NP size on bacteria, Agnihotri 
et  al. (2014) found that antibacterial effects were enhanced when particle size 
decreased below 10 nm.

It has been demonstrated that commercial formulations of silver NP powder at a 
concentration of 300 μg/ml could reduce numbers of E. coli and S. aureus colonies 
from 2 × 104 CFU/ml to 0 and less than 20 colonies, respectively (Pape et al. 2002). 
The Pape et al. (2002) study showed weaker antibacterial properties of copper NPs 
than silver NPs. Similarly, Pourakbar et al. (2019) reported antibacterial properties 
of copper and silver NPs synthesized from tree gums. Other NPs also exhibit 
 antibacterial effects; for instance, it has been shown that carbon nanotubes influence 
the abundance of soil bacterial groups in tomato culture.

Further research is needed to fully evaluate the antimicrobial effects of NPs 
including effective concentration, size, and type of NPs. Additionally, it is necessary 
to compare commercial compounds with their biological counterparts.

Fig. 3.4 The effect of different treatments on Aspergillus flavus fungus: (a) nanoparticles synthe-
sized from hibiscus, pennyroyal, and thyme in Petri dishes labeled 1, 2, and 3, respectively, and (4) 
copper nanoparticles, (b) silver nitrate, (c) copper chloride, (d) benomyl, (e) control, (f) plant 
extracts of hibiscus, pennyroyal, and thyme in Petri dishes labeled 1, 2, and 3, respectively. (Jafari 
et al. 2015)

Fig. 3.5 The effect of different treatments on Penicillium chrysogenum fungus: (a) nanoparticles 
synthesized from hibiscus, pennyroyal, and thyme in Petri dishes labeled 1, 2, and 3, respectively, 
and (4) copper nanoparticles, (b) silver nitrate, (c) copper chloride, (d) benomyl, (e) control, (f) 
plant extracts of hibiscus, pennyroyal, and thyme in Petri dishes labeled 1, 2, and 3, respectively. 
(Jafari et al. 2015)
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3.4.2  Effects of Nanoparticles on Plant Growth 
and Development

As a result of the widespread use of NPs, significant quantities find their way into 
aquatic, terrestrial and atmospheric environments (Nowack and Bucheli 2007). To 
understand the risks and/or potential benefits of NPs, it is necessary to investigate 
their biological impacts including degradability and bioavailability in the environ-
ment (Juhel et al. 2011). Little information is available regarding the fate of NPs in 
soil and water, but they are documented to enter food chains and accumulate in 
higher organisms (Zhu et al. 2008).

Plants are affected by NPs present in land, water, and air (Navarro et al. 2008). 
Atmospheric NPs absorbed through leaf surfaces alter leaf morphological parame-
ters such as the structure of the thricum; NPs are also present in the hypodermis and 
stomata (Da Silva et al. 2006). In soil, small-sized NPs can be absorbed by root hairs 
(Ovečka et al. 2005). It has been suggested that NPs are also absorbed into plant 
cells via endocytosis.

Fig. 3.6 The effect of different treatments on E. coli bacterum: (a) nanoparticles synthesized from 
hibiscus, pennyroyal, and thyme in Petri dishes labeled 1, 2, and 3, respectively and (4) copper 
nanoparticles; (b) antibiotics of gentamicin, penicillin, tetracycline and cephalexin in Petri dishes 
labeled 1, 2, 3 and 4 respectively; (c) copper chloride; (d) silver nitrate. (Jafari et al. 2015)

Fig. 3.7 The effect of different treatments on Staphylococcus aureus bacterum: (a) nanoparticles 
synthesized from hibiscus, pennyroyal, and thyme in Petri dishes labeled 1, 2, and 3, respectively 
and (4) copper nanoparticles; (b) antibiotics of gentamicin, penicillin, tetracycline and cephalexin 
in Petri dishes labeled 1, 2, and 3, respectively; (c) copper chloride; (d) silver nitrate. (Jafari et al. 
2015)
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There is little information about the biological consequences of interactions and/
or uptake of NPs by plants and many questions remain unanswered about the fate 
and behavior of NPs in plants (Ma et al. 2010).

Both positive and negative impacts of NPs on plants have been reported (Yuhui 
et al. 2009). It has been documented that NPs enhance seed germination and plant 
growth (Zheng et al. 2005; Lin et al. 2009). A comparative study on the use of nano- 
iron chelate and iron chelate on mung bean (Vigna radiate L.) showed that the nano- 
iron chelate increased the activity of ascorbate peroxidase and catalase enzymes, 
chlorophyll content, and consequently, photosynthesis rate to a greater extent than 
iron chelate (Karimi et al. 2014). Multi-walled carbon nanotubes can penetrate the 
hard coatings of tomato seeds, improving their growth. In fact, the key to increasing 
germination rate is penetration of nanomaterials into seeds, which augments water 
uptake and germination (Khodakovskaya et al. 2009). Acting as a carrier on the root 
surface, carbon nanomaterials enhanced nutrient uptake and increased root biomass 
of tobacco (Khot et al. 2012). Nano-TiO2 can enhance photosynthesis and metabo-
lism in spinach plants, thereby improving growth (Hong et  al. 2005; Alia et  al. 
2012). Other positive effects of NPs on growth and chemical properties of plants 
have been reported (Zhang et al. 2004; Gao et al. 2008; Moradi Rikabad et al. 2019).

Early reports of the negative impacts of NPs on various plants (corn, cucumber, 
soybean, and carrot) has shown that even low concentrations may affect growth 
(Yang and Watts 2005). Nano-Al2O3 was found to inhibit root elongation in several 
species including corn, cucumber, and cabbage (Yang and Watts 2005; Lin and Xing 
2007). Phytotoxicity of five NP types (multi-walled CNTs, nano-Al, nano-Al2O3, 
nano-Zn, and nano-ZnO) has been observed, specifically on seed germination, 
growth, and root elongation in six higher plant species. Multi-walled CNTs, nano- 
Al2O3, and nano-Al did not influence root elongation at a rate of 2000 mg/L, but 
2000 mg/L nano-Zn and nano-ZnO reduced root growth significantly. Nano-ZnO at 
high dosages caused toxicity to seedlings of radish (Raphanus sativus), canola 
(Brassica napus), rye (L. perenne), lettuce (Lactuca sativa), barley (Hordeum sati-
vum), and cucumber (Cucumis sativus) (Lin and Xing 2007). Franklin et al. (2007) 
investigated the toxicity of nano-ZnO and Zn2+ and found that the negative effects 
of nano-ZnO may partially emanate from the dissolution of Zn nanoparticles.

Metal NPs such as nano-TiO2 are toxic to green algae Desmodesmus and hinder 
their growth (Hund-Rinke and Simon 2006). Lee et al. (2008) used plant agar to 
homogenize and make NPs available and found that Cu nanoparticles dispersed in 
agars were toxic to wheat (Triticum aestivum) and mung bean (Phaseolus radiates) 
at high doses.

These varied effects of NPs on plant growth raise the question as to what measur-
able biochemical/molecular factors can explain the observed differences in effects 
of NPs among different species (Atha et al. 2012; Moradi Rikabad et al. 2019). The 
mechanism of NP toxicity at higher concentrations is still unknown, but is usually 
explained by the release of heavy metal ions, synthesis of ROS intermediates, and 
oxidative stress (Oberdörster et al. 2005; Franklin et al. 2007; Limbach et al. 2007). 
NPs may increase lipid membrane peroxides during contact with cells owing to 
generation of ROS intermediates. This phenomenon may be related to the chemical 
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composition, structure, and size of NPs, their contact surface, and other factors 
(Yuhui et al. 2009).

It is well established that a wide range of chemical stressors actually enhance 
plant growth (Kovács et al. 2009) and there is a question as to whether this growth 
stimulation results from the NPs or its specific ion. The diversity in NP responses is 
not surprising; different NPs possess varied chemical compositions often with 
unique crystalline structures. They furthermore have different particle sizes and 
contact areas. In addition, plant response to stresses is related to a number of com-
ponents, e.g., whether NPs are sharp or spherical, the concentration used, plant 
species, and environmental parameters. Normally, stresses create a complicated mix 
of injuries and acclimatization response and the balance between these depends on 
conditions and exposure (Juhel et  al. 2011). Acclimatization responses of plants 
may reduce damage (e.g., by increasing tolerance) including enhancement of anti-
oxidant defense and signaling (Foyer and Noctor 2005) as well as stress-induced 
morphological responses (Potters et al. 2007).

A concern in the application of NPs to seed germination is potential phytotoxic-
ity. Toxicity level may depend on NP type. Certain nano-silica and cadmium- 
selenide QDs have been tested for germination improvement. Nano-silica improved 
germination, but cadmium-selenide QDs had an inhibitory effect on germination 
(Monica and Cremonini 2009). The authors found that root growth depended on NP 
type and concentration (Lin and Xing 2007; Nair et al. 2011). On the other hand, 
comparison of the effect of nano-Cu and nano-CuCl2 on the germination of basil 
(Ocimum basilicum L.) revealed that both impaired germination, but nano-Cu had a 
less toxic effect than nano-CuCl2 on germination and growth (Yusefzaei et al. 2017).

Future research on the effects of nanomaterials on germination and growth 
response faces several challenges (Nair et al. 2010): (i) unpredictability of nanoma-
terial reactions in different plant species; (ii) phytotoxicity arising from the high 
toxicity of nanomaterials; and (iii) the limited uptake of nutrients and reduction in 
photosynthesis in plants by large-sized NPs.

3.5  Conclusion

Synthesis of metal/metal oxide NPs by the green method is more environmentally 
friendly than chemical synthesis methods – the green method minimizes the side 
effects encountered with chemical and physical methods, such as occurrence of 
residues of toxic substances and the formation of harmful and hazardous byprod-
ucts. Green NP synthesis involves the use of bacteria, fungi, yeasts, plants, and plant 
extracts both intra- and extracellularly. Among these, plant extracts are of greater 
importance because synthesis from extracts is rapid and poses less risk compared to 
the use of plants, bacteria, and fungi. In addition, the biomolecules occurring in 
plant extracts are used both as the agent of reducing metal ions to metal NPs and as 
the NP stabilizing agent. In recent years intensive research has focused on NPs syn-
thesized by green methods because of their unique antibacterial and antifungal 
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properties and possible applications as growth stimulators and occasionally as 
growth inhibitors. Future research is likely to focus on synthesis of NPs for treat-
ment of severe diseases like cancer, or for transport of medications in the body. 
Other work will address NPs for use in agriculture, for example in the translocation 
of herbicides in plants or release of nano-fertilizers.
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Chapter 4
Effects of Zinc Oxide Nanoparticles 
on Crop Plants: A Perspective Analysis

Mohammad Faizan, Shamsul Hayat, and John Pichtel

Abstract Nanotechnology is among the most innovative fields of twenty-first cen-
tury. Nanoparticles (NPs) are organic or inorganic materials having sizes ranging 
from 1 to 100 nm; in recent years NPs have come into extensive use worldwide. The 
dramatic increase in use of NPs in numerous applications has greatly increased the 
likelihood of their release to the environment. Zinc oxide nanoparticles (ZnO-NPs) 
are considered a ‘biosafe material’ for organisms. Earlier studies have demonstrated 
the potential of ZnO-NPs for stimulation of seed germination and plant growth as 
well as disease suppression and plant protection by virtue of their antimicrobial 
activity. Both positive and negative effects of ZnO NPs on plant growth and metabo-
lism at various developmental periods have been documented. Uptake, translocation 
and accumulation of ZnO-NPs by plants depend upon the distinct features of the 
NPs as well as on the physiology of the host plant. This review will contribute to 
current understanding the fate and behavior of ZnO-NPs in plants, their uptake, 
translocation and impacts on mitigating several negative plant growth conditions.

Keywords Antimicrobial activity · Biosafe · Seed germination · Translocation

4.1  Introduction

The “Nano-Era” that emerged in the 1990s is now a progressive field of research and 
technology. Nanotechnology is endowed with far-ranging applications in various 
sectors such as- cancer therapy, targeted drug delivery, biomedicines, waste- water 
treatment, cosmetic industries, electronics and biosensors (Nel et al. 2006; Peralta-
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Videa et al. 2011). The development of nanotechnology in conjunction with biotech-
nology has significantly expanded the application of nanomaterials in the above fields.

Materials with a particle size less than 100 nm in at least one dimension are gen-
erally classified as nanoparticles (NPs) (Khot et al. 2012). NPs divided into three 
main classes: natural, incidental, and engineered. Since the earth’s formation, natu-
ral NPs have been present from sources such as volcanic ejecta and soil dispersal 
(Handy et al. 2008). The second class, incidental NPs, results from human industrial 
activities, for example- burning coal, welding and from diesel exhaust (Monica and 
Cremonini 2009). Of immediate interest is the third category which represents engi-
neered nanoparticles (ENPs). These are designed and synthesized to possess unique 
physicochemical properties such as conductivity, reactivity, and optical sensitivity 
which may differ markedly compared to their bulk form (Lin and Xing 2007). 
Engineered nanoparticles are further divided into five subclasses: carbonaceous 
nanoparticles, metal oxide nanoparticles, semiconductors, metal nanoparticles, and 
nanopolymers (Handy et al. 2008; Monica and Cremonini 2009; Ma et al. 2010; 
Bhatt and Tripathi 2011).

Based on core material, NPs can be broadly divided into inorganic and organic 
forms. Inorganic NPs includes metals (Al, Bi, Co, Cu, Au, Fe, In, Mo, Ni, Ag, Sn, 
Ti, W, Zn), metal oxides (Al2O3, CeO2, CuO, Cu2O, In2O3, La2O3, MgO, NiO, TiO2, 
SnO2, ZnO, ZrO2) and quantum dots, while fullerenes and carbon nanotubes 
comprise- organic NPs.

Metal-based NPs are widely used and presumably released to the environment; 
they must, therefore, be monitored for their potential toxic effects on activity, abun-
dance and diversity among flora and fauna. To illustrate, some NPs are estimated to 
be absorbed 15–20 times more than their bulk particles by plants (Srivastav et al. 
2016). It is estimated that 260,000–309,000 metric tons of NPs were produced glob-
ally in 2010 (Yadav et al. 2014). As per another estimate, worldwide consumption 
of NPs is likely to grow from 225,060 metric tons to nearly 585,000 metric tons 
between 2014–2019 (BCC Research 2014).

ZnO-NPs, with an estimated global annual production between 550 and 33,400 
tons, are the third most commonly used metal-containing nanomaterial (Bondarenko 
et al. 2013; Connolly et al. 2016; Peng et al. 2017). Environmental levels of ZnO- 
NPs were reported to be in the range of 3.1–31 μg/kg soil and 76–760 μg/L water 
(Boxall et al. 2007; Ghosh et al. 2016). ZnO is a bio-safe material that possesses 
photo-oxidizing and photocatalytic capabilities for both chemicals and biota 
(Sirelkhatim et al. 2015; Vaseem et al. 2010).

The use of NPs in agriculture is a promising area which could potentially improve 
prevailing crop management over the long-term. For example, use of nano- 
encapsulated pesticides have been successfully applied for the release of chemicals 
in a controlled and specifically targeted manner which provides for a safer and eas-
ier pest control system (Beddington 2010; Nair et  al. 2010). NPs are generally 
believed to increase profitability and sustainability, both of which are essential 
requirements for improved agricultural production (Som et al. 2010).
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Zinc (Zn) is an essential micronutrient for normal growth in animals, humans, 
and plants. Numerous studies have focused on the effect of zinc on plant growth and 
metabolism (Auld 2001). It is vital to crop nutrition, as it is required in various 
enzymatic reactions, metabolic processes, and oxidation-reduction reactions. Zinc 
is essential for proper activity of enzymes such as dehydrogenases, aldolases, iso- 
merases, transphosphorylases, and RNA and DNA polymerases, which are required 
for a range of critical physiologic functions (Lacerda et  al. 2018). Zinc is also 
involved in synthesis of tryptophan, cell division, and maintenance of membrane 
structure and photosynthesis. It acts as a regulatory cofactor in protein synthesis 
(Lacerda et  al. 2018; Marschner 2011). Thus, adequate Zn fertilization supports 
increase cereal, vegetable and forage production (Prasad et al. 2012).

Zinc insufficiency is characterized by reduced leaf size with interveinal necrosis 
and rippled leaf margins. Low values of leaf area, SPAD values, and total N and 
NO3 concentration were observed under conditions of severe zinc deficiency 
(Castillo-Gonzalez et al. 2019). With worsening deficiency, activities of superoxide 
dismutase, catalase and glutathione peroxidase increased. Under severe Zn defi-
ciency, decreases in trunk cross-sectional area, yield and percentage kernel are 
observed. Increased activity of superoxide dismutase, catalase and peroxidase 
enzymes is associated with detoxification of reactive oxygen species.

Zinc deficiency not only retards growth and yield of plants, but also imparts 
adverse effects to humans (Singh 2009; Shukla et  al. 2014). More than 3 billion 
people worldwide suffer from Fe and Zn deficiencies. This condition is particularly 
widespread in areas where population is heavily dependent on a regular diet of 
cereal-based foods, in which Fe and Zn are stored almost exclusively in the husk and 
are therefore lost during milling and polishing (Cakmak 2002; Graham et al. 2001).

Zinc oxide (ZnO) is an amphoteric oxide which is almost insoluble in water and 
alcohol, but is soluble in most acids (Spero et al. 2000). ZnO crystallizes into two 
main forms, hexagonal wurtzite and cubic zincblende. The wurtzite structure is the 
most stable form at ambient conditions. Due to its unique properties including high 
thermal conductivity, refractive index, binding energy, UV protection and antibacte-
rial capabilities, ZnO-NPs are widely applied in numerous products and materials 
including medicine, cosmetics, solar cells, rubber and concrete, and-foods (Uikey 
and Vishwakarma 2016). ZnO-NPs are the most common Zn-NPs used as a UV 
protector (e.g., in personal care products, coatings and paints), biosensors, electron-
ics, and in rubber manufacture (Brayner et al. 2010; Kool et al. 2011). The wide 
range of industrial applications for ZnO-NPs can be used to predict future increases, 
in their production. The economical application of ZnO-NPs as Zn fertilizers can 
eventually become practical in large-scale agriculture globally.

4.2  Synthesis of ZnO-NPs

Several methods have been reported for synthesis of ZnO-NPs. The primary objec-
tive of each method is development of stable and uniform NPs.
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4.2.1  Chemical Synthesis

NPs can be chemically synthesized by a number of techniques including spray 
pyrolysis, thermal decomposition, molecular beam epitaxy, chemical vapor deposi-
tion, and laser ablation. Chemical synthesis methods are among the most commonly 
used techniques, and can be performed using a range of precursors and variations of 
temperature, time and concentration of reactants. Modification of one or more 
parameters results in morphological differences in size and structures of the result-
ing NPs. Several popular chemical methods for synthesis of ZnO-NPs are 
described below.

4.2.1.1  Reaction of Metabolic Zinc with Alcohol

Several types of alcoholic media such as ethanol, methanol, or propanol are used for 
chemical synthesis of ZnO-NPs. At the laboratory scale, synthesis typically involves 
addition of 5 mg of zinc metal powder to 10 mL of ethanol. The reaction mixture is 
sonicated for 20 min and transferred to a stainless steel autoclave and sealed under 
an inert gas. The reaction mixture is heated slowly (2–200 °C per minute) and main-
tained at this temperature for 24–48 h. The resulting suspension is then centrifuged 
to retrieve the product, washed, and finally vacuum-dried. In alcoholic media the 
growth of oxide particles is slow and controllable (Koch et al. 2000).

4.2.1.2  Vapor Transport Synthesis

The vapor transport process is the most common method for synthesis of ZnO-NPs. 
In this process, zinc and oxygen (or oxygen mixtures) are reacted resulting in for-
mation of ZnO-NPs. Numerous methods are available for generation of Zn and 
oxygen vapor. Decomposition of ZnO is an easier, direct, and simple method; how-
ever, it is limited to very high temperatures (e.g., 1400 °C).

4.2.1.3  Hydrothermal Technique

The hydrothermal technique is an efficient synthetic method because of the low 
process temperature required; furthermore, it is easier to control particle size.

Particle morphology and size are carefully controlled by adjusting reaction tem-
perature, time, and concentrations of precursor’-s.

As stock solution of Zn (CH3COO)2.-2H2O (0.1 M) is first prepared. To this stock 
solution, 25 mL of NaOH (from 0.2 M to 0.5 M) prepared in methanol, is added 
under stirring to attain a pH value between 8 and 11. The solutions is transferred to 
a Teflon-lined sealed stainless steel autoclave and maintained at temperatures in the 
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range of 100–200 °C for 6–12 h under autogenous pressure. The resulting white 
solid product is washed with methanol, filtered, and dried in a laboratory oven at 
60 °C. This is followed by structural characterization of synthesized samples via 
X-ray diffraction (Lee et al. 2006).

The hydrothermal technique offers several advantages such as utilization of sam-
ple equipment, catalyst-free growth, low cost, uniform production, ecofriendliness, 
and being less hazardous compared with other synthesis methods. The technique is 
attractive for microelectronics and plastic electronics manufacture due to low reac-
tion temperatures needed. This hydrothermal technique has been successfully 
employed for preparation of ZnO-NPs and other luminescent materials.

4.2.1.4  Precipitation Method

In this method ZnO-NPs are synthesized using zinc nitrate and urea as precursors. 
In a typical synthesis, 4.735 g zinc nitrate (Zn [NO3]2-6H2O) is dissolved in 50 mL 
of distilled water and kept under constant stirring for 30 min for complete dissolu-
tion. In a separate container, 3.002 g urea is added to 50 mL distilled water under 
constant stirring for 30 min. The urea solution acts as precipitating agent. The urea 
solution is added drop-wise into the zinc nitrate solution with vigorous stirring at 
70 °C for 2 h to allow formation of NPs. The solution eventually turns cloudy white. 
This precursor product is centrifuged at 8000 rpm for 10 min and washed with dis-
tilled water for removal of any impurities or absorbed ions. Calcination of the prod-
uct is carried out at 500 °C in air for 3 h using a muffle furnace (Chen et al. 2008).

4.2.2  Green Synthesis

In recent years, green synthesis of metal NPs has become appealing to nanoscience 
and nanobiotechnology. There is a growing interest in biosynthesis of metal NPs 
using plants, which appear to be the optimal candidate for large-scale biosynthesis 
of NPs. Products of green synthesized NPs tend to be stable.

Synthesis using plants and their extracts are advantageous over other biological 
synthesis processes, for example using microorganism, which involves complex 
procedures for maintaining viable cultures (Sastry et al. 2003). Experimentals syn-
thesis of metal NPs have used fungi like Fusarium oxysporum (Nelson et al. 2005), 
Penicillium sp. (Hemanth et  al. 2010) and bacteria such as Bacillus subtilis 
(Natarajan et al. 2010; Elumalai et al. 2010). However, synthesis using plant extracts 
is the most widely accepted method of green, eco-friendly production of NPs. It has 
the advantage that plants are widely distributed, readily available, and safe to handle 
(Ankamwar et al. 2005). Moreover, the NPs produced are more varied in shape and 
size in comparison with those produced by other organisms (Korbekandi et al. 2009).
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4.3  Uptake of ZnO-NPs in Plants

Several possible mechanisms exist for entry of ZnO-NPs into plants (Capaldi Arruda 
et al. 2015). NPs may dissolve in soil water and produce ions which are incorpo-
rated into the plant. Alternatively, upon exposure to the root, NPs will penetrates the 
cell wall and cell membrane of the epidermis accompanied by a complex series of 
processes for entry into the vascular bundle (xylem) and movement to the stele. Due 
to their size, many NPs may not be capable of passing through the cell wall of an 
intact plant cell. Solute exclusion techniques provide data on restrictive pore sizes 
of cell walls. The largest pore size of a plant cell wall is typically in the range of a 
few nanometers; for example, 3.5–3.8 nm is common in root hairs and 4.5–5.2 nm 
in palisade parenchyma cells (Carpita et al. 1979). NP sizes less than 5 nm in diam-
eter are capable of transversing the cell wall of undamaged cells e (Fleischer et al. 
1999). The xylem serves as the most important vehicle for distribution and translo-
cation of NPs to leaves. The epidermis, cortex, endodermis, cambium and xylem are 
known to accumulate higher concentrations of NPs than other plant tissues.

The mechanism of NP uptake is generally considered active transport that 
includes cellular processes such as signaling, and regulation of the plasma mem-
brane (Etxeberria et al. 2006). NPs can move through tissues via: apoplastic and 
symplastic routes. Apoplastic transport occurs outside the plasma membrane and 
through the extracellular spaces, cell walls of adjacent cells, and xylem vessels 
(Sattelmacher 2001); in contrast, symplastic transport involves movement of water 
and substances between the cytoplasm of adjacent cells through specialized struc-
tures called plasmodesmata (Roberts and Oparka 2003) and sieve plates. The apo-
plastic pathway is important for radial movement within plant tissues; it allows 
nanomaterials to reach the root central cylinder and vascular tissue, for further 
movement upward to aerial parts (Sun et al. 2014). Once inside the central cylinder, 
NPs are translocated upward though the xylem, following the transpiration stream 
(Sun et al. 2014).

Uptake, translocation and accumulation of NPs depend on plant species and the 
size, charge, chemical configuration, stability and concentration of the NPs. The 
mobility of NPs is also determined by van der Waals forces, Brownian motion (dif-
fusion), gravity, and double-layer forces (Handy et al. 2008; Biswas and Wu 2005).

4.4  Distinguishing Properties of ZnO-NPs

ZnO-NPs are a new type of cost-effective and low-toxicity NPs which have attracted 
substantial interest in different fields as they possess a number of distinct and useful 
properties.
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4.4.1  Physical Properties

ZnO-NPs possess valuable physical properties. As the dimensions of semiconductor 
materials shrinks continuously to nanometer or even smaller scales, some of their 
physical properties undergo changes known as “quantum size effects.”

4.4.2  Antibacterial Properties

The antibacterial activity of ZnO-NPs lies in their ability to induce oxidative stress. 
Zn2+ ions, released by dissolution of ZnO, interact with thiol groups of respiratory 
enzymes, thus inhibiting their action. It has been demonstrated that ZnO-NPs affect 
the properties of the cell membrane and lead to ROS formation. When bacterial cells 
come into contact with ZnO-NPs, they absorb Zn2+, which inhibits the action of 
respiratory enzymes, generates ROS, and produces free radicals, causing oxidative 
stress. ROS irreversibly damage bacterial membranes, DNA, and mitochondria, 
resulting in cell death (Dwivedi et al. 2014).

Ghasemi and Jalal (2016) investigated the effect of ZnO-NPs on the efficiency of 
the conventional antibiotics ciprofloxacin and cefta-zidime as well as their mecha-
nisms of action against resistant Acinetobacter baumannii, an opportunistic patho-
gen that causes a range of diseases including pneumonia and meningitis. The 
antibacterial activity of both anti-biotics increased in the presence of a sub- inhibitory 
concentration of ZnO-NPs. Combining ZnO-NPs with antibiotics increased uptake 
of antibiotics and changed bacterial cells from rod to cocci. ZnO-NPs used against 
Vibrio cholerae (a causative agent of severe diarrhea) were investigated by Sarwar 
et al. (2016). ZnO-NPs deformed cellular architecture, increased fluidity and caused 
depolarization of cell membranes and protein leakage. ROS production and DNA 
damage were also observed. These results suggest the synergistic action of ZnO- 
NPs and anti-biotics as an alternative treatment for certain bacterial diseases.

4.5  The Role of ZnO-NPs in Agriculture

Limited studies have been carried out to date to determine the effects of ZnO-NPs 
on plant growth and productivity (Lin and Xing 2007; Stampoulis et al. 2009). It is 
well recognized that ZnO-NPs affect crop development and yield and accumulate in 
plant tissue, including edible portions. The behavior of ZnO-NPs in plants is not 
completely clear; however, the optoelectrical, physical and antimicrobial activities 
of ZnO-NPs offer several positive effects to plants (Table 4.1) (Liu and Lal 2015; 
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Hussain et al. 2016). ZnO-NPs up to a certain concentration have the capability to 
enhance growth (Faizan et al. 2018), where they provide Zn2+ as a micronutrient 
(Liu and Lal 2015). Several reports suggest that ZnO-NPs improve growth  
and development in soybean (Priester et al. 2012), cucumber (Zhao et al. 2013), 
peanut (Prasad et al. 2012) and green pea (Mukherjee et al. 2014) (Table 4.1). Prasad 
et al. (2012) report that peanut seeds, when treated with 1000 mg/kg of ZnO NPs 
(average size ~25 nm), exhibited enhanced germination rate and improved seedling 
vigor, along with early flowering and higher leaf chlorophyll content. Similar  
inductive effects of ZnO-NPs resulted in increase stem and root growth. Pod yield 
per plant was 34% higher with ZnO-NPs compared to chelated bulk ZnSO4- 
exposed plants.

ZnO-NPs enhanced growth and biomass production of alfalfa, tomato, and 
cucumber plants (de la Rosa et al. 2013; Panwar et al. 2012). Application of ZnO- 
NPs increased photosynthetic pigment levels in pearl millet (Tarafdar et al. 2014). 
Ramesh et al. (2014a, b) reported that low concentrations of ZnO-NPs imparted a 
beneficial effect on seed germination in wheat.

Significant increases in root growth and dry weight in onion was observed after 
ZnO-NP application (Raskar and Laware 2014). In contrast, Zhao et  al. (2013) 
observed that ZnO-NPs had no impact on growth of cucumber plants, gas exchange, 
or chlorophyll content. Lower concentrations of ZnO-NPs were not harmful to cell 
division and early seedling growth in onion (Raskar and Laware 2014).

4.6  Zinc Oxide Nanoparticles and Plants Under Abiotic 
Stress

ZnO-NPs play important roles in plants for minimizing the harmful effects of ROS 
to cell organelles. Apart from its well-documented damaging effects, ROS are also 
known to trigger various defense systems by activating a cell signaling cascade and 
inducing or suppressing expression of many genes (Hancock et  al. 2001). 
Nonetheless, plants are equipped with enzymatic and nonenzymatic systems of 
antioxidants generation, which continuously scavenge harmful ROS. ZnO-NPs play 
an important role in the protection of plants against various abiotic stresses by stim-
ulating the activities of antioxidant enzymes and accumulating osmolytes, free 
amino acids and nutrients (Fig. 4.1; Table 4.2) (Taran et al. 2017; Venkatachalam 
et al. 2017; Wang et al. 2018). Application of ZnO-NPs at low concentrations was 
found effective in alleviating various abiotic stresses and enhanced plant growth and 
development (Table 4.2) (Mahajan et al. 2011; Soliman et al. 2015).

In contrast, however, a significant number of studies show toxic effects of ZnO- 
NPs (Miralles et al. 2012; Husen and Siddiqi 2014), and application of ZnO-NPs to 
stressed plants could galvanize the process of ROS generation leading to oxidative 
damage (Lin et al. 2010; Wang et al. 2014; Chichiricco and Poma 2015).

4 Effects of Zinc Oxide Nanoparticles on Crop Plants: A Perspective Analysis
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4.6.1  Drought Stress

Drought stress is both a natural event, and also a consequence of anthropogenic 
climate change that limits crop production and distribution. Among various strate-
gies adopted to counter drought-induced damage to plants, the use of NPs has 
proved promising.

Under conditions of water scarcity stomatal closure is the primary response that 
plants adopt to preserve water. When stomata are open, CO2 is taken up at the cost 
of water transpired; when stomata are closed, water is conserved but uptake of CO2 
is compromised. Perception of drought stress triggers the activation of signal trans-
duction cascades. This leads to stomatal closure and, in consequence, conservation 
of water through reduced transpiration coupled with reduced CO2 uptake. According 
to Taran et al. (2017), foliar application of ZnO-NPs to wheat reduced the adverse 
effects of drought stress and improved yield components of wheat.

4.6.2  Metal Stress

Cadmium is considered quite toxic to plants (Garg and Kaur 2013). Cadmium 
induces phytotoxicity by disturbing many Zn-dependent physiological processes 
via displacement of Zn from the active sites of enzymes (Asmub et  al. 2000). 
Venkatachalam et al. (2017) found that ZnO-NPs alleviated toxicity induced by Cd 
and Pb in Leucaena leucocephala seedlings. This finding is similar to results 

Fig. 4.1 Proposed model of ZnO-NPs for minimizing the adverse effects of abiotic stresses

M. Faizan et al.
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reported by Garg and Kaur (2013), who determined that the presence of Zn decreased 
Cd content in both roots and leaves of Cajanus cajan, thereby enhancing plant sur-
vival and growth. Zinc supplementation can protect plants against Cd-induced oxi-
dative stress via modulating the redox status of the plant (Aravind and Prasad 2005).

4.6.3  Salinity Stress

The application of ZnO-NPs has led to mitigation of some adverse effects of soil 
salinity. According to Soliman et al. (2015), foliar application of 60 mg/L ZnO-NPs 
proved optimal for alleviating the effects of salt stress on Moringa peregrina plants 
(Table 4.2). Torabian et al. (2016) observed that alleviation of salt stress was greater 
in sunflower plants supplied with ZnO-NPs compared to plants treated with dis-
solved ZnO.  The salt-alleviating effects of NPs was further confirmed when 
Almutairi (2016) reported that nano-Si differentially regulated the expression of salt 
stress genes. There was a positive response of SOD activity to foliar application of 
ZnO, particularly nanoparticles, under salt stress. Because Zn is present within the 
molecular structure of SOD, foliar application of ZnO promotes the formation and 
activity of this enzyme. Zinc deficiency probably increases ROS levels and, thus, 
requires higher SOD activity. Although salinity increased SOD activity, foliar appli-
cation of ZnO contributed to its enhanced production. This may explain the role of 
Zn in salinity alleviation. In experiment by Sanaeiostovar et al. (2012), applied zinc 
increased the SOD activity of wheat cultivars. Foliar spray of ZnO-NPs reduced the 
negative effects of salinity on sunflower growth (Torabian et al. 2016).

4.7  Conclusion

The findings reported herein reveal that ZnO-NPs serve as a natural regulator for 
plants under both stressed and stress-free conditions. ZnO-NPs have the potential to 
enhance plant growth and development. ZnO-NPs play a pivotal role in modulating 
key plant physiological parameters under stressfull conditions such as lipid peroxi-
dation, and production of proline and various antioxidant enzymes. ZnO-NPs can 
be efficiently synthesized by chemical and green synthesis methods.

The small size of ZnO-NPs facilitates easy penetration into plant cells and regu-
lates water channels that assist seed germination and growth of plants. Moreover, 
different modes of ZnO-NP application successfully counter the adverse affects of 
ROS under abiotic stress through increased activity of CAT, POX and SOD. The 
role of ZnO-NPs in plants needs further investigation at both sub-cellular and 
molecular levels.

M. Faizan et al.
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Chapter 5
Response of Titanium Nanoparticles 
to Plant Growth: Agricultural Perspectives

Ahmad Faraz, Mohammad Faizan, Qazi Fariduddin, and Shamsul Hayat

Abstract Utilization of nanoparticles (NPs) has increased tremendously in recent 
years by virtue of their unique properties, which can be applied for numerous pur-
poses. Titanium (Ti)/titanium dioxide (TiO2) NPs are among the most widely used 
NPs for applications including the agriculture sector. Titanium is considered a ben-
eficial element for plant growth and its nano form can be used to improve growth 
and yield of plants. Research has shown that TiO2 NPs generate both positive as 
well as a negative impact to plant growth. This review discusses current knowledge 
of TiO2 NPs including their interactions, transport, and translocation within plants, 
and future perspectives regarding their use.

Keywords Agriculture · Nanoparticles · Plants · Titanium dioxide

5.1  Introduction

Nanotechnology is one of the most important fields in modern science, which deals 
with the manipulation of matter at the nanometer scale. It is an interdisciplinary sci-
ence which plays multifunctional roles in varied fields such as medicine, textiles, 
energy, automobiles, and agriculture (Chandran et al. 2006). Particles having a size 
between 1–100  nm are termed nanoparticles (NPs); however, in the context of 
potential for utilization, sizes greater than 100 nm can also be included within this 
class of materials.
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Recent studies suggest that many metallic nanomaterials like those of silver 
(Ag), titanium dioxide (TiO2), zinc (Zn), copper (Cu), iron (Fe), etc. have proved 
beneficial as well as harmful to plants; however, in-depth research is required to 
attain further details. Plants, being primary producers in food webs, create key 
channels for bioaccumulation of engineered nanomaterials (ENMs). Inappropriate 
use or overuse of ENMs may result in adverse effects as these materials enter to 
air, water bodies and soil, ultimately creating primary environmental reservoirs 
(Batley et al. 2013).

In recent years, titanium dioxide nanoparticles (TiO2 NPs) have become one of 
the most common commercially used nanomaterials (Piccinno et  al. 2012). 
Worldwide Domestic production of TiO2 pigment in 2014 was approximately 1.31 
million tons (U.S. Geological Survey 2015). An estimated 10,000 tons of TiO2 NP 
is used per year in the cosmetic, solar cell, paint, cement and coatings industries 
(Piccinno et al. 2012). Numerous products are in daily use which are functionalized 
with TiO2 NPs. Household products such as toothpaste, sun protecting creams, 
shaving creams, shampoos, conditioners contain TiO2 NPs (Weir et al. 2012). TiO2 
NPs are also commonly used as a food additive to enhance the colour, brightness, 
and flavour of a variety of food products (Peters et al. 2014).

Due to their extensive use in industry, TiO2 NPs are released to air, water and 
soil, with the consequent urgency to determine potential impacts to organisms and 
the biosphere. A number of studies have revealed that NPs generate toxic effects on 
microorganisms, invertebrates, and higher plants (Menard et al. 2011). Interactions 
of TiO2 NPs and plants have been explored on a number of species – impacts could 
be deleterious or advantageous depending upon numerous factors (Mukherjee et al. 
2016). TiO2 NPs caused toxicity to the marine microalga Nitzschia closterium due 
to production of increased levels of reactive oxygen species (ROS) (Xia et al. 2015). 
Similarly, toxic effects of TiO2 NPs have been reported in maize (Castiglione et al. 
2011). However, TiO2 NPs have generated beneficial impacts in various plant spe-
cies like Vigna radiata, Spinacia oleracea and Vicia faba (Raliya et al. 2015; Yang 
et al. 2006; Latef et al. 2018).

With attention to the sometimes-contradictory roles of TiO2 NPs, current 
resources have been compiled regarding TiO2 NPs and their interaction with plants. 
This chapter will discuss the uptake, translocation, and transformation of TiO2 NPs 
in plants, and the various techniques used for detection of TiO2 NPs in plant cells.

5.2  Biosynthesis of TiO2 Nanoparticles

TiO2 NPs are synthesized by a variety of means including chemical vapor deposi-
tion, microemulsion, chemical precipitation, hydrothermal crystallization, and sol- 
gel methods (Muhd Julkapli et  al. 2014; Valencia et  al. 2013). So-called ‘green 
synthesis’ of TiO2 NPs is also a promising practice. With this technology TiO2 NPs 
of varying sizes and structures can be produced using plants and microorgan-
isms (Fig. 5.1). NPs produced via biological methods are useful for industries while 
being eco-friendly (Waghmode et al. 2019).
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Production of TiO2 NPs using plant extracts has been reported (Subhapriya and 
Gomathipriya 2018). TiO2 NPs have also been synthesized via the reaction between 
ethanolic leaf extracts of Nyctanthes arbor-tristis and titanium tetraisoproxide (TTIP) 
(Sundrarajan and Gowri 2011). TiO2 NPs measuring 100–200 nm has been synthe-
sized from titanium hydroxide by latex of Jatropha curcas L. (Hudlikar et al. 2012). 
Rajakumar et al. (2012) produced TiO2 NPs by using the salt of titanium hydroxide 
along with an aqueous extract of Eclipta prostrata. Other workers utilized rice straw 
in powder form as a soft templating agent for the synthesis of TiO2 NPs using TTIP 
and acetic acid (Ramimoghadam et al. 2014). TiO2 NPs were produced from the aque-
ous extract of guava (Kumar et al. 2014). The rutile form of TiO2 NPs was synthesized 
by using the salt of titanium hydroxide as a precursor along with a water extract of 
Annona squamosa (Roopan et al. 2012). NPs obtained through these sources had a 
spherical shape with size 23 ± 2 nm. Moreover, leaf extracts of C. roseus was used as 
a reducing agent for synthesis of TiO2 NPs; however, the procedure produced irregu-
larly-shape NPs having a size between 25–110 nm (Velayutham et al. 2012). Other 
sources of leaf extract, for example from Morinda citrifolia, was used for the produc-
tion of TiO2 NPs and were characterized by methods like XRD, FTIR, UV-vis and 
Raman spectroscopy (Sundrarajan et al. 2017). Polycrystalline TiO2 NPs can be syn-
thesized using Justicia gendarussa leaf extract as an oxidizing agent (Senthilkumar 
and Rajendran 2018). The crystalline nature of bio-synthesized TiO2 NPs was con-
firmed by X-ray diffraction (XRD), and functional groups were confirmed by FT-IR 
spectroscopy. Cost-effective and eco-friendly TiO2 NPs were produced from the leaf 
extract of Sesbania grandiflora (Srinivasan et  al. 2019). Particles measured in the 
range of 43–56 nm which was further corroborated by SEM and TEM studies 

5.3  Uptake, Transport, and Translocation of Ti/TiO2 NPs

Uptake and translocation of NPs in plants is complex and variable, and not clearly 
understood. Uptake and transport vary with growth stage of plant, species and cul-
tivar (Schwabe et al. 2015). NPs enter the plant cell either through roots or aerial 

Fig. 5.1 Synthesis of nanoparticles by chemical and biological methods
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parts (leaves). Once within the plant cell, NPs move across cells by either apoplastic 
or symplastic pathways.

NPs are taken up by plant roots and translocated to shoots, leaves, seeds and 
fruits (Rafique et al. 2015). Titanium is present in soil in both primary and second-
ary minerals as well as in bound and amorphous organic compounds. It is possible 
that addition of TiO2 NPs could affect the texture of native soil Ti which could enter 
plants. Application of TiO2 NPs did not induce a significant difference in Ti concen-
tration in harvested wheat. It was reported that Ti NPs formed agglomerates on the 
periderm of wheat plants as elemental Ti was detected on the periderm of the root 
(Du et al. 2011). It was also found that applied TiO2 NPs primarily adhered to cell 
walls of wheat plants and were retained in soil for long periods.

In the case of exogenous foliar application, NPs enter the plant cell by penetra-
tion through stomatal openings or through the cuticle. TiO2 NPs are of very low 
solubility; however, their small size helps them enter cells. It was reported that 
smaller-sized NPs (2.8 ± 1.4 nm) readily penetrated cells and were translocated to 
the vacuole and nucleus (Chichiriccò and Poma 2015). Other studies have revealed 
that TiO2 NPs enter the chloroplast where they bind with photosystem II and trigger 
the basic reactions of photosynthesis (Miralles et  al. 2012). Larue et  al. (2012) 
revealed that TiO2 NPs penetrate leaf cells of wheat and rapeseed-mustard. Large 
NPs can also enter plants by foliar application. ZnO and TiO2 NPs measuring 
25 ± 3.5 nm entered leaves of tomato plants (Raliya et al. 2015).

Once inside the plant, NPs are redistributed in the stem and reach root cells via 
the phloem (Larue et al. 2014; Deepa et al. 2014). TiO2 NPs (100 mg/L) applied to 
leaves of watermelon were translocated to leaves, stem and roots (Wang et al. 2015). 
Burke et al. (2014) reported that soybean and maize plants supplied with TiO2 NPs 
concurrently with nitrogen had improved translocation.

Numerous techniques are available for identification of NPs in plant cells. Servin 
et al. (2012) used micro-XRF to reveal the translocation of TiO2 NPs in cucumber. 
It was reported that TiO2 NPs were transported as Ti from the root to trichomes of 
leaves in cucumber, which apparently act as a sink for Ti. Translocation of Ti in 
wheat plants was deduced by SEM-EDS studies. Roots of wheat exposed to TiO2 
NPs at different concentrations revealed the presence of Ti in shoots which was 
confirmed by SEM-EDS studies (Rafique et al. 2015).

5.4  Titanium Nanoparticles in Plants

Use of TiO2 and related Ti NPs in various fields raises the concern about potential 
impacts generated in the plant. As evident from previous studies, TiO2 NPs could 
induce both beneficial and toxic impacts to plants. The type and extent of impact 
generated by TiO2 NPs to plants depends on their size and their concentration.
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5.4.1  Beneficial Role of Ti/TiO2 NPs in Plants

Numerous studies have clarified the beneficial impact of TiO2 NPs to plants, which 
may directly or indirectly improve their growth  (Fig. 5.2). Spinach seeds treated 
with low concentrations of TiO2 NPs resulted in plants with greater shoot fresh/dry 
weight. In addition, chlorophyll content increased by approximately 17% and pho-
tosynthesis rate by 29% as compared with untreated plants (Zheng et  al. 2005). 
Song et al. (2013) examined the effects of TiO2 NPs on % germination of seeds and 
root elongation of seedlings in three plant species and determined no toxic effects. 
Canola seeds treated with different concentrations of TiO2 NPs experienced 
improved germination and growth of radicles and plumules (Mahmoodzadeh et al. 
2013). Rafique et al. (2018) investigated the effects of different concentrations (0, 
20, 40, 60, 80, or 100 mg/kg) of TiO2 NPs on wheat. Lower concentrations were 
beneficial while higher concentrations were inhibitory. The 60 mg/kg TiO2 NP dos-
age was found most effective in increasing shoot and root length, and biomass. 
Frazier et al. (2014) reported that TiO2 NPs generated a positive impact in tobacco: 
plants exposed to TiO2 NPs (1000–25,000 mg/L) for 3 weeks significantly increased 
leaf count, root length and biomass which improved further with increasing Ti con-
centration. Moreover, treatment of TiO2 NPs to maize improved chlorophyll content 
(a and b), total chlorophyll (a + b), carotenoids and anthocyanins in comparison 
with control and also improved crop yield (Morteza et al. 2013). Foliar application 
of biosynthesized NPs to 14-day-old mung bean improved shoot and root length, 
and content of biochemicals including chlorophyll and total soluble leaf protein as 
compared to control plants.

Fig. 5.2 Positive effects of TiO2 NPs on plants in relation to growth, biomass production, enhanced 
chlorophyll content, and other parameters
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Marchiol et al. (2016) investigated the uptake and translocation of TiO2 NPs in 
barley. Plants raised from seeds treated with TiO2 NPs experienced a prolonged 
growth cycle as compared to untreated plants. At physiological maturity, plants 
treated with TiO2 NPs at 1000 mg kg−1 showed improved photosynthetic rate, sto-
matal conductance, and transpiration. Net photosynthetic rate and chlorophyll con-
tent increased significantly in rice plants treated with TiO2 NPs (Ji et  al. 2017). 
Genome-wide transcriptome analysis in leaves of Arabidopsis thaliana treated with 
TiO2 NPs revealed that the NPs induced genes related to photosynthetic metabolism 
(Tumburu et al. 2017). Improved photosynthetic rate and other physiological pro-
cesses due to TiO2 NPs could be a function of increased light absorption by chloro-
plasts through upregulation of genes related to light-harvesting complex II (Ze et al. 
2011). Foliar application of TiO2 NPs boosted total phenolic content and biosynthe-
sis of leaf flavanols in Vitis vinifera (Korosi et al. 2019).

TiO2 NPs have been associated with reducing metal toxicity in plants. Deleterious 
effects of Cd in soybean were overcome by application of TiO2 NPs (Singh and Lee 
2016), and treated plants had improved photosynthetic rate and growth parameters. 
This suggests that TiO2 NPs could be used in phytoremediation as it increases 
uptake of Cd and decreases their toxicity to soybean.

5.4.2  Negative Impacts of TiO2 NPs to Plants

Based on empirical data and computer models NPs have been released into ecosys-
tems in substantial quantities, which has triggered concern about possible impacts 
on plant growth. TiO2 NPs are released into soil through irrigation or land applica-
tion of sewage sludge, and as nano-fertilizers and nano-pesticides (Simonin et al. 
2016). Higher plants, being producer organisms, are of particular significance as as 
they play a pivotal role in food webs.

Several studies have investigated the potential deleterious effects of TiO2 NPs to 
plants. Toxicity is a function of factors such as size of NPs, crystal phase and pres-
ence of surface coatings, environmental characteristics, and plant physiological fac-
tors (Tan et al. 2018).

Early studies have suggested that TiO2 NPs may be toxic to plants at the cellular 
and gene level (Cox et al. 2016). Genotoxic effects of TiO2 NPs have been identified 
in Allium cepa, where NPs at different concentrations interacted with DNA, causing 
damage to meristematic cells of roots (Demir et al. 2014). Onion treated with TiO2 
NPs had increased levels of malondialdehyde and reduced root growth (Ghosh et al. 
2010). Chromosomal aberration was observed, which could be due to increased 
lipid peroxidation. Arabidopsis thaliana treated with TiO2 NPs experienced disrup-
tion of microtubular networks in root, resulting in isotropic growth of root cells 
(Wang et al. 2011). Pakrashi et al. (2014) observed negative impacts of TiO2 NPs in 
a dose-dependent manner in Allium cepa. The particles decreased the mitotic index 
and increased the number of chromosomal aberrations in root tips of A. cepa 
exposed to 12.5–100  μg/mL TiO2 NPs. Similarly, Fellmann and Eichert (2017) 
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reported that treatment with TiO2 NPs led to reduction in germination rate, and root 
and shoot growth in corn in a dose-dependent manner. Korenkova et  al. (2017) 
found adverse effects of TiO2 NPs with increasing concentration on root growth of 
Hordeum vulgare.

5.5  Conclusions and Future Perspectives

A vast range of nanomaterials are being produced and applied, offering great poten-
tial in diverse fields including manufacturing industries, energy, cosmetics, and 
agriculture. Due to overuse of nanoparticles, releases to soil, water, and air raise 
concerns due to their potential negative effects to plants, animals and humans.

Of the various NPs, TiO2 NPs are becoming popular in agriculture for improving 
plant productivity. Uptake, translocation, and accumulation of TiO2 NPs occurs in 
the plant via underground parts (root system) or by shoots (stem, leaves, cuticles). 
Once inside the plant TiO2 NPs move through tissue either by symplastic or apo-
plastic pathway. TiO2 NPs may affect plant growth, physiological processes (e.g., 
photosynthesis, respiration) as well as biochemical processes (antioxidant system). 
More work is required to determine the mechanisms regarding how nanoparticles 
interact with plants at both cellular and molecular levels. NPs used for any purpose 
should be eco-friendly and non-hazardous to biota; furthermore, an environmental 
assessment should be carried out before use of a specific nanomaterial.
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Chapter 6
Impact of Silver Nanoparticles on Plant 
Physiology: A Critical Review

Fareen Sami, Husna Siddiqui, and Shamsul Hayat

Abstract Nanotechnology is a rapidly growing field of science and technology 
that focuses on the production and utilization of materials measuring <100 nm in 
at least one dimension. The unique physicochemical properties of nanoparticles 
are a result of their high surface area and high reactivity, which renders them ben-
eficial in biotechnology industries and in agriculture. In recent years, researchers 
have focused on the beneficial effects of silver nanoparticles (Ag-NPs) on plant 
growth and development. Ag-NPs, when applied at low concentrations, enhance 
shoot and root growth of many species. Also, Ag-NPs enhance the activities of 
antioxidant enzymes which limit production of reactive oxygen species in plant 
cells. Lower doses of Ag-NPs are also beneficial in enhancing chlorophyll produc-
tion as well as enhancing chlorophyll florescence parameters. This review high-
lights the current understanding as well as the future possibilities of Ag-NP 
research in plant systems.

Keywords Abiotic stress · Antioxidative defense system · Compatible solutes · 
Flooding stress · Growth · Heat stress · Nanotechnololgy · Photosynthesis · ROS 
homeostasis · Salt stress · Seed germination

6.1  Introduction

Nanotechnology is a branch of science that synthesizes, utilizes and examines nano-
materials, i.e., particles which possess unique properties by virtue of their small size 
(less than 100 nm). Nanotechnology embraces the manipulation of the size, struc-
ture and dimension of these particles (Savithramma et al. 2011).
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Nanomaterials are used in almost every field of science due to their distinct 
chemical and physical characteristics. Silver nanoparticles (Ag-NPs) are the most 
extensively studied nanoparticles as a result of their diverse applications including 
as an antimicrobial agent, for optics and electronics, as coatings for stainless steel, 
and for water purification (Duran et al. 2007). Global production of Ag-NPs has 
reached 500 tons per year (Mueller and Nowack 2008). The effectiveness of Ag-NPs 
is related to their small size that results in maximum exposure of total surface area 
in solution (Panyala et al. 2008).

The positive and negative impacts of nanoparticles (NPs) to plants are a function 
of size, stability, shape, concentration and presence of coatings (Rastogi et al. 2017). 
In agriculture, Ag-NPs are extensively used to improve crop production (Almutairi 
2016). Low doses of Ag-NPs are reported to enhance seed germination in various 
plant species (Yin et al. 2012; Sharma et al. 2012; Savithramma et al. 2012; Almutairi 
and Alharbi 2015). Improved chlorophyll content as well as photosynthetic effi-
ciency was observed in various species at moderate doses of Ag-NPs (Salama 2012; 
Sharma et al. 2012; Rani et al. 2016; Mohamed et al. 2017). It was reported that 
application of Ag-NPs enhances carbohydrate content in plants (Salama 2012; 
Mirzajani et al. 2013; Nair and Chung 2014; Rani et al. 2016; Mohamed et al. 2017).

Lower concentrations of Ag-NPs accelerate growth of several species (Salama 
2012; Sharma et al. 2012; Mirzajani et al. 2013; Vannini et al. 2013; Mehta et al. 
2016; Jasim et al. 2017; Rani et al. 2016; Tomacheski et al. 2017; Mohamed et al. 
2017). However, a marked inhibition in different growth biomarkers has been 
reported at higher concentrations (Dimkpa et al. 2013; Qian et al. 2013; Hojjat and 
Hojjat 2015; Abd-Alla et al. 2016; Al-Huqail et al. 2018). Reduction of photosyn-
thesis was reported at high Ag-NP concentrations (Qian et al. 2013; Nair and Chung 
2014; Sosan et al. 2016; Tripathi et al. 2017; Vinkovic et al. 2018). A marked decline 
in reactive oxygen species (ROS) was reported by the application of different con-
centrations of Ag-NPs (Sharma et  al. 2012; Olchowih et  al. 2017; Mohamed 
et al. 2017).

Exposure to Ag-NPs has been found to enhance the antioxidative defense system 
and proline content of several crops (Sharma et  al. 2012; Yasur and Rani 2013; 
Mehrian et  al. 2015; Rani et  al. 2016; Yang et  al. 2017; Mohamed et  al. 2017; 
Tripathi et al. 2017). Enhanced abiotic stress tolerance has also been reported by 
application of Ag-NPs. For example, recent studies have revealed the positive role 
of Ag-NPs under salt stress (Ekhtiyari et al. 2011; Almutairi 2016; Ghavam 2018; 
Mohamed et al. 2017; Hojjat and Kamyab 2017; Hojjat 2019). The ameliorative 
function of Ag-NPs in wheat under heat stress was demonstrated by Iqbal et  al. 
(2019). Some studies have reported the beneficial role of Ag-NPs in saffron and 
soybean under flooding stress (Rezvani et al. 2012; Mustafa et al. 2015).

The intent of the chapter is to present both the beneficial and harmful effects of 
Ag-NPs to plant physiological and developmental processes. This chapter summa-
rizes data depicting concentration-dependent effects of Ag-NPs on plant growth, 
photosynthesis, ROS homeostasis, accumulation of compatible solutes and the anti-
oxidative defense system under normal as well as abiotic stress conditions.
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6.2  Effect of Silver Oxide Nanoparticles in Plant 
Physiological Processes

6.2.1  Seed Germination

Germination percentage in oat, lettuce and radish was higher in Ag-NPs treated 
plants as compared to control (Tomacheski et  al. 2017). Coated Ag-NPs also 
enhanced germination rate in several plant species (Lolium multiflorum, Carex spp., 
Eupatorium fistulosum and Phytolacca americana) (Yin et al. 2012). In Brassica 
juncea seedlings, application of 25 and 50 mg/L Ag-NPs improved percent germi-
nation (Sharma et al. 2012) (Table. 6.1). Application of Ag-NPs enhance germina-
tion rate in corn (Zea mays), watermelon (Citrullus lanatus) and zucchini (Cucurbita 
pepo) (Almutairi and Alharbi 2015) (Table. 6.1). In Boswellia ovailifoliolata, 10, 20 
and 30 μg/ml Ag-NPs increased percent germination (Savithramma et  al. 2012) 
(Table 6.1). Exogenously sourced Ag-NPs (20–50 mg/l) increased seed germination 
in Pennisetum glaucum (Parveen and Rao 2015) (Table  6.1). In fenugreek, 
0–40 μg  ml−1 Ag-NPs promoted percent seed germination and germination rate 
(Hojjat and Hojjat 2015) (Table 6.2). This increase may be due to enhanced germi-
nation potential in fenugreek.

Negative effects of Ag-NPs on germination have also been identified. In Lolium 
perenne, application of 10–20 mg/L Ag-NPs led to reduction in germination per-
centage (El-Temsah and Joner 2012), and in Hordeum vulgare, 10–20 mg/L Ag-NPs 
reduced germination percentage (El-Temsah and Joner 2012). In Vicia faba, appli-
cation of 500–900 μg/kg resulted in a decline in seed germination (Abd-Alla et al. 
2016) (Table 6.2). In Arabidopsis thaliana, 75–300 μg/l Ag-NPs decreased germi-
nation rate (Geisler-Lee et  al. 2014). In Oryza sativa, varied concentrations of 
Ag-NPs (0.1, 1, 10, 100 and 1000 mg/L) caused a decline in seed germination and 
seedling growth (Thuesombat et  al. 2014). Exogenous application of 40  mg/L 
Ag-NPs increase germination in Eupatorium fistulosum while inhibiting germina-
tion of Scirpus cyperinus, Juncus effusus and Phytolacca americanum (Yin 
et al. 2012).

6.2.2  Photosynthesis

Exogenously sourced Ag-NPs modulates photosynthesis (Fig. 6.1). Ag-NPs func-
tion as catalysts in redox reactions and hence affect photosynthetic and respiratory 
processes (Tripathi et al. 2017) (Table 6.2). In water hyacinth, exogenously sourced 
Ag-NPs increased chlorophyll content (Rani et al. 2016) (Table 6.2). In Brassica 
juncea, 25, 50 and 100 mg/L Ag-NPs enhanced chlorophyll content as well as PSII 
efficiency. However, 200 and 400  mg/L reduced the same (Sharma et  al. 2012) 
(Table  6.1). Pandey et  al. (2014) found that application of 1000  mg/L Ag-NPs 
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Table 6.1 Effects of exogenous application of Ag-NPs in different plant species

Plant species
Dose-dependent effect of Ag-NPs

ReferencesPositive effects Negative effects

Brassica juncea 25, 50 and 100 mg/L Ag-NPs 
enhance chlorophyll content 
and PSII efficiency;
Application of 25 and 
50 mg/L Ag-NPs enhanced 
shoot fresh mass, length of 
shoots and roots as well as 
vigor index;
25–50 mg/L Ag-NPs decrease 
H2O2 and MDA content;
50,100, 200 and 400 mg/L 
Ag-NPs increase antioxidant 
enzymes as well as proline 
content

200 and 400 mg/L Ag-NPs 
reduce chlorophyll content 
and PSII efficiency;
>100 mg/L Ag-NPs decrease 
percent seed germination, 
vigor index, fresh weight 
and root and shoot length;
100–400 mg/L Ag-NPs 
increase H2O2 and MDA 
content

Sharma et al. 
(2012)

Zea mays 0.05–2.5 mg/ml Ag-NPs 
positively enhance 
germination rate, germination 
percentage and mean 
germination time;
0.5–2.5 mg/ml Ag-NPs 
enhance seedling fresh 
weight;
0.5 and 1 mg/ml Ag-NPs 
increase seedling dry weight

0.05–2.5 mg/ml Ag-NPs 
negatively affect root length;
0.05 and 0.1 mg/ml Ag-NPs 
decrease seedling fresh 
weight and dry weight;
1.5–2.5 mg/ml Ag-NPs 
decrease seedling dry weight

Almutairi and 
Alharbi (2015)

Citrullus 
lanatus

0.05–2.5 mg/ml Ag-NPs 
positively enhance 
germination rate, germination 
percentage and mean 
germination time;
0.5–2 mg/ml Ag-NPs increase 
seedling fresh weight

0.05 and 0.1 mg/ml Ag-NPs 
decrease root length and 
seedling fresh weight;
0.05–2.5 mg/ml Ag-NPs 
decrease seedling dry weight

Almutairi and 
Alharbi (2015)

Cucurbita pepo 0.05–2.5 mg/ml Ag-NPs 
enhance germination rate, 
germination percentage and 
mean germination time;
0.05–2.5 mg/ml Ag-NPs 
increase root length;
0.05–1.5 and 2.5 mg/ml 
Ag-NPs positively increase 
seedling fresh weight;
0.05–2.5 mg/ml Ag-NPs 
increase seedling dry weight

2 mg/ml Ag-NPs decrease 
seedling fresh weight

Almutairi and 
Alharbi (2015)

Boswellia 
ovailifoliolata

10–30 μg/ml Ag-NPs enhance 
percent of seed germination 
and seedling growth

10–30 μg/ml Ag-NPs 
decrease germination period

Savithramma 
et al. (2012)

Pennisetum 
glaucum

20 and 50 mg/L Ag-NPs 
increase percentage of seed 
germination

20 and 50 mg/L Ag-NPs 
decrease shoot, root and 
seedling length

Parveen and 
Rao (2015)
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Table 6.2 Effects of exogenous application of Ag-NPs in different plant species

Plant species
Dose-dependent effect of Ag-NPs

ReferencesPositive effects Negative effects

Trigonella 
foenum-graecum

10–40 μg/mL Ag-NPs 
enhance percent and speed of 
germination, root length, root 
fresh and dry weight

Hojjat and 
Hojjat (2015)

Vicia faba 500–900 μg/kg Ag-NPs 
decline seed germination;
100–900 μg/kg Ag-NPs 
decrease leaf area, shoot/root 
ratio, length and dry weight of 
root and shoot

Abd-Alla 
et al. (2016)

Pisum sativum Exogenous application of 
1000 and 3000 μM Ag-NPs 
inhibited the activities of GR 
and DHAR

1000 and 3000 μM Ag-NPs 
decline photosynthetic content 
and chlorophyll fluorescence

Tripathi et al. 
(2017)

Eichhornia 
crassipes

10 mg/L Ag-NPs increase 
carbohydrate content;
100 mg/L Ag-NPs increase 
protein content;
10 mg/L Ag-NPs increase 
phenol content;
100 mg/L Ag-NPs increase 
chlorophyll content;
1–10 mg/L Ag-NPs increased 
carbohydrate content;
1–100 mg/L Ag-NPs increase 
SOD activity

1 and 100 mg/L Ag-NPs 
decrease carbohydrate content;
1 and 10 mg/L Ag-NPs 
decrease protein content;
1 and 10 mg/L Ag-NPs 
decrease chlorophyll content; 
a reduction in CAT and POX 
activity was observed

Rani et al. 
(2016)

Brassica juncea 1000 mg/L Ag-NPs increase 
chlorophyll content

100 and 500 mg/L Ag-NPs 
decrease chlorophyll content

Pandey et al. 
(2014)

Phaseolus 
vulgaris
Zea mays

20,40 and 60 mg/L Ag-NPs 
increase chlorophyll content;
20–60 mg/L Ag-NPs increase 
leaf area, length of root and 
shoot;
20–60 mg/L Ag-NPs enhance 
carbohydrate content in Zea 
mays and Phaseolus vulgaris

80 and 100 mg/L Ag-NPs 
reduce chlorophyll content;
80–100 mg/L Ag-NPs 
decrease leaf area, length of 
root and shoot;
80–100 mg/L Ag-NPs inhibits 
carbohydrate content in Zea 
mays and Phaseolus vulgaris

Salama 
(2012)

Psychomitrella 
patens

An increase in chlorophyll 
content was observed

Liang et al. 
(2018)

Arabidopsis 
thaliana

300, 500, 1500 and 3000 mg/L 
Ag-NPs decreased PSII 
efficiency

Sosan et al. 
(2016)

Oryza sativa 1 mg/L Ag-NPs enhance 
sugar content;
1 mg/L Ag-NPs enhance 
proline accumulation

0.2, 0.5 and 1 mg/L Ag-NPs 
reduce total chlorophyll and 
carotenoid content

Nair and 
Chung 
(2014)
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increased chlorophyll content in the same species (Table  6.2). In corn and pea, 
application of 20–60 mg/L Ag-NPs resulted in an increase in chlorophyll content 
whereas a marked inhibition in chlorophyll was observed at 80–100 mg/L (Salama 
2012) (Table 6.2).

In many cases Ag-NPs caused detrimental effects to the photosynthetic system. 
Ag-NPs caused a decline in chlorophyll and chlorophyll fluorescence parameters 
and subsequently altered the photosynthetic system. In Physcomitrella patens, 
Ag-NPs inhibited thylakoid and chlorophyll content (Liang et al. 2018) (Table 6.2). 
Exogenous application of 1000 and 3000 μM Ag-NPs caused a decline in photosyn-
thetic pigments and chlorophyll fluorescence in pea (Tripathi et al. 2017) (Table 6.2). 
Decreased photosynthetic efficiency was observed at 100–5000 mg/L Ag-NPs in 
Arabidopsis thaliana (Sosan et  al. 2016) (Table  6.2). In Oryza sativa, doses of 
Ag-NPs (0–1 mg/L) enhanced total chlorophyll and carotenoid contents (Nair and 
Chung 2014) (Table 6.2). Varied doses of Ag-NPs (0.2, 0.5 and 3 mg/L) disrupted 
thylakoid membrane structure and decreased chlorophyll content (Qian et al. 2013) 
(Table 6.3).

Fig. 6.1 Diagrammatic representation showing the effects of silver Ag-NPs on plant physiological 
processes. (1) Different concentrations of Ag-NPs alter plant morphology; (2) Ag-NPs negatively 
affect photosynthesis which leads to oxidative burst within the cell; (3) Ag-NPs alter processes in 
the mitochondria, chloroplast and peroxisomes that leads to oxidative burst; and (4) Ag-NPs regu-
late stress-related genes that enhance the antioxidative defense system
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Table 6.3 Effects of exogenous application of Ag-NPs in different plant species

Plant species
Dose-dependent effect of Ag-NPs

ReferencesPositive effects Negative effects

Arabidopsis 
thaliana

Ag-NPs (0.2,0.5 and 3 mg/L) 
disrupted thylakoid 
membrane structure and 
decreased chlorophyll 
content

Qian et al. 
(2013)

Oryza sativa 30 μg/ml Ag-NPs accelerated 
root growth;
an enhanced production in 
reducing sugar content

60 μg/ml Ag-NPs restricted 
root growth;
30–60 μg/ml Ag-NPs reduce 
total carbohydrate content

Mirzajani 
et al. (2013)

Tritlcum 
aestivum Vigna 
unguiculata 
Brassica

50 mg/L Ag-NPs increase 
length and dry weight of shoot 
in wheat;
in cowpea, 50 mg/L Ag-NPs 
increase shoot and root length, 
fresh and dry weight of roots 
and shoots and root nodulation
In Brassica, 50 and 75 mg/L 
Ag-NPs increase shoot length, 
fresh and dry weight of root 
and shoot

75 mg/L Ag-NPs decrease 
shoot and root length, fresh 
and dry weight of root and 
shoot in cowpea;
In wheat, 50 and 75 mg/L 
Ag-NPs decrease root length, 
fresh and dry weight of root

Mehta et al. 
(2016)

Trigonella 
foenum-graecum

20–60 mg/kg Ag-NPs 
increased leaf area as well as 
length of roots and shoots.

higher concentrations 
(>60 mg/kg Ag-NPs) were 
inhibitory

Jasim et al. 
(2017)

Eruca sativa 1–20 mg/L Ag-NPs enhance 
root length

0.1 and 100 mg/L decrease 
root length

Vannini 
et al. (2013)

Lupinus termis 100 mg/L Ag-NPs increase 
germination percentage;
100 mg/L Ag-NPs increase 
root, shoot and seedling fresh 
weight;
100 mg/L Ag-NPs increase 
root, shoot and seedling dry 
weight;
100 mg/L Ag-NPs increase 
root, shoot and seedling length

150–900 mg/L Ag-NPs 
decrease germination 
percentage;
300–500 mg/L Ag-NPs 
decrease root, shoot and 
seedling fresh weight;
300–500 mg/L Ag-NPs 
decrease root, shoot and 
seedling dry weight;
300–500 mg/L Ag-NPs 
decrease root, shoot and 
seedling length

Al-Huqail 
et al. (2018)

Triticum 
aestivum

0–5 mg/kg Ag-NPs led to 
accumulation of oxidized 
glutathione disulfide (GSSG) 
in a dose-dependent manner

2.5 mg/kg reduce root and 
shoot length

Dimkpa 
et al. (2013)

Triticum 
aestivum

20, 200 and 2000 mg/kg 
Ag-NPs resulted in lower 
biomass, shorter plant height 
and lower plant weight

Yang et al. 
(2018)

Allium cepa 0–80 mg/L increase ROS 
generation

Panda et al. 
(2011)
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6.2.3  Plant Growth

Exogenous application of Ag-NPs imparts varied effects on plant growth (Fig. 6.1). 
In Oryza sativa, application of 30 μg/ml Ag-NPs accelerated root growth whereas 
60 μg/ml restricted root growth (Mirzajani et al. 2013) (Table 6.3). Higher percent-
age root growth and dry mass production was observed in Ag-NP-treated plants 
(Tomacheski et al. 2017). In wheat, application of 50 mg/L Ag-NPs increased length 
and dry weight of shoots (Mehta et  al. 2016) (Table  6.3). In cowpea, 50  mg/L 
Ag-NPs increased most growth biomarkers, such as shoot and root length, fresh and 
dry weight of roots and shoots and root nodulation (Mehta et al. 2016) (Table 6.3). 
In Brassica, 75 mg/L Ag-NPs provided optimum results for almost all growth bio-
markers (Mehta et al. 2016) (Table 6.3). In water hyacinth, an increase in protein 
content was observed with 100  mg/L Ag-NPs (Rani et  al. 2016) (Table  6.2), an 
improved growth was observed. Application of 30 mg/L Ag-NPs promoted growth 
in rice, maize and bean whereas growth was inhibited at higher concentrations 
(Salama 2012; Mirzajani et al. 2013) (Tables 6.2 and 6.3). Exogenous application of 
Ag-NPs (0.2  mg/seedling) increased root and shoot length, wet weight and leaf 
number in fenugreek (Jasim et al. 2017) (Table 6.3). In maize and bean, 20–60 mg/
kg Ag-NPs increased leaf area as well as length of roots and shoots. However, 
higher concentrations (>60  mg/kg Ag-NPs) were inhibitory (Salama 2012) 
(Table 6.2). In Brassica juncea seedlings, application of 25 and 50 mg/L enhanced 
shoot fresh mass, length of shoots and roots as well as vigor index (Sharma et al. 
2012) (Table 6.1). In Eruca sativa, supplementation of 1–20 mg/L Ag-NPs enhance 
root length (Vannini et al. 2013) (Table 6.3). Exogenously sourced Ag-NPs were 
correlated with increased root length, fresh and dry weight of corn, watermelon and 
zucchini in a concentration-dependent manner (Almutairi and Alharbi 2015) 
(Table 6.1). Exogenous application of 20–60 mg/L Ag-NPs increased shoot growth, 
root length and leaf area in Zea mays and Phaseolus vulgaris. However, a marked 
inhibition was observed at 80–100  mg/L Ag-NPs (Salama 2012) (Table  6.2). In 
Pennisetum glaucum, 20–50 mg/L Ag-NPs increased seedling growth (Parveen and 
Rao 2015) (Table 6.1). In Arabidopsis thaliana, an improved growth as reported in 
Ag-NP-treated plants (Geisler-Lee et al. 2014). Also in Arabidopsis thaliana, appli-
cation of 0.01–100 mg/L Ag-NPs was found to increase root length and biomass 
production (Wang et al. 2013). In Zea mays, enhanced root length and percent ger-
mination rate was observed under different concentrations of Ag-NPs (Pokhrel and 
Dubey 2013). In fenugreek, 0–40 μg ml−1 Ag-NPs enhanced root length, root fresh 
and dry weight (Hojjat and Hojjat 2015) (Table 6.2). In Lupinus termis, application 
100 mg/L Ag-NPs increased root and shoot length, root and shoot fresh weight, and 
fresh and dry weight of seedlings (Al-Huqail et al. 2018) (Table 6.3). In Triticum 
aestivum, application of Ag-NPs enhance root branching (Dimkpa et  al. 2013) 
(Table 6.3). However, at 300 and 500 mg/L Ag-NPs all parameters were reduced 
(Al-Huqail et al. 2018) (Table 6.3).

Negative effects on growth of numerous species from Ag-NP application have 
been documented. In Triticum aestivum, 2.5 mg/kg Ag-NPs led to reduction in root 
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and shoot length in a dose-dependent manner (Dimkpa et al. 2013) (Table 6.3). Also 
in T. aestivum, 20, 200 and 2000 mg/kg Ag-NPs resulted in lower biomass, shorter 
plant height and lower plant weight (Yang et  al. 2018) (Table  6.3). In soybean, 
application of 1, 10 and 30 mg/L Ag-NPs significantly reduced plant biomass (Li 
et al. 2017) (Table 6.4). Application of 1000 and 3000 μM led to a decline in growth 
in pea (Tripathi et  al. 2017) (Table  6.2). In Vicia faba, supplementation with 
100–900 μg/kg Ag-NPs decreased shoot/root ratio, leaf area and length and dry 
weight of shoot and root (Abd-Alla et al. 2016) (Table 6.2). Exogenous application 
of 0.2 μg/l Ag-NPs inhibited root hair development in Arabidopsis thaliana (Garcia- 
Sanchez et  al. 2015). Different concentrations of Ag-NPs (0.2, 0.5 and 3  mg/L) 
inhibited root growth in this species (Qian et al. 2013) (Table 6.3). Also in A. thali-
ana, 75–300 μg/l Ag-NPs led to prolongation in vegetative growth and curtailment 
of reproductive growth (Geisler-Lee et  al. 2014). Application of 67–535  μg/l 
Ag-NPs inhibited seedling root elongation in A. thaliana (Geisler-Lee et al. 2012). 
In Capsicum annuum, application of 1 mg/L decreased plant height and biomass 
(Vinkovic et  al. 2018). In cowpea, 0–20  mg/L Ag-NPs reduced growth by 52% 
(Wang et al. 2015).

6.2.4  Reactive Oxygen Species Generation

In tobacco, 500 μM Ag-NPs decreased ROS and MDA content (Cvjetko et al. 2018). 
In contrast, exogenously sourced 25 and 50 mg/L Ag-NPs increased MDA and H2O2 
content in Brassica juncea seedlings (Sharma et al. 2012) (Table 6.1). In Allium 
cepa, 0–80 mg/L Ag-NPs led to ROS generation that damages DNA structure and 
ultimately led to cell death (Panda et al. 2011) (Table 6.3). In soybean, application 
of 1, 10 and 30 mg/L Ag-NPs significantly increased MDA and H2O2 content in 
leaves (Li et  al. 2017) (Table  6.4). In rice leaves, 0.1, 0.5 and 1  mg/L Ag-NPs 
enhanced MDA and H2O2 content (Li et al. 2017) (Table 6.4). In Solanum tuberosum, 
different concentrations of Ag-NPs (2, 10 and 20  mg/L) increased total ROS 
(Homaee and Ehsanpour 2016) (Table 6.4). Exogenous application of 100–5000 mg/L 
Ag-NPs induced ROS accumulation in Arabidopsis thaliana (Sosan et  al. 2016) 
(Table 6.2).

6.2.5  Accumulation of Compatible Solutes

In water hyacinth, application of 1–10 mg/L Ag-NPs increased carbohydrate con-
tent (Rani et al. 2016) (Table 6.2). Application of 20–60 mg/L Ag-NPs enhanced 
carbohydrate content in Zea mays and Phaseolus vulgaris in a concentration- 
dependent manner. However, a significant inhibition was observed at higher con-
centrations (80–100 mg/L) (Salama 2012) (Table 6.2). In Oryza sativa, different 
concentrations of Ag-NPs (1 mg/L) enhanced sugar content (Nair and Chung 2014) 
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Table 6.4 Effects of exogenous application of Ag-NPs in different plant species

Plant species
Dose-dependent effect of Ag-NPs

ReferencesPositive effects Negative effects

Glycine max 1,10 and 30 mg/L 
increase MDA and 
H2O2 content

Li et al. (2017)

Oryza sativa 0.1, 0.5 and 
1 mg/L Ag-NPs 
enhanced MDA 
and H2O2 content

Li et al. (2017)

Solanum 
tuberosum

2,10 and 20 mg/L Ag-NPs increase 
the activities of SOD, CAT, APX 
and GR

Ag-NPs (2,10 and 
20 mg/L) 
increased total 
ROS

Bagherzadeh 
homaee and 
Ehsanpour (2016)

Triticum 
aestivum

Ag-NPs increase fresh and dry 
weight, total chlorophyll content, 
soluble sugar content and 
antioxidant enzymes under salt 
stress;
Ag-NPs lowered MDA and H202 
content; an enhancement in total 
soluble sugars and proline content 
was reported

Mohamed et al. 
(2017)

Wolffia globosa Enhanced activities of CAT and 
POX were observed at 10 mg/L 
Ag-NPs

Zou et al. (2017)

Lycopersicon 
esculentum

Ag-NPs enhance germination under 
salinity stress

Almutairi (2016)

Lathyrus sativus 5–15 mg/L Ag-NPs enhance 
germination speed index

Hojjat (2019)

Thymus vulgaris 
and T. daenensis

0–10 mm/L Ag-NPs increase 
germination percentage, shoot and 
root length, and seed vigor in under 
salinity stress

Ghavam (2018)

Foeniculum 
vulgare

20 mg/kg of nano-silver particles 
showed highest germination 
percentage, germination speed and 
vigor of stem

Ekhtiyari et al. 
(2011)

Lycopersicon 
esculentum

20 mg/L Ag-NPs increase 
percentage plant survival at 
different levels of salinity;
Varied concentrations of Ag-NPs 
improved average fruit diameter 
and weight, number of branches 
and plant height

Younes and Nassef 
(2015)

Cuminum 
cyminum

10–30 mm/L Ag-NPs enhance 
germination percentage, shoot 
length, root length and seed vigor

Ekhtiyari and 
Moraghebi (2011)
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(Table 6.2). Exogenous application of 30–60 μg/ml Ag-NPs reduce total  carbohydrate 
content in Oryza sativa (Mirzajani et al. 2013) (Table 6.3). However, an enhanced 
production in reducing sugar content was observed (Mirzajani et  al. 2013) 
(Table 6.3).

6.2.6  Enzymatic and Non-enzymatic Antioxidants

Exogenous application of Ag-NPs results in an improved antioxidative defense sys-
tem (Fig.  6.1). Ag-NPs have the potential to modify oxidation and antioxidant 
homeostasis in plants (Yang et al. 2017) (Table 6.3). In Triticum aestivum, Ag-NPs 
limited oxidative stress via adjustment of the antioxidative defense system in a 
concentration- dependent manner (Mohamed et al. 2017) (Table 6.4). Also in T. aes-
tivum, 0–5  mg/kg Ag-NPs led to accumulation of oxidized glutathione disulfide 
(GSSG) in a dose-dependent manner (Dimkpa et  al. 2013) (Table 6.3). In water 
hyacinth, supplementation with 1–100  mg/L Ag-NPs increased SOD activity 
whereas a reduction in CAT and POX activity was observed at similar concentra-
tions (Rani et  al. 2016) (Table  6.2). Enhanced activities of antioxidant enzymes 
were observed at high concentrations of Ag-NPs (50, 100, 200 and 400 mg/L) in 
Brassica juncea, and increased proline content was noted (Sharma et  al. 2012) 
(Table 6.1). In Wolffia globosa, enhanced activities of CAT and POX were observed 
at 10 mg/L Ag-NPs (Zou et al. 2017) (Table 6.4). Exogenous application of 1000 
and 3000 μM Ag-NPs inhibited the activities of glutathione reductase (GR) and 
dehydroascorbate reductase (DHAR) in pea (Tripathi et  al. 2017) (Table  6.2). 
Different concentrations of Ag-NPs (2, 10 and 20  mg/L) increased activities of 
SOD, CAT, ascorbate peroxidase (APX) and GR (Homaee and Ehsanpour 2016) 
(Table  6.4). In Oryza sativa, Ag-NPs enhanced proline accumulation (Nair and 
Chung 2014; Table 6.2).

6.3  Effect of Silver Nanoparticles Under Plant Abiotic Stress

6.3.1  Salt Stress

Previous studies have revealed positive effects of Ag-NPs under salinity stress 
(Latef et  al. 2017). In Lycopersicon esculentum, Ag-NPs enhanced germination 
under salinity stress (Almutairi 2016) (Table 6.4). Application of different concen-
trations of Ag-NPs to Triticum aestivum increased fresh and dry weight, total chlo-
rophyll content, soluble sugar content and antioxidant enzymes under salt stress 
(Mohamed et al. 2017) (Table 6.4). Application of Ag-NPs lowered MDA and H2O2 
content in wheat (Mohamed et al. 2017) (Table 6.4). In Lathyrus sativus, application 
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of 0–10 mg/L Ag-NPs enhanced seed germination, shoot and root length and pro-
line content under salt stress (Hojjat 2019) (Table 6.4). Exogenous application of 
0–10 mm/L Ag-NPs increased germination percentage, shoot and root length, and 
seed vigor in Thymus vulgaris and T. daenensis under salinity stress (Ghavam 2018) 
(Table 6.4). Exogenous application of 2 mg/L Ag-NPs enhanced root length, and 
seedling fresh and dry weight in tomato (Almutairi 2016) (Table 6.4). In Foeniculum 
vulgare, application of 20  mg/kg Ag-NPs improved germination percentage and 
vigor (Ekhtiyari et  al. 2011) (Table  6.4). In tomato, 20  mg/L Ag-NPs increased 
percentage plant survival at different levels of salinity (Younes and Nassef 2015) 
(Table  6.4). Moreover, varied concentrations of Ag-NPs improved average fruit 
diameter and weight, number of branches and plant height (Younes and Nassef 
2015) (Table 6.4). In Cuminum cyminum, 20 mg/kg Ag-NPs enhanced germination 
percentage, fresh weight as well as length of rootlets under salinity stress (Ekhtiyari 
and Moraghebi 2011) (Table 6.4). A dosage of 40 mg/kg Ag-NPs to Ocimum basi-
licum led to enhancement in germination percentage and improved resistance to 
salinity (Darvishzadeh 2015) (Table  6.5). In fenugreek, low concentrations of 
Ag-NPs enhanced germination percentage under different concentrations of NaCl 
(5, 10, 15 and 20 dS/m) (Hojjat and Kamyab 2017). Inhibition in root length of 
Arabidopsis thaliana under salt stress was alleviated by supplementation of Ag-NPs 
(Qian et al. 2013) (Table 6.3). An enhancement in total soluble sugars and proline 
content was reported (Mohamed et al. 2017) (Table 6.4). Ag-NPs and salt stress in 
combination increased activity of catalase (CAT) and peroxidase (POX) in wheat 
plants (Mohamed et al. 2017) (Table 6.4). In leaves of Lycopersicon esculentum, 
75 mg/L Ag-NPs enhanced CAT and POX activity under salinity stress (Mehrian 
et al. 2015) (Table 6.5). In castor seedlings, Ag-NPs promoted the activities of SOD 
and POX under salt stress (Yasur and Rani 2013) (Table 6.5).

6.3.2  Flooding Stress

In saffron, application of 40 and 80 mg/L Ag-NPs increase root number under flood-
ing stress. However, a marked reduction in root number was observed at 120 mg/L 
Ag-NPs (Rezvani et al. 2012) (Table 6.5). Root length was significantly increased at 
40 mg/L and inhibited at 80 and 120 mg/L Ag-NPs (Rezvani et al. 2012) (Table 6.5). 
Root fresh and dry weight was significantly increased at 40 and 80 mg/L Ag-NPs 
whereas a marked reduction was reported at 120 mg/L Ag-NPs (Rezvani et al. 2012) 
(Table 6.5). Leaf bud number was significantly increased at 40, 80 and 120 mg/L 
Ag-NPs whereas leaf bud length showed a significant reduction at above-mentioned 
concentrations (Rezvani et  al. 2012) (Table 6.5). In soybean, 2 mg/L Ag-NPs of 
various sizes (2, 15 and 50–80  nm) enhanced seedling weight under flooding 
(Mustafa et al. 2015) (Table 6.5).
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6.3.3  Heat Stress

In wheat, application of Ag-NPs from 25–75 mg/L increased fresh and dry weight 
of plants under heat stress. However, a marked decline was observed at 100 mg/L 
(Iqbal et  al. 2019) (Table  6.5). Root and shoot length also shows a significant 
increase at 25, 50 and 75 mg/L Ag-NPs whereas inhibited at 100 mg/L (Iqbal et al. 

Table 6.5 Effects of exogenous application of Ag-NPs in different plant species

Plant species
Dose-dependent effect of Ag-NPs

ReferencesPositive effects Negative effects

Ocimum 
basilicum

40 mg/kg Ag-NPs enhance 
germination percentage and 
improved resistance to salinity

Darvishzadeh 
(2015)

Lycopersicon 
esculentum

75 mg/L Ag-NPs enhanced CAT 
and POX activity under salinity 
stress

Mehrian et al. 
(2015)

Riccinus 
communis

Ag-NPs promoted the activities 
of SOD and POX under salt 
stress

Yasur and Rani 
(2013)

Crocus sativus 40 and 80 mg/L Ag-NPs increase 
root length;
40, 80 and 120 mg/L Ag-NPs 
increase leaf bud number;
40, 80 and 120 mg/L Ag-NPs 
increase root fresh and dry 
weight;
80 and 120 mg/L Ag-NPs 
increase leaf bud dry weight;
40 and 80 mg/L Ag-NPs increase 
root number under flooding stress

120 mg/L Ag-NPs 
decrease root length;
40 mg/L Ag-NPs 
decrease leaf bud dry 
weight;
40, 80 and 120 mg/L 
Ag-NPs decrease leaf 
bud dry weight;
a marked reduction in 
root number was 
observed at 120 mg/L 
Ag-NPs

Rezvani et al. 
(2012)

Glycine max 2 mg/L Ag-NPs of various sizes 
(2,15 and 5080 nm) enhance 
seedling weight under flooding 
stress

Mustafa et al. 
(2015)

Triticum 
aestivum

50 and 75 mg/L Ag-NPs increase 
plant fresh weight;
25–100 mg/L Ag-NPs increase 
plant dry weight;
25–100 mg/L Ag-NPs increase 
root and shoot length;
25–100 mg/L Ag-NPs increase 
leaf number;
25–75 mg/L Ag-NPs increase 
leaf area;
25–100 mg/L Ag-NPs increase 
leaf fresh and dry weight

100 mg/L Ag-NPs 
decrease plant fresh 
weight, leaf area and leaf 
number

Iqbal et al. 
(2019)
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2019) (Table 6.5). A significant increase in leaf area, leaf number, leaf fresh weight 
and leaf dry weight was observed at 25, 50 and 75 mg/L Ag-NPs (Iqbal et al. 2019) 
(Table 6.5).

6.4  Conclusions

After summarizing the data, it is clear that Ag-NPs impart both positive and nega-
tive effects on plants. Additionally, Ag-NPs can improve growth, chlorophyll con-
tent, photosynthetic efficiency and antioxidative defense systems under abiotic 
stress. Despite being an active area of research, the effects of Ag-NPs on plants are 
still far from being conclusively studied. A well-established and coordinated 
research program is needed that clearly explains the optimal doses of nanoparticles 
to use for different crops under different environmental conditions. Undoubtedly, a 
rich area for future investigation remains.
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Chapter 7
Silicon Nanoparticles and Plants: Current 
Knowledge and Future Perspectives

Husna Siddiqui, Khan Bilal Mukhtar Ahmed, Fareen Sami, 
and Shamsul Hayat

Abstract The use of nanotechnology in agriculture is increasing at a phenomenal 
rate. It is, therefore, necessary to appreciate and elucidate the role of nanoparticles 
(NPs) in plant growth and development. Silicon is regarded as a ‘quasi-essential’ 
element for plants and regulates a range of physiological processes including germi-
nation, vegetative growth, photosynthesis and stress tolerance. It is, therefore, of 
importance to assess the effects of silicon nanoparticles (SNPs) on these physiologi-
cal processes, as SNPs are considered more efficient than their bulk particles due to 
their small size and high surface area and reactivity. The present chapter deals with 
the role of SNPs in plant growth, photosynthesis and stress tolerance. Additionally, 
potential toxic effects of NPs are presented.

Keywords Antioxidants · Drought · Germination · Growth · Heavy metals · 
Nanotechnology · OsNAC protein · OsHMA3 · Oxidative stress · Photosynthesis · 
Protein · Salinity · Silicon

7.1  Introduction

Meeting the demands of ever-increasing world population requires a concurrent 
increase in crop yield. Use of fertilizer, herbicides and pesticides to enhance crop 
production per unit area is a common strategy adopted by farmers. Synthetic fertil-
izers have proven beneficial in improving crop productivity; however, they may also 
cause nutrient imbalances and are often costly. Heavy use of chemical fertilizers 
may be detrimental to local environments, for example by leaching and runoff to 
nearby water bodies. The development of an alternative eco-friendly approach that 
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could address mineral deficiencies, and plant growth and development is necessary. 
One such approach is to employ nanotechnology. The synthesis and use of 
 nanoparticles is of substantial interest in recent research, due to the remarkable 
progress of nano-science and nanotechnology and the broad applications of nano-
materials (Huan and Shu-Qing 2014).

Nanotechnology is an emerging tool that offers remarkable applications to bio-
technology, agriculture, and other disciplines. In agriculture, nanotechnology has 
the potential to increase food quality, global food production, plant protection, 
detection of plant and animal diseases, monitoring of plant growth and reduction of 
waste (Gruere et al. 2011; Frewer et al. 2011; Bagchi et al. 2012; Prasad et al. 2014; 
Biswal et al. 2012; Ditta 2012; Sonkaria et al. 2012). Due to their small size, high 
surface area to weight ratio, and different shapes, nanoparticles (NPs) exhibit mark-
edly different properties than their bulk counterparts (Roduner 2006). The high sur-
face to volume ratio increases their reactivity including biochemical activity 
(Dubchak et al. 2010). By virtue of their small size, they have the potential to cross 
cell walls and plasma membranes to facilitate effective absorption (Monica and 
Cremonini 2009). Therefore, NPs can be used to increase the supply of elements 
to plants.

Silicon (Si), the second-most abundant element found in the earth’s crust, is a 
metalloid considered beneficial to plants (Epstein 1994; Luyckx et al. 2017; Siddiqui 
et al. 2018). Silicon is absorbed in the form of mono-silicic acid by plants and is 
transported across the plant via different transporter governed by genes such as 
LSi1, LSi2, and LSi6 (Rao and Susmitha 2017). Silicon is known to be deposited on 
the epidermal wall and vascular tissue of the stem, leaf and sheath in plants, espe-
cially monocots (Ma and Yamaji 2006; Currie and Perry 2007; Parveen and Ashraf 
2010). Silicon is also known to regulate numerous physiological activities in vari-
ous flora (Bao-Shan et al. 2004). However, Si nanoparticles (Si-NPs) present differ-
ent physio-chemical properties as compared to bulk formulations (O’Farrell et al. 
2006). Si-NP-mediated response is a function of the size, shape, physio-chemical 
properties, and method of application of the NPs (Rastogi et al. 2017).

7.2  Silicon Nanoparticle-Mediated Regulation 
of Physiological Processes

7.2.1  Germination

The use of NPs for improving seed germination and seedling growth is well docu-
mented (Zheng et  al. 2005; Shah and Belozerova 2009; Siddiqui and Al-Whaibi 
2014; Sabaghnia and Janmohammadi 2014 ). In tomato (Lycopersicon esculentum), 
Si-NPs improve seed germination, mean germination time, seed germination index, 
seed vigor index, seedling fresh weight and dry weight when supplied at low con-
centrations (Siddiqui and Al-Whaibi 2014). In maize, Si-NP-mediated increases in 
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seed germination are attributed to improved availability of nutrients to seeds 
(Suriyaprabha et  al. 2012). In Changbai larch (Larixolgensis) seedlings, Si-NPs 
improved seedling growth and quality including mean height, root collar diameter, 
main root length, and number of lateral roots of seedlings. The Si-NPs also induced 
synthesis of chlorophyll (Bao-shan et al. 2004). Seed germination traits including 
percent germination and germination rate, length, fresh and dry mass of root and 
shoot of Thymus kotschyanus seedlings increased after application of nano-Si 
(Khalaki et al. 2016). Pre-chilling seeds with Si-NPs break dormancy and promote 
seed germination, and increase dry weight of seedling roots and shoots in tall wheat-
grass (Thinopyrum intermedium) (Azimi et al. 2014). Moreover, vigor index and 
mean germination time increased in the presence of Si-NPs. Seed priming as well 
as seed soaking in Si-NPs increase seedling root and shoot length along with seed-
ling biomass and vigor index of Helianthus annuus (Janmohammadi and Sabaghnia 
2015). Germination and growth of soybean (Glycine max L.) was improved when a 
mixture of nano-size silicon dioxide was incorporated into the growth medium. The 
ability to absorb water and fertilizer increased due to enhanced nitrate reductase 
(NR) activity and stimulation of antioxidant systems (Lu et al. 2002). Promotive 
effects of Si-NPs on percent seed germination, length and dry weight of root and 
shoot has been reported in rice (Oryza sativa) seedlings (Adhikari et al. 2013). SiO2 
NPs improved the activity of carbonic anhydrase and synthesis of photosynthetic 
pigments that resulted in elevated photosynthetic rate of seedlings (Siddiqui et al. 
2014; Xie et al. 2012). It is clear, therefore, that nano-SiO2 has a significant impact 
on seed germination potential.

7.2.2  Growth

Fitriani and Haryanti (2016) reported that different concentrations of Si-NPs, when 
used as fertilizer, promoted plant height, leaf number, and root length of Solanum 
lycopersicum. Nano-silica fertilizer promoted net assimilation rate (NAR), leaf area 
index (LAI), relative growth rate (RGR) and yield of soybean plants but did not 
affect height, number of leaves or stem diameters of plants (Suciaty et al. 2018). It 
is suggested that accumulation of Si in leaves is beneficial in maintaining leaves 
upright and stretching leaf surfaces to capture maximum sunlight, thus optimizing 
photosynthesis. Increased photosynthesis will enhance photosynthate accumula-
tion, which can be stored as a reserve in vegetative organs such as roots, leaves and 
stems (Putri et al. 2017). Si-NPs at low doses increased shoot and root fresh and dry 
weight of Triticum aestivum (Karimi and Mohsenzadeh 2016). Treating fenugreek 
seeds with 50 mg/L Si-NPs increased shoot length by 66% and seedling length by 
55% compared to the control treatment (Ivani et al. 2018). Foliar spray of Si-NPs (0, 
15, 30, 60 and 120 mg/L) increased the growth, yield and chemical composition of 
cucumber (Cucumis sativus) (Yassen et  al. 2017). Growth parameters studied 
included plant height, fresh and dry weight of leaves/plant, number of leaves and 
fruits/plant, mean weight of fruit, fruit length and yield. Of all concentrations of 
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Si-NPs, 60 mg/L proved the most effective dose for increasing biomass (Yassen 
et al. 2017). A Si-NP-mediated increase in growth could be an outcome of elevated 
levels of free amino acids, protein, total nitrogen, phosphorus and potassium (Li 
et al. 2012).

7.2.3  Photosynthesis

Plants convert solar energy to chemical energy via photosynthesis. Only 2–4% of 
available radiation energy converted by plants is used in plant growth and develop-
ment (Kirschbaum 2011). A prime focus of research at present is to improve photo-
synthetic efficiency of plants by gene manipulation and other techniques. 
Nanotechnology is also capable of improving the function of photosynthetic 
machinery. As Si bulk particles are known to improve photosynthetic efficiency 
(Siddiqui et  al. 2018), Si-NPs have gained significant attention by researchers. 
Unfortunately, however, data related to the effects of NPs on the photosynthetic 
apparatus remain scarce.

The light absorbed by plants could be more efficiently utilized when treated with 
Si-NPs; consequent increases in content of photosynthetic pigments may occur as a 
natural response. In Zea mays, Si-NPs positively affected contents of chlorophyll 
(chl) a, b and carotenoids at all concentrations used (400, 2000 and 4000 mg/L); 
however, 400 mg/L resulted in maximal increase in all photosynthetic pigments in 
relation to the control (Sharifi et al. 2016). SiO2 NPs improved photosynthesis, PSII 
activity, photochemical efficiency, electron transport rate, photochemical quench-
ing, carbonic anhydrase activity, net photosynthetic rate, transpiration rate, stomatal 
conductance, and synthesis of photosynthetic pigments in Indocalamus barbatus 
and Cucurbita pepo (Siddiqui et al. 2014; Xie et al. 2012).

7.2.4  Cellular Redox Status during Abiotic Stress

Adverse climatic factors such as drought, heat, freezing, and soil contamination by 
salt and heavy metals comprise key growth stressors that significantly limit produc-
tivity and quality of crop species worldwide (Kumar 2013). Abiotic stress alters 
morphology, physiology and biochemistry of plants, ultimately reducing growth 
and productivity (Kumar 2013). Emerging information and novel approaches must 
continuously be applied in a timely and effective manner by both the research and 
applied agricultural communities. Nanotechnology is a promising strategy to cope 
with the above adverse scenarios and must be exploited for alleviation of abiotic 
stresses.
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7.2.4.1  Salt Stress

Soil salinity is one of the primary environmental constraints worldwide, particularly 
in arid and semiarid regions, which limit plant growth and productivity in agricul-
tural systems (Flowers 2004; Koca et  al. 2007). The Salinity Laboratory of the 
U.S. Department of Agriculture (USDA) defines a saline soil as having an electrical 
conductivity of 4 dS/m or greater. Salinity stress in soils occurs due to natural accu-
mulation of salts, poor irrigation practices and over-fertilization.

The inhibitory effect of salinity on growth, elongation and division of cells is 
attributed to alteration in water status of plants which ultimately causes cell death 
(Munns 2002). Salinity imparts both osmotic (cell hydration) and toxic (ion accu-
mulation) impacts on plants (Desai et al. 2011). Salinity stress induces synthesis of 
abscisic acid (ABA) which is transported to guard cells and causes stomatal closure; 
photosynthesis becomes limited, with consequent photo-inhibition and oxidative 
stress. These effects lead to immediate inhibition of cell expansion, evident as inhib-
ited plant growth and development, and accelerated senescence (Chinnusamy 
et al. 2006).

Salinity limits photosynthesis and carbon uptake for dark reactions, causing a 
reduction in the electron transport during photosynthesis, and channelization of 
photon energy towards processes involved in reactive oxygen species (ROS) gen-
eration (Hichem and Mounir 2009). Singlet oxygen, superoxide radical (O2

−), 
hydroxyl radical (OH), and hydrogen peroxide (H2O2) are some of the major ROS 
generated in plants (Zushi et al. 2009) that can cause peroxidation of membrane 
lipids and consequent destruction to proteins, DNA, and lipids (Pompelli et  al. 
2010; Sgherri et al. 2000; Vardharajula et al. 2012). Over-generation of ROS causes 
oxidative damage to cellular components, leading to cell death (Noctor and 
Foyer 1998).

Si-NPs improved water use efficiency and relative water content thereby increas-
ing turgor pressure (Rawson et al. 1988). One gram of Si-NPs, diameter 7 nm, has 
an absorption surface of approximately 400 m2; hence, Si-NP application affects 
water translocation that ultimately improves water use efficiency (Wang and 
Naser 1994).

Salinity stress increases osmotic potential and increases Na+ ion accumulation 
which results in stunted growth. However, Si-NPs reduce Na toxicity by reducing 
Na absorption, resulting in restoration of vigorous growth (Raven 1983). Application 
of Si-NPs increased shoot fresh and dry weight of basil (Ocimum basilicum) under 
saline conditions (Kalteh et al. 2018). Salinity results in marked reduction in germi-
nation percentage, length of roots and shoots, seedling fresh weight and dry weight. 
However, application of Si-NPs in salt-stressed lentil allowed for growth attributes 
to return to optimal levels (Sabaghnia and Janmohammadi 2014). An increase in 
seed germination under saline conditions might be due to absorption and utilization 
of Si-NPs by seeds (Suriyaprabha et al. 2012). Content of nitrogen, phosphorus and 
potassium (NPK) in leaves decreased under saline conditions; however, application 
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of different concentrations of Si-NPs (15, 30, 60 and 120 mg L−1) restored the NPK 
content (Yassen et al. 2017). Si-NPs significantly mitigated symptoms of salinity 
stress in Capsicum annum L. and increased the values of various growth (plant 
height, leaves fresh and dry weight) and physiological parameters (chl and leaf NPK 
content) (Tantawy et al. 2015).

7.2.4.2  Water Stress

Water is necessary for plant survival – it is required for maintaining cell turgor 
pressure, transport of nutrients, and as a reactant in numerous processes. During 
drought conditions plants weaken, resulting in restricted growth and high mortality 
(Martinez-Vilata and Pinol 2002; Bigler et al. 2007; Mahajan and Tuteja 2005). 
Upon encountering drought conditions plants opt for either avoidance or tolerance; 
these strategies include morphological and/or physiological adjustments 
(Bassett 2013).

Photosynthesis and stomatal conductance of hawthorn (Crataegus sp.) increased 
during drought stress in the presence of Si-NPs (Ashkavand et al. 2015; Pei et al. 
2010). Leaf water potential acts as a prime indicator for estimating degree of plant 
stress during water deficits (McCutchan and Shackel 1992). Xylem water potential 
decreased in seedlings suffering from drought stress; however, application of Si-NPs 
mitigated the effect of drought on xylem water potential (Ashkavand et al. 2015).

Relative water content (RWC), which operates complementary to xylem water 
potential, is used to evaluate the water status of plants (Zarafshar et al. 2014). RWC 
is affected by water availability but was not influenced by Si-NPs (Ashkavand et al. 
2015). During water stress, both cell membrane permeability and selectivity change, 
where the former increases and latter decreases, which is evident from increased 
electrolyte leakage (Blokhina et al. 2003). We found a general increase of electro-
lyte leakage under severe drought stress, which suggests the occurrence of cell 
membrane damage (Campos et al. 2003).

Estimation of malondialdehyde (MDA) content is a useful indicator of oxidative 
damage to membrane lipids, which increases under severe drought conditions. 
Treating plants with Si-NPs decreased MDA content (Ozkur et al. 2009; Ashkavand 
et al. 2015). Decreased content of leaf pigment (chl and carotenoid) is an indicator 
of drought stress severity which was restored upon Si-NP application to plants 
(Egert and Tevini 2002; Ashkavand et al. 2015). Si-NP application increased chlo-
rophyll content in Zea mays L. and Larix olgensis seedlings (Yuvakkumar et  al. 
2011; Bao-shan et al. 2004). The increase in pigment, growth and yield of plants 
upon Si-NP supplementation under drought conditions might be due to an increase 
in nitrogen, potassium and silicon content in plant tissue (Alsaeedi et  al. 2019). 
Controlled-release fertilizer (CRF) containing Si-NPs in the core is proficient in 
gradually releasing nutrients and withholding substantial quantities of water in soil; 
this could help plants tolerate drought conditions (Mushtaq et al. 2018).
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7.2.4.3  Heavy Metals

Cadmium (Cd) is one of the most toxic, persistent and bio-accumulative heavy met-
als (Yousaf et  al. 2016; Shoeva and Khlestkina 2018). It is harmful even at low 
concentrations. Cadmium enters soil in industrial and mining waste, via sewage 
sludge release to water bodies and soil, and atmospheric deposition (Rizwan et al. 
2018). Cadmium reduces photosynthesis, growth and yield of plants (Hayat et al. 
2010). Si-NP application to plants in the presence of Cd has been found to enhance 
biomass and growth (Hussain et al. 2019). Si-NP-mediated increases in plant growth 
might be due to its alleviative role under heavy metal stress (Tripathi et al. 2015). 
NPs promote nutrient availability to plants and hence could serve as the driver 
behind NP-mediated enhancement of growth (Liu and Lal 2015).

Silicon enhances protein content and protects cell membranes from injury 
(Nazaralian et al. 2017; Merwad et al. 2018). Moreover, Si accumulates in leaf apo-
plasts and acts as a barrier to protect plants from stress, thus promoting growth 
(Silva et al. 2017). Si-NPs protect the photosynthetic apparatus from Cd toxicity, 
which is possibly due to Si-mediated enhancement of accumulation of nutrients and 
water leading to opening of the xylem and cell wall thickening (Hussain et al. 2019; 
Asgari et al. 2018; Gao et al. 2018). In the presence of Cd, Si-NPs decreased ROS 
content and increased antioxidant enzyme activities to protect cell membrane integ-
rity, plausibly due to restricted Cd entry into plants (Hussain et al. 2019). Cui et al. 
(2017) reported that survival of rice cells under Cd toxicity was observed to be 
dependent on size of Si-NPs. NPs up-regulate gene expression for Si uptake 
(OsLsi1) and Cd transport to vacuoles (OsHMA3), and down-regulate the genes 
responsible for Cd uptake (OsLCT1 and OsNRAMP5).

Arsenic (As) is a toxic metalloid that adversely affects plant growth by decreas-
ing photosynthesis and increasing ROS generation (Tripathi et al. 2016). However, 
application of Si-NPs prevents damage and restores the photosynthetic machinery. 
Si-NPs also enhance the activities of antioxidant enzymes to counter ROS genera-
tion (Tripathi et al. 2016).

Si-NPs improved growth of pea seedlings experiencing chromium (Cr) toxicity. 
Chromium accumulates in plant cells and accelerates the accumulation of ROS that 
alters photosynthetic activity as well as nutrient uptake, ultimately reducing plant 
growth (Gangwar and Singh 2011). Tripathi et al. (2015) demonstrated that Si-NP 
addition to Cr-stressed plants ameliorates Cr-induced toxicity symptoms related to 
chlorophyll florescence, pigment content, and protein and nutrient status of the 
plant, resulting in improved growth. The improvement in physiological parameters 
is accompanied by a marked reduction in Cr accumulation in plant parts. The 
enhanced stress tolerance, mediated by the Si-NPs, could be attributed to the ability 
of Si to up-regulate the expression of osNAC proteins that are responsible for up- 
regulation of genes for stress tolerance, proline synthesis, soluble sugar biosynthe-
sis and redox homeostasis (Manivannan and Ahn 2017).
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7.3  Si Nanoparticle-Generated Phytotoxicity

The use of NPs in agriculture has become an area of great interest for agronomists 
and plant biology researchers (Haghighi and Pessarakli 2013; Pourkhaloee et  al. 
2011). At present, results demonstrating phytotoxicity of NPs are contradictory 
(Dietz and Herth 2011; Miralles et al. 2012; Judy and Bertsch 2014). Some studies 
show no toxicity symptoms of Si-NPs in plants while others reveal negative effects 
on plants (Bao-shan et al. 2004; Siddiqui and Al-Whaibi 2014). Lu et al. (2002) 
reported that Si-NPs did not impart any toxic effects to Glycine max. Bao-Shan 
et al. (2004) observed that growth and quality of Larix seedlings increased in the 
presence of Si-NPs. Si-NP-mediated toxicity was reported by Lee et al. (2010) on 
Arabidopsis thaliana; however, the toxicity was not as strong as that of Zn and 
Fe-NPs. High doses of Si-NPs decreased fresh and dry weight, and volume of roots 
in tomato when compared with control plants (Haghighi and Pessarakli 2013).

There exist very few reports where Si-NPs were proved to have a negative impact 
on plants (Slomberg and Schoenfisch 2012). High levels of Si-NPs are known to 
induce cytotoxic effects in meristematic cells of Allium cepa (Silva and Monteiro 
2017) where cytotoxicity was confirmed by the decline of the mitotic index. Si-NPs 
interfere with regular mitosis, preventing cells from entering prophase and obstruct-
ing the mitotic cycle during interphase. This effect constrains synthesis of DNA/
protein which ultimately results in reduced root growth and germination rate. This 
Si-NP-mediated effect may be regarded as mitodepressive. Likewise, Lee et  al. 
(2010) observed that 42.8  nm Si-NPs promoted root elongation in Arabidopsis 
thaliana at low concentration, but proved toxic at higher concentrations. The phyto-
toxicity of Si-NPs was assessed as a function of particle size (14, 50, and 200 nm) 
with 50 and 200 nm Si-NPs displaying phytotoxicity expressed in the form of chlo-
rosis due to inadequate synthesis of chlorophyll (Slomberg and Schoenfisch 2012).

It has been suggested that Si-NP-generated toxicity arises due to the ability of the 
negatively charged Si-NPs (size 50 and 200 nm) to adsorb nutrients, making them 
unavailable for plant uptake (Sollins et al. 1988). Growth retardation and chlorosis 
are major development problems in plants which result from deficiencies of macro- 
and micronutrients like nitrogen, phosphorus, potassium, iron, zinc, and manganese 
(Van Patten 2004).

Particle size and surface area are considered crucial from a toxicological per-
spective: reduction in particle size increases surface area and the proportion of 
atoms or molecules (Nel et al. 2006). This size-dependent feature of NPs affects 
interfacial reactivity and the ability to pass through physiological barriers. The 
uptake and phytotoxicity of NPs depend upon particle size, where smaller particles 
accumulate to higher levels and prove more toxic as compared to their bulk particles 
(Larue et al. 2012; Slomberg and Schoenfisch 2012; Judy et al. 2012). However, it 
is uncertain whether this variation in toxicity results from changes in the size- 
dependent specific surface area. For example, SiO2 NPs measuring 12.5-nm exhib-
ited more toxicity to Pseudokirchneriella subcapitata in comparison to the NPs 
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having 27.0  nm, but once normalized by surface area, no significant difference 
exists (Van Hoecke et al. 2008).

7.4  Summary and Conclusions

Si-NPs are very small particles, and it is speculated that their entry into the plant cell 
via Si transporters (lsi1) is a relatively simple task. Si-NPs increase seed germina-
tion by enhancing nutrient availability (Fig. 7.1). They promote stomatal conduc-
tance and water uptake that leads to elevation of photosynthesis. Si-NPs also 
increase uptake of Si, which increases expression of OsNAC proteins that are known 
to regulate stress, and proline and sugar accumulation (Fig. 7.1).

During salinity stress Si-NPs block the uptake of NaCl to protect the plant from 
salt toxicity. Si-NPs also may protect plants from heavy metal toxicity. Si-NPs 
direct the translocation of Cd into vacuoles via expression of OsHMA3 which is 
valuable in reducing cellular toxicity (Fig.  7.1). Moreover, Si-NPs enhance the 
antioxidant defence system by reducing ROS accumulation, thereby preventing 
oxidative damage in plants. Growth promotive and stress mitigating properties of 
Si-NPs must be further examined and exploited in different horticultural crops.

Fig. 7.1 Role of Si nanoparticles on the physiology of plants
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Chapter 8
Interaction Between Copperoxide 
Nanoparticles and Plants: Uptake, 
Accumulation and Phytotoxicity

Abreeq Fatima, Shikha Singh, and Sheo Mohan Prasad

Abstract A natural question arose when scientists and engineers began formulat-
ing and using nanoparticles (NPs): “Why are they so interesting? Why are studies of 
these extremely small entities are so fascinating, and why are they so challenging to 
handle as well as to synthesize?” The unique property possessed by all nanoparti-
cles is where the answer lies. The term nano is adapted from the Greek word ‘dwarf’ 
and denotes 10−9 when used as a prefix. The use of nanoparticles (NPs) extends their 
potential into agricultural soils and indeed the formulations of NPs may be devel-
oped to improve nutrient and quality of crops. The rapid development of synthe-
sized nanoparticles combined with their potential risks to public health and the 
environment has raised considerable concerns. A significant aspect regarding risk 
assessment of NPs is understanding the interaction between plants and NPs. Plants, 
which are fundamental components of all ecosystems, play an important role in fate 
and transport of NPs in the environment through uptake and bioaccumulation. The 
degree of accumulation of nanoparticles by plants depends on physicochemical 
characteristics such as shape, size, agglomeration state, chemical composition and 
others. Since, copper is an essential micronutrient for plants and play important role 
in the activation of several enzymes such as cytochrome c oxidase, superoxide dis-
mutase, ascorbate oxidase, amine oxidase etc. and as electron transport carriers in 
plants i.e. plastocyanin (Sekine R, Marzouk ER, Khaksar M, Scheckel KG, 
Stegemeier JP, Lowry GV, Donner E, Lombi E, J Environ Qual, 46(6):1198–1205, 
2017). This chapter discusses the nature of copperoxide nanoparticles (CuO NPs), 
their uptake and translocation mechanisms, and their toxic effects on different plant 
species at both physiological and cellular levels. This chapter also addresses toler-
ance mechanisms generated by plants and a critical assessment of the necessity for 
further research.
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8.1  Introduction

Nanotechnology is an interdisciplinary area of science which has encountered 
immense progress due to its vast applications in recent decades. Various public 
health, industrial, consumer and environmental challenges have been mitigated due 
to a boom in nanotechnologies and nanomaterials development. The term ‘nano-
technology’ is defined as the study of manipulating matter at the atomic and molec-
ular scales. This is an exciting field of research with growing interest in its application 
for biological and environmental safety. In recent years, the scientific community 
has gained substantial interest in nanometer-sized materials with unique physical, 
chemical, and biological properties. Particles having a size less than 100  nm in 
diameter are called nanoparticles; they are recognized for possessing different size- 
dependent properties compared to their original bulk material. Nanoparticles have 
been widely used in environmental applications and have shown promising perfor-
mance in pollutant removal and toxicity mitigation.

Based on the published literature, there are essentially four types of nanoparticles:

 (a) Metallic nanoparticles (within the range of 1–100 nm, having a large surface- 
area- to-volume ratio as compared to bulk materials)

 (b) Polymeric nanoparticles (within the range of 10–1000 nm)
 (c) Carbon-based nanostructures (small dimensions, high chemical stability, high 

thermal conductivity and low resistivity)
 (d) Metal oxide nanoparticles

Currently, several types of metal oxide nanoparticles are reported to play impor-
tant roles in physics, chemistry, materials and medical sciences. Several types of 
metal oxide nanoparticles exist such as ZnO, CuO, TiO2, MgO, NiO, ZrO2, and oth-
ers. Metal oxide nanoparticles exhibit unique chemical and physical properties due 
to their high density structural geometries and limited size which impart them the 
characteristics of semiconductor.

Copper is widely used in agriculture and in food, chemical, medical, cosmetics 
and textile industries for coatings, in environmental remediation and wastewater 
treatment, in fungicides, fuel additives, paints, plastics, and electronics (Rafique 
et al. 2017).CuO nanoparticles posses photovoltaic and photoconductive properties. 
These CuO nanoparticles can improve fluid viscosity and thermal conductivity, 
these novel properties make them a potentially useful energy-saving material that 
can improve the effect of energy conversion. Because of these beneficial properties, 
CuO nanoparticles have drawn the attention of scientists for use as an essential 
component in future nano-devices.

Copper is an essential micronutrient which is incorporated in many proteins and 
enzymes, thus playing a significant role in plant health and nutrition; it is involved 
in various physiological processes (Chibber et al. 2013). Copper is available in two 
oxidation states, i.e., Cu+ and Cu2+. This allows it to function both as a reducing and 
an oxidizing agent in biochemical reactions. At the same time, however this  property 
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makes Cu potentially toxic as Cu ions may catalyze production of free radicals 
(Hänsch and Mendel 2009; Ivask et al. 2010).

Several metal oxide nanoparticles act as effective photocatalysts in UV or visible 
light. Nano copper oxide (CuO) offers unique photocatalytic properties in sunlight. 
Sundaramurthy and Parthiban (2015) reported that CuO NPs efficiently degrade 
methylene blue under solar irradiation. Nano CuO is used in a wide range of appli-
cations such as antioxidants, heterogeneous catalysts, sensing and thermoelectric 
materials, ceramics, imaging agents, superconducting materials, anti-microbials 
and many more (Yallappa et al. 2013; Yamamoto 2001; Faheem et al. 2016; Keller 
et al. 2017). The low cost, high surface reactivity and specific high surface area of 
this material qualifies CuO NPs as a cost-effective catalyst for numerous chemical 
reactions (White et al. 2006; Yurderi et al. 2015).

Despite its high application potential, various disadvantages occur with use of 
CuO NPs. One double-edged feature of CuO NPs is their biocidal activity. On one 
hand, CuO NPs are effectively used in anti-fouling paint, wood preservatives, sterile 
surface coatings, water filters, textiles and bandages (Almeida et al. 2007; Evans 
et  al. 2008; Ahmad et  al. 2012; Perreault et  al. 2012; Ben-Sasson et  al. 2014; 
Dankovich and Smith 2014). On the other hand, the biocidal activity of CuO NPs 
could be inadvertently harmful to human health and the environment (Karlsson 
et al. 2008). Therefore, careful monitoring of the toxic potential of these particles is 
necessary to evaluate their risk for utilization.

Increasing applications and use of NPs have a direct correlation with their release 
to the environment. The effects of NPs have been documented in a wide variety of 
biota including microorganisms (Pelletier et al. 2010; Dimkpa et al. 2011), protozoa 
(Mortimer et al. 2010), invertebrates (Valant et al. 2012), and vertebrates (Federici 
et al. 2007). However, interactions of NPs with plants and related organisms such as 
algae, have not been fully studied. The general consequences of NPs exposure to 
plant cells remain unclear (Zhang et al. 2012). This lack of data leads to an incom-
plete understanding of how nanoparticles are transferred and accumulated in food 
chains (Kahru and Dubourguier 2010).

This chapter summarizes current understanding and the future possibilities of 
interactions between plants and CuO nanoparticles.

8.2  Synthesis of Copper Oxide Nanoparticles (CuO NPs)

During past two decades, synthesis of metallic nanoparticles has drawn consider-
able attention in academics and applications in nanotechnology because of their 
unusual properties and potential applications in optical, electronic, catalytic, and 
magnetic materials. A number of technologies are available for manufacturing 
metallic nanoparticles. There are two basic approaches i.e., top-down and bottom-
 up. The top-down approach enables manufacture of particles in the nanorange by 
the conversion of larger particles using cutting, grinding and etching techniques; 
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whereas in the bottom-up approach, small particles are converted into larger ones 
which occur in the nano range.

With respect to other metal nanoparticles, synthesis of copper NPs is more chal-
lenging because of their reactivity in water and air. A variety of methods for copper 
nanoparticle synthesis using chemical, physical and biological procedures have 
been studied. Copper nanoparticles are manufactured using both bottom-up and 
top-down methods (Iravani et al. 2014). All physical (top-down) methods used for 
synthesis of CuO nanoparticles usually require high temperatures, operation under 
vacuum and expensive equipment, which makes this technique uneconomical 
(Umer et  al. 2012). In contrast, chemical methods (bottom-up) are eco-friendly, 
relatively simple, low in cost, high-yielding, and can be carried out under ambient 
conditions with simple laboratory equipment.

8.2.1  Physical Methods of Copper Nanoparticlesynthesis

Physical methods for synthesis of nanoparticles include laser pulse ablation (Mafuné 
et al. 2000), gamma irradiation (Long et al. 2007), electron irradiation, pulsed wire 
discharge (Tanori and Pileni 1997), mechanical irradiation and others. An extensive 
variety of nanoparticles are produced via physical methods with few modifications 
for different metals; however, the major drawbacks of these methods are yield of 
low- quality product and requirements of costly equipment.

Pulse Laser Ablation/Deposition It is a commonly used technique for preparation 
of copper nanoparticles in colloidal form. This technique takes place in a vacuum 
chamber in the presence of an inert gas. A high-power pulsed laser beam (mostly 
Second Harmonic Generation (ND: YAG) type) is focused inside a vacuum chamber 
to strike a target in the material whereas plasma is created which is converted to a 
colloidal suspension of nanoparticles.

Mechanical/Ball Milling Method It is a solid state processing technique, for the 
production of super alloys. This method consists of balls and a mill chamber and 
runs on mechanical energy. The ball mill have a stainless steel container and many 
small iron, hardened steel, silicon carbide, or tungsten carbide balls are made to 
rotate inside a mill and powdered material is taken inside the steel container. This 
powder is converted into nanosize. A magnet is placed outside the container to pro-
vide the pulling force to the material and this magnetic force increases the milling 
energy when milling container or chamber rotates the metal balls.

Pulsed Wire Discharge Method (PWD) The metal (copper) wire is evaporated by 
a pulsed current to produce a vapor which is then cooled by an ambient gas to form 
nanoparticles. This method has the potential of a high production rate and high 
energy efficiency.
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8.2.2  Chemical Method of Copper Nanoparticles Synthesis

Many chemical methods are available for synthesis of nanoparticles; some, like 
chemical reduction (Nikhil et al. 2000), colloidal techniques (Panigrah et al. 2006), 
electrochemical and hydrothermal synthesis, sol gel, and microwave irradiation are 
among the primary techniques. The chemical reduction of copper salts is the easiest, 
simplest and most commonly used method for copper NP synthesis. The production 
of nano-sized metal copper particles with good control of morphology and size 
using chemical reduction of copper salts can be achieved.

Electrochemical Method This process is very simple and effective and a broad 
range of reduced ions can be used in this method. This process has no limitation 
with respect to the shape and size of the sample. In this method electricity is used as 
the driving force for the synthesis of nanoparticles. There are two methods: one in 
which constant current is applied to electrodes whereas in the second, working of 
the electrode is controlled. In this process deposition of the layer can be done either 
by direct current (DC) or accelerating current (AC) mode depending on the require-
ment. This is due to the fact that the wires have grown atom (Kalska-Szostko 2011). 
The main disadvantage of electrochemically synthesized nanoparticles is the toxic-
ity resulting from the use of hazardous substances such as organic solvents and 
reducing agents.

A variety of chemical and physical procedures are available for synthesis of 
metallic nanoparticles; however, they are fraught with problems including use of 
toxic solvents, generation of hazardous by-products, and high energy consumption. 
Thus, there is a need to develop environmentally benign procedures for synthesis of 
metallic nanoparticles. Chemists, physicists and material scientists have shown 
much interest in the development of innovative methods for the synthesis of 
nanomaterials.

Synthesis by the biological route is a promising approach which will diversify 
the area of application of metal nanoparticles with less toxicity. Biological synthesis 
of nanoparticles usually employs microbes or green plants. In recent years plants, 
algae, fungi, bacteria, and viruses have been used for production of low-cost, 
energy-efficient, and non-toxic metallic nanoparticles. In plant-assisted synthesis 
alkaloids, terpenoids, polyphenols, proteins, carbohydrates, sugars etc. are reported 
to have a key function in chemically reducing as well as stabilizing metal ions.

8.2.3  Biosynthesis of Copper Nanoparticles

Both physical and chemical methods for nanoparticle synthesis are expensive and 
potentially hazardous; therefore, improved synthesis methods are needed. One such 
method is organic synthesis, involving variousreducing and capping agents includ-
ing bacteria, fungi, actinomycetes, yeast and plants (Krumov et  al. 2009; Abdul 
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Hameed and Al-Samarrai 2012; Marcia et al. 2013). Sparse literature is available on 
biosynthesis of CuO NPs as compared to chemical synthesis (Rahman et al. 2009; 
Gunalan et al. 2012; Honary et al. 2012). Studies by several researchers have shown 
that plantscan bescreened for preparation of biological extracts for copper nanopar-
ticle synthesis. Plant samples are washed with distilled water and shade-dried for 
2 weeks, then milled using a household blender (Ramesh et al. 2018; Nasrollahzadeh 
et al. 2018).

Synthesis of nanoparticles using plants involves simple preparation protocols 
and fewer toxic reagents with a broad variability of metabolites. Such nanomaterials 
are stable and of variable sizes and shapes. Many researchers have exploited plant 
extracts, exudates, gums and other components for synthesis of Cu NPs (Iravani 
2011; Vellora et al. 2013). Copper nanoparticles have been synthesized using leaf 
extracts of Brassica juncea, Helianthus annuus, Lantana camara, Medicago sativa, 
and Tridaxprocumbens (Cioffi et  al. 2005; Majumder 2012; Umer at al. 2012). 
Magnolia leaf extract and stem latex of Euphorbia nivulia have been used for syn-
thesis of Cu NPs ranging in size from 40 to 100 nm (Lee et al. 2011). Vellora et al. 
(2013) reported the synthesis of Cu NPs from gum karaya (a natural hydrocolloid) 
which is used as both: reducing as well as capping agent in nanoparticle synthesis. 
Chemical constituents such as alkaloids, glycosides, tannins, and aromatic com-
pounds of Ocimum sanctum have also been used as stabilizers for synthesis of Cu 
NPs (Kulkarni and Kulkarni 2013; Kulkarni and Muddapur 2014).

The use of fungi to synthesize nanoparticles has been reported. Many fungi have 
been examined and many are suitable candidates, as they secrete enzymes in large 
quantitiesand are easy to handle in the laboratory (Sahayaraj and Rajesh 2011). 
Honary et  al. (2012) reported the extracellular synthesis of Cu NPs using 
Penicilliumaurantiogriseum, PenicilliumcitrinumandPenicilliumwaksmanii. Also, 
Majumder (2012) reported the synthesis of Cu NPs using Fusarium oxysporum at 
ambient temperature.

8.3  Uptake, Translocation and Accumulation of Engineered 
CuO Nanoparticles

The importance of uptake and accumulation of nanomaterials by plants is increas-
ingly recognized by researchers. The shape, size, chemical stability, and functional-
ization of NPs play a pivotal role in influencing uptake, translocation, and 
accumulation. Researchers have determined a linear relationship showing that high 
concentrations of Cu-NPs in the development media results in high accumulation of 
Cu-NPs in plant tissues (Kasana et al. 2017). Copper nanoparticles are taken up and 
accumulated in bean and wheat plants, a responsive relationship exists between 
bioaccumulated Cu NPs in plant tissue and in growth media (Lee et al. 2008).

CuONPs are absorbed from soil by plant roots and then converted to simpler 
forms. The plant cell wall acts as a restriction site which inhibits entry of the 
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nanoparticle into the cell. The size of pores in the cell wall is a determining factor 
for internalization of NPs. Pore sizes ranging between 5 and 20 nm provide the plant 
with a sieving property (Fleischer et al. 1999). It is sometimes observed that forma-
tion of new cell wall pores occurs during reproduction, or enlargement of previously 
existing pores under the influence of NPs. This phenomenon makes the cell wall 
more permeable and enhances uptake of nanoparticle several-folds (Wessels 1993; 
Ovecka et al. 2005).

Nanoparticles may also be functionalized before entering the plant. The internal-
ization of nanomaterials is therefore selective and occurs via channels in the plasma 
membrane. The active functionalized sites in the cell wall includes carboxylate, 
phosphate, hydroxyl amine, sulfhydryl, and imidazole functional groups (Vinopal 
et al. 2007) which interlink themselves and form complex biomolecules like cellu-
lose, carbohydrates, and proteins (Knox 1995) and facilitate the selective uptake of 
nanoparticles.

Aquaporins, ion channels, or the organic chemicals of the environmental media 
which are membrane-embedded carrier proteins responsible for transport, bind with 
nano particles to facilitate their entrance into the plant. Other transportation routes 
include the complex formation of NPs with root exudates (Watanabe et al. 2008; 
Kurepa et al. 2010; Mishra et al. 2014).

Transport of these NPs across cell may occur either through symplastic or apo-
plastic pathway depending upon the availability of nanoparticle whereas cell to cell 
transportation occurs via plasmodesmata. The efficiency of uptake and transport of 
NPs is greater in some plants than in others, depending on the unique physiology of 
the plant species.

CuO-NPs are more actively accumulated than Cu+ (Nekrasova et al. 2011). When 
NPs are sprayed over leaf surfaces they permeate into tissue through stomatal open-
ings (Eichert et al. 2008; Uzu et al. 2010). Such entry may obstruct the stomatal 
openings in photosynthetic components resulting in heating of foliar chambers 
which alter gas exchange and modify physiological and cellular functions (Da Silva 
et al. 2006).

8.4  Phytotoxicity of CuO Nanoparticles to Algae and Plant 
Seedlings

Based on the extensive use of nanomaterials, the risk of loss to the biosphere and 
subsequent accumulation in biota isobvious. Nanoparticles enter the environment 
via losses in wastewater, application to agricultural soil, and atmospheric deposi-
tion. Due to the slow movement of nanoparticles in soil they can accumulate and 
ultimately be taken up by plants and create toxic effects in plant (Arif et al. 2018).

Discharge of CuO nanoparticles to the environment may impart serious conse-
quences on crop productivity. Negative impacts of nanoparticles have been reported 
in crop plants such as cucumber, lettuce, radish (Lin and Xing 2007), zucchini 
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(Stampoulis et  al. 2009), and wheat (Du et  al. 2011). CuONP toxicity chiefly 
depends on its solubility in water and temperature fluctuation. CuONPs pose mini-
mal toxicity within the pH range 9–11. Toxicity curve of temperature can be deduced 
on the basis of solubility curve of CuO in water as done for pH curve (Chang et al. 
2012). A one-unit shift in pH on either side may cause an extreme shift in toxicity; 
shifts in temperature also affect CuO NP toxicity. CuONPs cause toxicity upon 
crossing the cell membrane by releasing Cu ions inside the cell (Karlsson et  al. 
2008; Anjum et al. 2015). Inside the cytoplasm, NPs bind differently in different 
organelles and interact with metabolic pathways in both positive as well as negative 
ways (Jia et al. 2005).

These metal and their nanoparticles could impair and affect overall growth and 
development of plants as they influence timing of senescence, flowering, fruiting, 
abscission, dormancy and many other physiological processes (Gardea-Torresdey 
et al. 2004; Thul and Sarangi 2015). Cabiscol et al. (2010) reported that ROS causes 
lipid peroxidation. The CuO-NPs, once accumulated in the roots and shoots of 
plants, may transfer electrons to molecular oxygen and possibly lead to the forma-
tion of superoxide radicals (SOR) and hydrogen peroxide (H2O2) leading to mem-
brane damage and lipid peroxidation (Dietz and Herth 2011; Shaw and Hossain 
2013). The ROS are mainly responsible for changes in the fluidity and permeability 
of cell membranes and consequently the acquisition kinetics of nutrients. Scientists 
have studied the toxicity of NPs in plants such as Cicer arietinum, Brassica nigra, 
Arabidopsis thaliana, Pisum sativum, Zea mays, and green alga Picochlorum sp. 
(Wang et al. 2016; Zafar et al. 2017). Recently a study was conducted on the toxi-
cogenic effects of CuO NPs on Arabidopsis thaliana using microarray analysis. The 
results suggest that when the Cu2+ ions from CuO NPs are released they contribute 
to partial toxicity during CuO NP exposure (Tang et al. 2016). A diagrammatic rep-
resentation of uptake and translocation of CuO nanoparticles in plants and their 
metabolic consequences is given in Fig. 8.1.

With the germination of seed also begins the physiological processes within a 
plant. The embryo within the seed is protected by the seed coat; once ruptured, the 
radicle emerges which may come into direct contact with a metal (Wierzbicka and 
Obidzinska 1998). Nanoparticles can cause reduction in seed germination and sup-
press plant elongation, and can even cause plant death. Nanoparticles influence 
seedgermination and growthas a function of the characteristics of the nanomaterials 
(concentration/size/category/stability), the plant seed (size/species), growth 
medium, plant growth stage and type of NP coating material, if any.

CuO-NPs have been found to significantly reduce germination rate of Hordeum 
sativum by 23% with respect to control (Rajput et al. 2018). Zuverza-Menan et al. 
(2015) reported that 80 mg kg−1nano-CuO, micro-CuO, and Cu ions, reduced seed 
germination of Cucumis sativum by 50%. The NPs reduced rateof germination, bio-
mass, root and shoot length. CuO NPs inhibited seed germination of Cucumis sati-
vus by 23.3% at a dose of 600 mg L−1compared to control (Moon et al. 2014). The 
results suggest that Cu concentration increases considerably in roots and in above- 
ground tissue after treatment withCuONPs. An increased concentration of CuO was 
also observed in Origanum vulgare with application of CuO NPs in roots as well as 
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shoots (Du et al. 2018). These metal NPs accumulated more actively in roots than 
shoots (Costa and Sharma 2016).

Since roots are the primary target of CuONPs, functional and structural disorders 
generally appear in them as opposed to above-ground tissue (Shaw et al. 2014).CuO 
NPs shortenedprimary and lateral roots of Brassicajuncea L.seedlings (Nair and 
Chung 2015) and decreased root growth ofM. sativa (Hong et al. 2015). Atha et al. 
(2012) reported that CuO NPs markedly inhibitedgrowth of Raphanussativus, 
Loliumperenne and Loliumrigidum. Singh and Kumar (2016) observed that irriga-
tion water containing Cu NPs reducedshoot and root length ofSolanum oleracea. 
Addition of 1000 mg L−1CuO NPstoOryza sativa, var. Jyoti significantly decreased 
shoot and root length. Exposure of Allium cepa seedlings to 80 mg L−1 CuO NPs 
damaged the root cap andmeristematic zone and reducedgrowth of the root tip 
(Deng et  al. 2016). This, in turn, limitedtotal surface area for water uptake and 
affectedoverall plant growth.

Stampoulis et  al. (2009) and Wang et  al. (2012) reported that CuO-NPs sup-
pressed root elongation in zucchini and maize. In Arabidopsis thaliana, components 
primarily affected were germination percentage, root elongation, biomass and leaf 
number (Lee et al. 2010). When wheat plants were grown in a sand matrix, CuONPs 
inhibited growth and changed root structure (Dimkpa et al. 2012). CuO NPs are 

Fig. 8.1 Diagrammatic representation of the uptake and translocation of CuO nanoparticles in 
plants and the potential effects on plant metabolism
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known to significantly reduce the fresh weight and root length ofArabidopsis seed-
lings, and the germination rate and biomass of rice seeds (Shaw and Hossain 2013).

Other studies, however, have shown higher accumulation of Cu in shoots com-
pared to roots. In Oryza sativa L. seedlings, accumulation of CuO NPs in shoots 
increased with increasing Cu NPs concentration, which was mainly confined to 
shoot vacuoles (Lidon and Henriques 1998). Morphometric analysis of root and 
shoot of Hordeum sativum seedlings indicated a considerable decline in growth 
(Rajput et al. 2015, 2018). CuONPs reduced the biomass of Cucurbita pepo by 90% 
(Musante and White 2012;  Stampoulis et  al. 2009) and also reduced growth of 
Triticumaestivum seedlings (Lee et al. 2008).

Nano particlesare known to alter photosynthesis and transpirationand increase-
lipid peroxidation. CuO NPs suppress photosynthesis by affecting PS II reaction 
centers; they are furthermore documented to decrease electron transport, thylakoid 
number per granum, and stomatal conductance (Perreault et  al. 2014; Costa and 
Sharma 2016). Studies on Hordeum sativum leaves indicate negative impacts of 
CuO NPs on transpiration rate, stomatal aperture and chloroplast architecture, and 
changes in maximal quantum yield of PS II. Cu NPs reduced transpiration rate of 
C. pepo by 60–70% compared to untreated controls (Hawthorne et  al. 2012). 
Numerous studies have demonstratedthe effects of different concentrations of CuO 
NPs in plants (Table 8.1).

Themolecular aspects of CuO nanoparticles on plant enzymeactivities have not 
been explored extensively, but Hosseini-Koupaei et al. (2019) conducted a spectro-
scopic characterization of the interaction of proteinase K with CuO nanoparticles. 
Data revealed that increasing concentrations of CuO nanoparticles decrease the 
activity as well as thermostability of proteinase K. They also found that microenvi-
ronments of the tryptophan residues decreased under increased concentrations of 
CuO nanoparticles. Results also revealed that the characteristics of CuONPs depend 
on temperature which greatly affects thermodynamic stability and binding affinity 
of proteinase K. CuO nanoparticles increase the stability of the native folded state 
of proteinase K at room temperature; conversely, it stabilizes the unfolded state at 
310–333 K.

Accumulated nanoparticles may also hinder the growth of microflora such as 
algae in paddy fields either growing naturally or provided as a biofertilizer. However, 
NPs produce toxic effects only when present above a certain concentration (Rico 
et al. 2011).

8.5  Tolerance Mechanisms of Plants Against CuO 
Nanoparticle Toxicity

As documented above, CuO nanoparticles alter the growth and development of 
plants by increasing ROS production, thereby unbalancing homeostasis of essential 
elements (Du et al. 2017). It is reported that nanoparticles in excess quantities may 
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Table 8.1 Effect of different concentrations of CuO nanoparticles on selected crop plants

Crop CuO Dose Effect s on the plant References

Elodea densa (Brazilian 
waterweed)

0.25 mg L–l Stimulated rate of 
photosynthesis; catalase and 
superoxide dismutase activity 
also increased by up to 
1.5- to 2- times

Nekrasova 
et al. (2011)

Hordeum vulgare (Barley) 0.5, 1, 1.5 mM Reduced shoot and root 
growth, increased hydrogen 
peroxide and lipid 
peroxidation, decreased 
GSH/GSSG ratio

Shaw et al. 
(2014)

Schoenoplectustabernaemontani
(Bulrush)

0.5, 5.0, 
50 mg L−1

Marked accumulation of Cu 
in roots by up to 2.3, 3.8 and 
2.7-times.Biomass of plants 
exposed to CuO NPs was 
reduced by 9% and 18% with 
respect to control

Zhang et al. 
(2014)

Cucumis sativus (Cucumber) 100–
600 mg L–l

Inhibited seed germination Moon et al. 
(2014)

Coriandrum sativum (Coriander) 1000 mg L–l The rate of seed germination 
was inhibited due to 
decreased radical growth

Zuverza- 
Menan et al. 
(2015)

Lactuca sativa (Lettuce) 100–
300 mg L–l

Seed germination, vigor 
index, and fresh weight 
negatively affected; root 
length reduced up to 49%

Shams et al. 
(2018); Hong 
et al. (2015)

Lolium perenne (Perennial 
ryegrass)

10–
1000 mg L–l

Slowed down defense system 
and interrupted metabolic 
processes such as 
photosynthesis and 
respiration

Wang et al. 
(2015)

Coriandrum sativum (Cilantro) 0–80 mg L–l Germination rate and shoot 
elongation diminished.

Zuverza- 
Menan et al. 
(2015)

Lolium multiflorum (Annual 
ryegrass)

10–
1000 mg L–l

Enhanced production of ROS Wang et al. 
(2015)

Oryza sativa (Rice) 5 mg L–l Overproduction of ROS was 
detected in root meristem 
thereby inhibits root growth

Wang et al. 
(2015)

Alium cepa (Onion root tip) 80 mg L–l Completely suppressed 
growth at 72 h exposure

Deng et al. 
(2016)

Raphanus raphanistrum (radish) 10, 100, 500, 
1000 mg L–l

Caused severe oxidative 
damage

Atha et al. 
(2012)

Solanum lycopersicum (tomato) 0–500 mg L–l Affected pigment content by 
decreasing total chlorophyll
Content

Singh et al. 
(2017)

(continued)
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cause severe toxicity and impair physiological processes and hamper the levels of 
cellular ROS (H2O2, O.−

2, 2O1 and •OH). These ROS may act either as signaling or 
damaging molecules and play a vital role in maintaining the equilibrium between 
sites of production and scavenging.

Vacuoles in leaf cells are generally considered to be key metal sequestrations site 
in plants (MacFarlane and Burchett 2000; Clemens et al. 2002) which comprise a 
portion of the tolerance mechanism (Tong et al. 2004; Vymazal and Brezinova 2016).

ROS are involved in intercellular signaling cascades as second messengers in 
regulating plant responses in plant cells such as gravitropism (Joo et al. 2001), pro-
grammed cell death (Mittler 2002), stomatal closure (Kwak et al. 2003), root devel-
opment and senescence. Plants have developed intrinsic mechanisms of antioxidant 
production to scavenge ROS and detoxify the system. The defense system consists 
of two types of non-enzymatic antioxidants including thiols, glutathione (GSH), 
phenolics, ascorbate (AA), and enzymatic ones such as catalase (CAT), superoxide 
dismutase (SOD), guaiacol peroxidase (GPOX), ascorbate peroxidase (APX), glu-
tathione reductase (GR), monodehydro-ascorbate reductase, dehydroascorbate 
reductase (DHAR), glutathione S-transferases (GST) and glutathione peroxidase 
(GPX) (Singh et al. 2015). Shaw and Hossain 2013; Shaw et al. 2014 investigated 
the impact of CuO NPs on rice seedlings and found a consistent increase in APX 
activity for the scavenging of H2O2 in seedling leaves when exposed to 1.5 mMCuO 
NPs. It is reported that CuO induces GPX synthesis, and high concentrations of 
CuO NPs in soil also increase the metal content in plant leaves and affects physio-
logical activity such as growth, photosynthesis and respiration.Further, production 
of RNS like nitric oxide helps in the removal of these ROS and also assists in the 
signaling under CuOtoxicity.

Dimkpa et  al. (2012) reported higher CAT activity in wheat roots exposed to 
500 mg/kg of nano-CuO, and Nair and Chung (2015) reported higher CAT activity 
in pea seedlings exposed to nano-CuO at both 100 and 200 mg/kg. This suggests 
that the inherent tolerance mechanism to combat phytotoxicity can be further 
enhanced by the use of phytohormones for better crop yield.

Various strategies are additionally employed to induce tolerance against CuO by 
the application of phytohormones in different plants such as pea in field studies. In 
a recent study, a bacterium isolatedRhizobium leguminosarum bv. viciae from root 

Table 8.1 (continued)

Crop CuO Dose Effect s on the plant References

Hordeum vulgare (Barley) 10,000 mg L–l Inhibited germination rate 
along with root and shoot
Length

Shaw et al. 
(2014)

Lemna minor (duckweed) 50, 150, 
300 μg L−1

Frond number, frond area 
and biomass decreased after 
7 days of exposure, ROS 
overproduction with 
subsequent increase in 
antioxidant activity

Yue et al. 
(2018)

A. Fatima et al.



155

nodules of pea was shown to produce (IAA) (Tariq et al. 2014).These reports sug-
gest that green pea plants associated with high IAA-producing bacteria have inter-
action with nano-CuO.

Exogenously applied IAA may counteract oxidation caused by CuO particles 
(Chaoui et al. 2004). It was found that CuO treatment significantly decreased CAT 
activity, and application of IAA at 10 μM resulted in a significant increase of CAT 
activity (~75%) (Buchanan et al. 2000). This evidence suggests that IAA plays an 
important role in increasing CAT activity and in protecting plants against oxidative 
stress induced by CuO particles.

8.6  Future Prospects

Immense advancements in the field of nano technological applications have been 
documented; however, the field is still in its infancy. Utilization of NPs in agricul-
tural crop improvement programs is at the elementary phase. Each nanoparticle is 
characteristically different from all others in terms of shape, size, mode of action 
and other variables. So, in order to exploit the promised advantages of NPs, it is 
essential to further enhance our understanding regarding the interactions of particles 
and respective plant species.

Nanoparticles impose negative effects to plants in the form of phytotoxicity. 
Plants, however, possess inbuilt mechanisms for detoxification. These mechanisms 
are necessary for the removal of the toxins produced inside the plant cells. Volumes 
of emerging evidence suggest the impact of toxic effects of NPs. However, various 
reports suggest about surface modification of NPs to yield positive effects such as 
high crop yield. This characteristic could be utilized simultaneously to promote 
growth of edible crops and kill weeds or phytopathogens affecting crops. Size and 
concentration of NPs could be optimized to attain such desirable effects. 
Antimicrobial activity also makes NPs a strong tool as a biological control agent to 
help in crop management and improvement.

NP assimilation and subsequent accumulation in the food web is a major con-
cern. This directly or indirectly affects growth and reproduction of plants. 
Additionally NPs may also cover cell surface of algae. It adversely affects food 
uptake by herbivores as well as nutrient exchange between microbial cells and their 
environment.

The NP-plant cell interaction modifies the gene as well as protein profiles of 
plant cells, ultimately leading to changes in biological pathways that bring about 
changes in growth and development of plants. Hence, experimentation should be 
conducted to generate data at the molecular level caused by uptake and transloca-
tion of NPs.
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Chapter 9
Nanotechnological Advances with PGPR 
Applications

A. R. Nayana, Bicky Jerin Joseph, Ashitha Jose, and E. K. Radhakrishnan

Abstract Plant growth promoting rhizobacteria (PGPR) are soil bacteria which 
have the potential for direct and indirect effects on plant growth. These organisms 
may have the capability to limit or replace the use of chemical fertilizers and inputs 
of toxic chemicals. Exploring PGPR in agriculture is, thus, one of the more promis-
ing techniques for increasing agricultural production without harming ecosystems. 
At the same time, nano-technological applications are greatly imparting their influ-
ence in agriculture. When compared against conventional fertilizers, nano- fertilizers 
play an effective role in promoting plant growth as they are rapidly absorbed by 
plants. Hence, nano-materials such as nano-fibers, nano-fertilizers and nano- 
pesticides may produce revolutionary effects in the agricultural sector. PGPR 
together with nanomaterials may thus be a favorable strategy for managing plant 
growth and productivity. The application of nanomaterials like silver, titanium, zinc 
oxide, silica, gold and others with PGPR holds great promise. However, there can 
be both positive and negative impacts of engineered metal nanoparticles on rhizo-
bacteria. Hence, engineered nanoparticle (ENPs) must be studied further to explore 
their use as ecofriendly agents for field application. In this chapter we describe the 
effects of nanofertilizers with PGPR as an innovative method for improving crop 
productivity.

Keywords Agriculture · Biofertilizer · Nanofertilizer · Nanoparticle · PGPR

9.1  Introduction

In this period of climate change and resource limitation, challenges to crop produc-
tion in terms of abiotic stress, nutritional deficiency and disease are considerable. 
Managing these challenges with conventional agrochemicals is no longer practical 
as they will only produce significant negative impacts on both the environment and 
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human health. Hence, to successfully counteract the adverse impacts of climate 
stress and lower yields, sustainable and innovative approaches are essential. Plant 
growth promoting rhizobacteria (PGPR) are heterogeneous root-associated benefi-
cial bacteria which are known for their ability to enhance plant growth by either 
direct or indirect phytostimulatory mechanisms. Direct mechanisms involve those 
related to mobilization of important nutrients such as phosphorous, zinc, sulfur and 
iron, and for promoting non-symbiotic nitrogen fixation along with production of 
various phytohormones like indole acetic acid (Glick 2012). Indirectly, PGPR 
reduce the deleterious effects of phytopathogens and protect the plant against biotic 
and abiotic stress conditions (Beneduzi et al. 2012). However, the variability in per-
formance of PGPR under varied climate, weather parameters and soil characteris-
tics is a major difficulty to exploring its field efficacy (Timmusk et al. 2017).

PGPR formulations are applied as suspensions to seeds, root surfaces or directly 
to soil (Mendis et al. 2018). It is difficult for a single microbial inoculant to perform 
consistently under varying agro climatic conditions and stresses; therefore, recent 
trends in PGPR applications adopt multiple inocula. Microbial consortia have 
proven to have higher efficiency than application of a single species (Pandey et al. 
2012). Their survival and colonization, however, are dependent on the physical, 
chemical and biological nature of the recipient environment. Declining microbial 
diversity and numbers within the consortia can result in inefficient colonization of 
the rhizosphere of the host plant.

Microbial consortia can be prepared in liquid, organic, inorganic, polymeric, and 
encapsulated formulations for wider use (Bashan et  al. 2014). The carrier of the 
consortia can provide the necessary microenvironment to ensure survival of organ-
isms and also act as a niche for security against soil predators. Peat, coal, clay, waste 
plant materials, vermiculite, and residues of azolla are commonly employed for 
PGPR applications (Maiyappan et al. 2011).

Maintenance of adequate growth conditions over time in terms of nutrition and 
climate are major hurdles in transferring the developed consortia from the lab to the 
field. Failure to maintain the desired environs can considerably affect microbial 
counts, which in turn can adversely affect field results. Hence, introducing innova-
tive and effective methods for field delivery of PGPR is important.

Nanotechnology is, an emerging field that offers tremendous applications in all 
aspects of science including chemistry, biology, physics, materials science and engi-
neering. The application of nanotechnology in the agricultural sector has gained 
immense attention due to its ability to enhance biotic and abiotic stress tolerance, 
disease detection and prevention along with refined nutrient absorption (Shalaby 
et  al. 2016). Nanomaterials can improve nutrient utilization efficiency of plants 
when compared to conventional approaches. Nanoparticles (NPs) can boost plant 
metabolism by their defined physicochemical properties, and thereby enhance crop 
yield and provide nutrients to soil (Siddiqui et al. 2015).

Nanoparticles can generally be classified as carbon nanoparticles, metal nanopar-
ticles, organic, and semiconductor nanoparticles (Buzea and Pacheco 2017). Among 
these, silver (Yin et al. 2012), titanium (Abdel Latef et al. 2018), zinc oxide (Laware 
and Raskar 2014), silica (Rastogi et al. 2019), carbon (Mohamed et al. 2018), boron 
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(Goudar et  al. 2018; Shireen et  al. 2018), gold (Shukla et  al. 2015) and zeolite 
(Yılmaz et al. 2014) nanoparticles have been reported to have plant growth promot-
ing effects. Nano-fertilizers are more effective than conventional chemical fertiliz-
ers as they do not cause problems with leaching and nutrient loss following 
application and only minimal amounts are required which thereby reduces risk of 
soil and water pollution.

Nanotechnology-based plant viral disease detection kits and nanobiosensors are 
gaining popularity by virtue of their improved efficacy in detection of various viral 
diseases (Chaudhary et al. 2018). Nanobiosensors can be used to detect even minute 
levels of fertilizers, herbicides, pesticides, insecticides, pathogens, moisture, and 
soil pH, thus supporting sustainable agriculture for enhanced crop production.

The rhizosphere is the zone surrounding the plant root and which contains abun-
dant plant growth promoting microorganisms. Plants secrete various exudates into 
rhizosphere soil which attract microorganisms. The exudates and microbial com-
munities also have the capability to produce various nano-size minerals in soil 
which have not yet been fully studied (Yu 2018). Reports are available on the plant 
growth promotion activity exhibited by nanoparticles in combination with various 
PGPR organisms. PGPR and nanotechnological applications can make the agricul-
ture sector more powerful than conventional technologies used for crop improve-
ment. By developing a conjugative approach of both NP and PGPR, there is immense 
potential to improve both yields and disease resistance of plants (Table 9.1; Figs. 9.1 
and 9.2). Nanoparticles offering such potential are discussed in the following 
sections.

9.2  Titania Nanoparticles

Titania nanoparticles are widely used in cosmetics, agriculture, and the chemical 
and food industries. Titania in the form of titanium dioxide (TiO2) nanoparticles has 
a positive effect on plants by its involvement in plant nitrogen metabolism and mod-
ulating ROS signaling (Abdel Latef et al. 2018). Application of low concentrations 
of nano-TiO2 to roots or leaves can stimulate the crop, leading to the improved 
activities of certain enzymes (Lyu et al. 2017), enhanced chlorophyll content and 
thereby photosynthesis (Gao et  al. 2008). This can also promote nutrient uptake 
(Larue et  al. 2012), and improve stress tolerance (Karami and Sepehri 2018) 
and hence improve overall crop yield.

Titania nanoparticles impart an adhesive effect on bacteria as evident from the 
potent nanophase adhesion of Pseudomonas fluorescens 5RL and Pseudomonas 
putida TVA8 when compared to conventional titania (Park et  al. 2008). Double 
inoculation of PGPR with sol gel-synthesized titania nanoparticles has been shown 
to enhance colonization of PGPR to about 25%. This occurs via formation of micro- 
niches around the root which are entirely different from the surrounding microbi-
ome and thus allow beneficial bacteria to work as a functional unit leading to crop 
improvement (Timmusk et  al. 2018). Establishment of significantly larger and 
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Table 9.1 Effects of selected nanoparticles with PGPR on plants

Nano 
particle

Method of 
synthesis PGPR Plant Effect References

Silica Nanosilica 
synthesized 
from rice husk 
ash using 
alkaline 
extraction 
followed by acid 
precipitation

Bacillus megaterium, 
Bacillus brevis, 
Pseudomonas 
fluorescens, 
Azotobacter 
vinelandii

Maize (Zea 
mays)

Promoted 
seed 
germination 
percentage 
than 
conventional 
silica

Karunakaran 
et al. (2013)

Nanosilica 
synthesized 
from rice husk 
using alkaline 
treatment 
followed by acid 
precipitation

– Maize (Zea 
mays)

Increased 
bacterial 
biomass

Rangaraj 
et al. (2014)

Titania Acidic 
hydrolysis of 
titanium 
ethoxide, 
(Ti(OC2H5)4) 
modified with 
triethanolamine, 
N(C2H4OH)3

B.thuringiensis AZP2, 
P.polymyxa A26

Wheat 
(Triticum 
aestivum cv. 
Stava)

Enhanced 
performance 
of PGPR and 
their 
colonization

Timmusk 
et al. (2018)

Sol-Gel 
approach 
(Captigel 
method and 
applying 
TiBALDH 
precursor)

B.amyloliquefaciens 
subsp. plantarum 
UCMB5113

Oilseed rape 
plants 
(Brassica 
napus)

Helped 
adhesion of 
beneficial 
bacteria to 
roots of 
oilseed rape; 
protected 
plant from the 
fungal 
pathogen 
Alternaria 
brassicae

Palmqvist 
et al. (2015)

Silver Chemical 
method using 
sodium 
borohydride 
(NaBH4)

Pseudomonas 
fluorescence, Bacillus 
cereus

Maize (Zea 
mays)

Augmented 
PGPR and 
induced 
increase in 
root area, root 
length and 
root-shoot 
ratio of maize 
irrigated with 
municipal 
wastewater

Khan and 
Bano (2015)

(continued)
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thicker bacterial clumps than a self-produced biofilm matrix is possible through 
application of titania nanoparticles (Timmusk et al. 2018). Titania nanoparticles are 
reported to act at the nano interface between the beneficial plant growth promoting 
bacterium Bacillus amyloliquefaciens UCMB5113 and oilseed rape plants (Brassica 
napus) – titania nanoparticles increased adhesion of beneficial bacteria to the roots 
of oilseed rape and protected the plant from the fungal pathogen Alternaria brassi-
cae (Palmqvist et al. 2015). Analysis by SEM, EDS, CLSM, SDS-PAGE and fluo-
rescence measurements confirmed the nanoparticle-mediated colonization which 
eventually enhanced bacterial biomass (Palmqvist et al. 2015). Titania nanoparticles 
provide an effective platform for PGPR colonization on the plant and hence can be 
used as a potential agent for PGPR development for sustainable agriculture.

Table 9.1 (continued)

Nano 
particle

Method of 
synthesis PGPR Plant Effect References

Gold Biosynthesized 
by Bacillus 
subtilis SJ15

P. monteilii Cowpea 
(Vigna 
unguiculata)

Enhancement 
of IAA 
production in 
P. monteilii; 
improved the 
plant 
probiotic 
effect

Panichikkal 
et al. (2019)

Zeolite Commercially 
purchased

Bacillus sp. Maize (Zea 
mays)

Increased 
plant height, 
leaf area, 
number of 
leaves, 
chlorophyll 
and total 
protein

Khati et al. 
(2018)

Zinc 
Oxide

– Brady rhizobium 
japonicum,  
Pseudomonas putida, 
Azospirillum 
lipoferum

Soybean 
(Glycine 
max L.)

Increased 
plant height, 
number of 
nodules per 
plant, grain 
yield and 
grain weight

Khoramdel 
(2016)

Chitosan – Bacillus sp. Maize (Zea 
mays)

Increased 
seed 
germination, 
plant height 
and leaf area

Khati et al. 
(2017)
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9.3  Silica Nanoparticles

Silicon and silica nanoparticles are well established plant growth promoters. Silica 
nanoparticles have the capability to enter the plant and influence metabolic activi-
ties either directly or indirectly (Rastogi et al. 2019). Application of silica nanopar-
ticles can lead to the formation of a film on the epidermal cell wall following 
absorption, which can provide additional structural leaf colour to the plant (Strout 
et al. 2013) and increase resistance to fungal, bacterial, and nematodal infections 
(Rastogi et  al. 2019). The nano-silica layer can also reduce plant transpiration, 

Fig 9.1 PGPR and 
commonly used 
nanoparticles

Fig 9.2 Combined action of nanomaterials with PGPR
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which thereby makes plants more resistant to drought, high temperature, and humid-
ity (Ashkavand et al. 2015). These modifications allow for improved plant growth 
and yield under adverse environmental conditions.

Nano-silica oxide has a significant impact on seed germination (Siddiqui and 
Al-whaibi 2014). Silica nanoparticles are also used as an effective nano-pesticide 
(Aa et al. 2016), nanoherbicide, and nanofertilizer in sustainable agriculture. Studies 
by Karunakaran et al. (2013) showed nanosilica to have a favorable effect on both 
beneficial bacterial populations and nutrient value of soil. Nanosilica synthesized 
using rice husks was proven to enhance the microbial population greater than that of 
sodium silicate, which inhibited plant growth promoting rhizobacteria. This effect 
may be due to the hydration properties of the nanosilica surface, which could facili-
tate attraction to the microbial surface (Gordienko and Kurdish 2007). In a study by 
Rangaraj et al. (2014) nanosilica treatment induced the populations of phosphate 
solubilizing bacteria and nitrogen fixers, where silica indirectly acted as a substrate 
for the bacteria.

Silica and PGPR individually are reported to be potent agents for crop improve-
ment (Suriyaprabha et al. 2012; Ramprasad et al. 2015). Hence, the combination of 
these inputs has the potential to replace traditional fertilizers and to be used as an 
efficient agent for biofertilizer development.

9.4  Silver Nanoparticles

The wide acceptance of silver nanoparticles (AgNPs) is attributed to its well-known 
antibacterial activity (Radhakrishnan 2017). AgNPs are used in many applications 
from medical devices (Gherasim et al. 2018) to sports socks and washing machines, 
to deter microbial growth. Utilization of this nanoparticle occurs in almost all fields 
but especially in medical, dentistry, clothing, catalysis, mirrors, optics, photogra-
phy, electronics, and the food industry (Dargo et al. 2017). Silver nanoparticles are 
also gaining attention and acceptance in the agricultural sector (Babu et al. 2014), 
but their ecotoxicological properties and underlying risks must be considered (Mao 
et al. 2018).

Treatment of fenugreek seedlings with biosynthesized silver nanoparticles was 
found to have beneficial impact on growth parameters such as number of leaves, 
root length, shoot length, and wet weight (Jasim et al. 2017).

Biologically synthesized silver nanoparticles are less toxic when compared with 
chemically synthesized AgNPs (Sharma et al. 2015). Silver nanoparticles are effec-
tive in facilitating the penetration of water and nutrients through the seed coat. 
AgNPs accelerated seed germination and seedling growth in Boswellia ovalifolio-
lata (Savithramma et al. 2012). In a study by Khan and Bano (2015), silver nano 
particles augmented PGPR activity by increasing root area, root length and root- 
shoot ratio of maize. Phytohormones are commonly applied to promote plant 
growth, and silver nanoparticles are now known to be an efficient tool to enhance 
phytohormones to a greater extent. Upon treatment with AgNPs, PGPR were 
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reported to induce abscisic acid (ABA) levels by 34%, indole acetic acid (IAA) to 
55% and gibberlic acid (GA) to 82% (Khan and Bano 2015).

Silver nanoparticles can have significant impact on the diversity of soil bacteria 
even when applied at minute levels. The fungal endophyte mediated synthesis of 
plant secondary metabolites such as taxol, podophyllotoxin, polyketides, terpenes 
and peptides (Mishra and Sarma 2018) can be enhanced effectively through a wide 
range of elicitors (Stierle and Stierle 2016). Among these, nanoelicitors comprising 
silver nanoparticles are found to be highly efficient (Jasim et al. 2017). Thus, explor-
ing the potential of silver nanoparticles as a nanoelicitor for endophytic fungi can 
enhance the yield of desired secondary metabolites manyfold.

9.5  Gold Nanoparticles

Gold nanoparticles are among the most commonly synthesized and studied metal 
nanoparticles (Rashid et  al. 2014). Synthesis includes chemical, biological and 
physical methods (Herizchi et al. 2014; Shah et al. 2014). Among these, biological 
methods are the most environmentally friendly and most commonly employed 
(Raghuvanshi et al. 2017), utilizing both plant extracts (Aljabali et al. 2018) and 
microorganisms (Roshmi et al. 2015). Plant growth promoting Bacillus thuringien-
sis strain PG-4 has been described as an effective agent for biosynthesis of gold 
nanoparticles (Raghuvanshi et al. 2017).

Considering its negligible toxicity (Rashid et al. 2014), gold nanoparticle-based 
formulations have become a huge attraction to the agricultural sector (Pestovsky 
and Martínez-antonio 2017). There are reports of enhancement of growth and yield 
of Brassica juncea (Arora and Sharma 2012) and Arabidopsis thaliana (Kumar 
et al. 2013) upon treatment with gold nanoparticles.

Enhanced growth of the PGPR Pseudomonas and Bacillus in the presence of 
6.25 μg/mL gold nanoparticles was reported by Shukla et al. (2015). In addition, 
IAA production by P. monteilii was enhanced when treated with gold nanoparticles 
(Panichikkal et al. 2019). IAA is a major phytohormone that plays important roles 
in vascular tissue differentiation, root initiation, flowering, fruit ripening, leaf 
 senescence and the abscission of leaves and fruits thus leading to overall plant 
growth (Basheer 2017). The exact mechanism behind enhancement of growth and 
IAA production by PGPR in the presence of gold nanoparticles has not yet been 
determined. A suggested mechanism involves penetration of the cell surface by 
nanoparticle aggregates without inducing any further toxic effect (Shukla et  al. 
2015). This attachment of nanoparticles can alter the shape and size of the bacterial 
cell and might accelerate its growth (Phenrat et al. 2009).
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9.6  Nanozeolites

Zeolite, a crystalline aluminosilicate, is one of the most common minerals present 
in sedimentary rocks. Among the 40 naturally-occurring zeolites, the most well- 
known are clinoptilolite, erionite, chabazite, heulandite, mordenite, stilbite, and 
phillipsite. The maintenance of moisture content and pH of soil has been carried out 
effectively for years by Japanese farmers with the aid of zeolites (Ramesh and 
Reddy 2011). Zeolites have pores and channels within their crystal structure along 
with a high cation exchange capacity (CEC) which is beneficial in agriculture 
(Mahesh et al. 2018). They make up a class of excellent nutrient carriers, enhancing 
soil nutrient levels, which in turn increase crop yield and also nutrient utilization 
efficiency. Other common applications include use as a carrier of slow-release fer-
tilizers, insecticides, fungicides, and herbicides, and also as a trap for heavy metals 
(Sangeetha and Baskar 2016).

The nanozeolites with few side effects, make them a powerful tool in agriculture 
as compared to bulk zeolite material (Khati et al. 2018). The ability of nanozeolites 
to enhance the organic carbon content of the soil and to stabilize micro and macro-
aggregates are superior to that of bulk zeolite (Mirzaei et al. 2015).

Composites of zeolites possess a greater water retention capacity, water absor-
bance, equilibrium water content and swelling ratio when compared to nanozeolites 
used alone (Lateef et al. 2016). This may encourage utilization of nanozeolite-based 
composites as an environmentally-friendly fertilizer. Thus, crop productivity can be 
improved by a combined application of nanozeolite and PGPR.

9.7  Nano Zinc Oxide

Zinc is an essential micronutrient required by all organisms including plants, ani-
mals and humans. The human genome encodes approximately 3000 zinc-containing 
proteins having structural and functional roles (Process 2013). Zinc acts as a cata-
lytic and structural cofactor in all classes of enzymes, namely oxidoreductases, 
transferases, hydrolases, lyases, isomerases and ligases (Mccall et al. 2000). These 
enzymes play a pivotal role in cellular regulation where they act either as an extra-
cellular stimuli or intracellular messengers (Maret 2017).

Zinc is a key factor in photosynthesis (Wang et  al. 2009), protein synthesis 
(Obata and Umebayashi 1988), phytohormone synthesis (e.g. auxine, ABA) (Atici 
et  al. 2005), seedling vigor (Boonchuay et  al. 2013), sugar formation (Mousavi 
2011), membrane function and defense against disease and abiotic stress (e.g., 
drought) (Ma et al. 2017; Dang et al. 2008). Zinc deficiency can result in severe 
yield loss with plant death in acute cases (Hafeez 2014). Zinc deficiency is often 
observed in fields despite its abundance (Sharma et al. 2013). Owing to its relative 
insolubility, application of zinc fertilizer is the sole method to overcome this issue. 
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Both zinc sulfate and EDTA-Zn chelate are commonly used to meet this deficiency 
(Cakmak and Kutman 2018).

Nano fertilizer formulations have enhanced performance compared to traditional 
fertilizers, as they release the required nutrients in controlled manners which, along 
with their small size and large surface area, promote its activity. Zinc oxide nanopar-
ticles at concentrations of 20 and 30 μg ml−1 reduced the flowering period in onion 
and ensured better growth of plants along with production of healthy seeds (Laware 
and Raskar 2014). Zinc oxide nanoparticles can, however, exert negative impacts on 
plants. Treatment of zinc oxide nanoparticles on tomato plants negatively affected 
both plant growth and chlorophyll content which, in turn, affected photosynthetic 
rate (Wang et al. 2018). A supernatant of ZnO nanoparticle suspensions containing 
Zn2+ was not found to affect growth of tomato; hence, toxicity is attributed to ZnO 
nanoparticles.

ZnO NPs are reported to enhance the plant defense response by increasing tran-
scription of genes related to antioxidant enzymes (Wang et al. 2018). Numerous 
zinc-solubilizing bacteria have been reported, which are capable of solubilizing zinc 
in soil (Kamran et al. 2017). Mumtaz et al. (2017) showed that inoculation of zinc 
solubilizing bacterial isolates to result in improved growth of maize. Zinc solubiliz-
ers also of have the capability to produce zinc nanoparticles. Sultana et al. (2019) 
reported the production of zinc nanoparticles by zinc solubilizing strains of 
Pseudomonas, Bacillus and Azospirillum.

Seed inoculation with PGPR along with nano zinc oxide, significantly increased 
plant height, number of nodules per plant, grain yield and grain weight (Khoramdel 
2016). ZnO nanoparticles exhibit a dose-dependent enhancement in siderophore 
production of bacteria (Haris and Ahmad 2017). An environmentally-friendly dose 
of Zn nanoparticles along with PGPR could very well revolutionize the agricul-
ture sector.

9.8  Nano Carbon

Use of carbon nanomaterials in agriculture has both negative and positive feedbacks 
(Mukherjee et al. 2016). They are widely used for plant growth promotion, plant 
protection, plant transformation and for nanodiagnostics in the agricultural sector 
(Al-whaibi and Mohammad 2017). Nano Fullerenes (nC60) are reported to have lit-
tle impact on the soil microbial community (Tong et al. 2007). It is possible; how-
ever, that application of PGPR along with suitable nano-carbon or fullerenes can 
have a future application.
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9.9  Nano Boron

Boron, a trace element, plays an important role in plant growth such as cell division, 
elongation, nitrogen and carbohydrate metabolism, sugar transport, cytoskeletal 
proteins, ion fluxes (H+, K+, PO4

3−, Rb+, Ca2+) across membranes and phenol metab-
olism and transport (Shireen et al. 2018). Maziah et al. (2010) reported that inocula-
tion of plant growth promoting rhizobacteria, Bacillus sphaericus UPMB10  in 
modified MS medium containing boron improved the growth and root biomass of 
banana plantlets compared to control. Nanoboron nitride fertilization increased seed 
and stalk yield of sunflower (Helianthus annuus L) (Goudar et  al. 2018). PGPR 
mediated boron uptake in boron-limited conditions would be a great achievement 
for the field of agriculture. Use of boron nanomaterials in PGPR formulations may 
offer promising applications.

9.10  Nano Chitosan

Chitosan, a natural biomaterial, can be formed by the deacetylation of chitin. In 
plants, chitosan induces biotic and abiotic stress tolerance and control of plant dis-
eases, and promotes growth (Malerba and Cerana 2016). Nano chitosan in combina-
tion with plant growth promoting rhizobacteria (Bacillus spp) in maize has been 
reported to enhance plant height, leaf area, seed germination and increased organic 
acid production in response to stress tolerance (Khati et al. 2017). Thus, the use of 
natural biopolymers in PGPR formulation can potentially have an immense impact 
in PGPR inoculant technology.

9.11  Advances of Nanotechnology with PGPR

Nanotechnology has revolutionized the agricultural sector with its wide range of 
applications. This includes application of more efficient and targeted use of inputs, 
thereby increasing nutrient uptake by plants, disease control and its detection, stor-
age and packaging (Prasad et al. 2017). An emerging trend of bio-nano- encapsulation 
using plant beneficial microorganisms and nano particles has paved a unique way of 
development in current agriculture scenarios.

Understanding potential toxicity of nanoparticles together with microbes is cru-
cial for optimizing their application. In such cases the use of nanoparticles derived 
from biopolymers such as proteins, carbohydrates can offer a significant role.

9 Nanotechnological Advances with PGPR Applications
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9.11.1  Nano Encapsulation of PGPR

The use of nanomaterials for the delivery of macro- and micro-nutrients to plants is 
trending (Jampílek and Kráľová 2017). Nanoencapsulation also has the capability 
to protect crops from disease-causing organisms, insects, and other pests (Castañeda 
et  al. 2014). De Gregorio et  al. (2017) showed that immobilization of Pantoea 
agglomerans and Burkholderia caribensis in nanofibers did not alter the viability or 
beneficial properties of either rhizobacteria. The immobilized PGPR were associ-
ated with increased seed germination, and length and dry weight of soybean roots.

Maintaining viable counts of bacteria is a major concern when dealing with 
PGPR application in the field. Nanofibers and other nanomaterials can be a promis-
ing ecofriendly agent for inoculum development in which PGPR exerts its benefi-
cial plant growth promoting traits and nanofibers protect bacteria and seeds from 
local abiotic stresses (Fig. 9.3).

Fig 9.3 Benefits of encapsulation of PGPR using nanofiber

A. R. Nayana et al.
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9.11.2  Nanobiofertilizers with PGPR

Nano-fertilizers have the potential to replace traditional fertilizers. They can 
increase nutrient use efficiency, reduce soil toxicity, minimize the potential negative 
effects associated with over dosage and reduce frequency of application (Qureshi 
et al. 2018). Slow-release nanofertilizers which release nutrients and plant growth 
promoting rhizobacteria were formulated by Mala et al. (2017); blending of nanofer-
tilizer with neem cake, a byproduct of neem (Azadirachta indica) and PGPR was 
carried out. This slow release fertilizer system can accelerate the enzyme action 
during germination and increase seed vigour index (Mala et al. 2017). Use of PGPR 
facilitates the efficient use of NPK fertilizer and, hence, combined action can 
enhance overall crop yields.

9.12  Conclusions

Nanoparticles combined with PGPR have the potential to create a promising future 
for the upcoming age of agriculture. Nanoparticle interactions with PGPR can pro-
mote root colonization, phytohormone and secondary metabolite synthesis, and 
overall enhancement of the performance of rhizobacteria. Nano encapsulation of 
PGPR and nanobiofertilizer with PGPR are also trending. These eco-friendly com-
pounds offer immense potential to replace traditional fertilizer practices. PGPR 
nanotechnology can be exploited as a low-input, sustainable and environmentally- 
friendly technology for management of plant stress and disease management. Future 
innovative technologies in this area will revitalize the agricultural sector.
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Chapter 10
Interaction of Engineered Nanomaterials 
with Soil Microbiome and Plants: Their 
Impact on Plant and Soil Health

Shams Tabrez Khan

Abstract A large numbe of nanomaterials-based products are being commercially 
engineered and produced. Many of these engineered nanomaterials (ENMs) are dis-
posed in soil in significant quantities. Furthermore, nanomaterials are being spe-
cially tailored for use in agriculture as nano-fertilizers, nano-pesticides, and 
nano-based biosensors. The behavior of ENMs in soil and their persistence depends 
on their chemical nature and soil characteristics. Furthermore, nanoparticles like 
silver and zinc oxide possess well-known antimicrobial activities. The presence and 
persistence of these nanomaterials in soil can alter the quality of the soil microbi-
ome, thus influencing key microbial processes like mineralization, nitrogen fixation 
and plant growth promoting activities. It is, therefore, extremely important to under-
stand how nanomaterials influence the soil microbiome and associated chemical 
and biochemical processes. Such investigations will provide necessary information 
for eventual regulation of the appropriate use of nanomaterials for sustainable 
agriculture and increased agricultural productivity. This chapter discusses some of 
these issues.

Keywords ENMs · Plant microbiome · Soil microbiome

10.1  Introduction

The industrial production of engineered nanomaterials (ENMs) is rapidly increas-
ing with its commercial and domestic use consequently, their quantities reaching 
various environments including soil are also increasing (Keller et al. 2013). ENMs 
may be released to the environment during production, or during fabrication of 
ENM-containing products, during the use of such products or via disposal following 
use. ENMs may be added to soil directly or may experience various transformations 
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before reaching soil. Therefore, it is important to understand the types of nanoma-
terials that are released to the environment especially to the soil and their release 
routes. Another key concern is to evaluate ENM fates in soil and how soil affects 
various properties of ENMs. For example, soil pH may modify certain physical and 
chemical properties of ENMs. Finally, it is both urgent and important to understand 
how nanomaterials affect the overall health of plants, the plant microbiome, soil and 
the soil microbiome. This chapter discusses the effect of ENMs on soil and plant 
microbiomes, as both greatly affect the health of the plant as well as soil fertility 
(Berendsen et al. 2012; Sergaki et al. 2018).

How ENMs influence soil and plant microbiomes depends on various factors. 
Some nanomaterials may be more microbicidal than others. ENM dose, size, chem-
ical nature and various other properties influence their potential microbicidal activ-
ity. Nanomaterials that are microbicidal at high concentration may promote the 
growth of microorganisms at lower concentrations (Khan et al. 2018). Some nano-
materials may have selective activity against only a select group of microorganisms. 
Therefore, the ENMs in soil may influence important geochemicsl processes medi-
ated by microorganisms. Similarly, toxicity of ENMs to plants also depends on a 
number of factors and their effect on plants can not be generalized. This chapter 
discusses these factors and the nanomaterials of immediate concern to soil fertility, 
plant health and the plant microbiome.

10.2  Plant and Soil Microbiomes

Recent studies on microbiomes from various habitats has made it clear that micro-
organisms are ubiquitous, abundant, and irreplaceable due to the diverse and vital 
roles they play in nature. One habitat that harbors the highest density of microorgan-
isms is soil. It is established that one gram of soil may contain up to 108 bacterial 
cells, thus contributing greatly to soil biomass. The biomass of bacteria and fungi in 
the soil is 102–104 times higher than that of other microorganisms such as archaea, 
protists, and viruses. The quantity of soil microbial biomass rivals biomass occur-
ring above-ground (˃1000 kg/hectare) (Fierer 2017). Abundance, diversity, and type 
of microorganisms present in soil depend on soil type, available nutrients, oxygen 
availability and climatic conditions. Soil represents a diverse environment which 
varies greatly with location; microbial communities may vary even within a dis-
tance of a few millimeters. In a review on soil microbiomes, it has was stated that 
most of the bacterial and archaeal species found in different soils are rare, and only 
a few microbial types occur abundantly in all studied samples (Fierer 2017). Based 
on data from 66 soil samples it was determined that, according to their abundance, 
the predominant fungi in soil belong to Agaricomycetes (Basidiomycota), 
Archaeorhizomycetes (Ascomycota), Zygomycota, Sordariomycetes (Ascomycota), 
Leotiomycetes (Ascomycota), Dothideomycetes (Ascomycota), Eurotiomycetes 
(Ascomycota), Glomeromycota and Chytridiomycota. The predominant bacteria 
in these samples belong to Acidobacteria, Verrucomicrobia, Bacteroidetes, 
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Proteobacteria (Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, 
and Betaproteobacteria), Planctomycetes and Actinobacteria. The archaea can be 
arranged in the following order of abundance: Thaumarchaeota (Crenarchaeota), 
marine benthic group archaea (MBGA; Crenarchaeota), Thermoplasmata 
(Euryarchaeota), Parvarchaeota, and Euryarchaeota (unclassified groups) (Janssen 
2006). These microorganisms play important roles in soil including nutrient fixation 
(carbon and nitrogen), nutrient solubilization (phosphate and zinc), mineralization, 
and loss of nutrients from soil through processes like methane production and 
denitrification (Jacoby et  al. 2017; Prakash et  al. 2015). Therefore, the role of 
microorganisms in nutrient cycling is irreplaceable.

The plant microbiome can simply be defined as the community of microorgan-
isms that live on plants, including the root surface, inside the root and on other 
surfaces such as leaves, stems, flowers, etc. These habitats are referred to as the 
phyllosphere, rhizoplane, rhizosphere, and endosphere. The plant microbiome is a 
complex system; interactions between the plant and its microbiome are affected by 
a number of factors including type of plant, age, health and nutrients secreted by the 
plant, the physical environment, the initial microbial load in soil and on the plants, 
and other factors. It has been demonstrated that plants are capable of selecting spe-
cific microorganisms for colonization of the rhizosphere (Lugtenberg and Kamilova 
2009). Even within a plant under identical conditions, microorganisms present in 
the phyllosphere, rhizoplane, rhizosphere and endosphere may vary greatly. 
Research on the plant microbiome has focused on: (a) the extensive interplay among 
different microorganisms including bacteria, archaea, fungi, and protists; (b) plant- 
specific microbiomes to the level of cultivar; (c) the vertical transmission of core 
microbiomes; (d) the function of endophytes; and (e) unexpected functions 
and metabolic interactions (Berg et al. 2015). Some well-known examples of plant- 
microbe relationships are legume-rhizobia interactions and mycorrhizal associa-
tions, wherein the microbial partner provides nutrients for its host plant.

In addition to providing nutrients, microbiomes perform other support functions 
for plants (Hunter 2016). Microbial communities are so important that plants recruit 
specific microbial communities by the secretion of plant exudates (Berendsen et al. 
2018). It has been demonstrated that flowering time and biomass yield of A. thali-
ana is controlled by its characteristic microbiome (Panke-Buisse et  al. 2014). In 
another study on A. thaliana it was demonstrated that when plants are exposed to 
downy mildew disease they assemble protective microbial communities within their 
rhizosphere (Berendsen et al. 2018). The successful use of a microbial community 
for protecting Nicotiana attenuata against wilt disease has been demonstrated 
(Santhanam et al. 2015). The rhizosphere microbiome of Phaseolus vulgaris was 
shown to host a high population of the Bacteroidetes group of bacteria (Pérez- 
Jaramillo et al. 2017). While studying the domestication of Phaseolus vulgaris it 
was observed that domestication of plants changed the plant microbiome (Perez- 
Jaramillo et  al. 2016): a decrease in the population of the Bacteroides group of 
bacteria, and an increase in populations of Actinobacteria and Proteobacteria was 
observed. Domestication also was found to adversely affect populations of symbi-
otic nitrogen fixers and mycorrhiza. Detailed studies on plant microbiomes will help 
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in developing sustainable agriculture, minimizing dependency on fertilizers and 
pesticides while increasing the yield and nutrient content of crops.

Since different plants host distinct microbiomes that shift with varying condi-
tions, it is necessary to understand the plant-specific microbiome which possibly 
can be customized for specific needs such as improved growth, protection against 
disease and better quality product (Fitzpatrick et al. 2018). Knowledge of microbi-
ome will therefore make agriculture more extensive and less dependent on agro-
chemicals. In addition, it is of immense importance to understand how pollutants in 
soil may harm the microbiomes of plants and soil. Unparalleled urbanization in 
countries like China has resulted in extensive and serious soil pollution, it is esti-
mated that 16% of Chinese soil, including 19.4% of farmland, is contaminated. An 
estimated 80% of these pollutants are toxic inorganic compounds (Yang et al. 2014). 
Nanomaterials are emerging as potential soil pollutant as they are being widely used 
and ultimately ends up in soil. According to some estimates, tons of nanomaterials 
are annually being produced and ending up in landfills and soil (Keller et al. 2013). 
Owing to their known antimicrobial activities, nanomaterials are expected to upset 
plant and soil microbiomes (Khan et  al. 2016). This chapter discusses, in detail, 
nanomaterial pollution in soil and its consequences on plant and soil microbiomes 
and health.

10.3  Nanomaterials – A Brief Introduction

Nanomaterials are generally defined as materials that have at least one of their 
dimensions measuring less than 100 nm (Kreyling et al. 2010). Nanomaterials may 
be naturally occurring (e.g., volcanic ash) or engineered (TiO2 and carbon nano-
tubes). Engineered nanomaterials are used in a number of commercial products. 
According to an estimate by the project on emerging nanotechnologies (PEN), more 
than 1824 products containing nanomaterials are already in the market (Berube 
et al. 2010). Fig. 10.1 shows some nanomaterial-based products. The extensive use 
of nanomaterials in industry is a consequence of their unique characteristics. Among 
various properties, the most important is their extremely small size and high volume 
to specific surface area ratio (VSSA). It has also been proposed that materials hav-
ing a VSSA ≥60 m2/cm3 should be defined as nanomaterials (Kreyling et al. 2010). 
Nanomaterials represent an enormous class of compounds that are grouped based 
on size and other properties such as chemical nature, dimensionality, shape, and 
size. On the basis of chemical nature, nanomaterials are classified as organic, for 
example nanosized lipid micelles, and inorganic, such as silver nanoparticles. 
Nanomaterials can contain one repeating constituent unit or more than one type of 
repeating unit; the latter is termed a nanocomposite. Nanomaterials can be classified 
as 0D, 1D, 2D or 3D based on their dimensionality (Sun et al. 2014b). Nanomaterials 
having all dimensions in nanoscale like quantum dots and nanodispersions are 
termed 0D nanomaterials; materials having two dimensions in the nanoscale like 
nanotubes and nanowires, are referred to as 1D nanomaterials. 2D nanomaterials are 
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defined as nanomaterials with only one dimension in the nanometric size range, like 
nanofilms, while 3D nanomaterials are mesoporous structures and nanoclusters. 
Nanomaterials occur in various shapes such as nanotubes, nanocubes, nanosheets, 
nanospheres, and nanoflowers.

The small size of nanomaterials and their high surface area to volume ratio com-
prise the most unique properties of ENMs. Due to their small size ENMs are capa-
ble of penetration into living tissue including the blood-brain barrier in mammals 
and in various plant tissues (Khodakovskaya et al. 2011). The high volume to sur-
face area ratio makes ENMs lighter and provides a greater surface for interaction 

Fig. 10.1 Examples of some nanomaterial-containing products that may eventually release ENMs 
to soil: (a) paint; (b) teeth whitener; (c) automotive metal polish (d) Sun cream, (e) fabrics and (f) 
electronics

10 Interaction of Engineered Nanomaterials with Soil Microbiome and Plants…



186

and functionalization. Furthermore, ENMs can be crafted to possess the necessary 
properties to suit a specific purpose. Owing to their unique properties nanomaterials 
are used in a number of industries ranging from aeronautics to pharmaceuticals 
(Novikov and Voronina 2017; Aitken et al. 2006). Following consumption tons of 
nanomaterials are disposed in various environmental compartments such as soil, 
sediment and water (Keller et al. 2013).

10.4  Nanomaterials in Soil, Their Release Routes, and Fate

Soil contains a number of naturally-occurring nanomaterials such as clay, iron 
oxides and organic matter (Klaine et al. 2008). Several engineered nanomaterials, as 
discussed above, are also released to soil and other environments via the use and 
disposal of nanomaterial-based products. It is estimated that about 3000, 550, 5500, 
55, 55, 55, 300, 0.6, 55 and 0.6 tons of TiO2, ZnO, SiO2, FeOx, AlOx, CeOx, CNT 
Fullerenes, Ag and quantum dot nanomaterials, respectively, are produced world-
wide annually (Piccinno et al. 2011). ENMs are released intentionally or uninten-
tionally (a) during manufacturing; (b) during use; and (c) via disposal after use. 
Products that contribute the most ENMs to the environment include coatings, paints, 
pigments, electronics, optics, and cosmetics. It is estimated that from 0.1 to 2% of 
all ENMs produced are released into the environment during production (Keller 
et al. 2013). Release during use varies from product to product; for example, most 
of the nanomaterials used for academic, research and cosmetics are released into 
wastewater ultimately reaching wastewater treatment plants (Fig. 10.2). Most nano-
materials used in electronics, packaging, paper, plastics, and board are placed into 
landfills and soil (Keller et al. 2013). Approximately 63–91% of ENMs are disposed 
in landfills, while the second largest volume (8–28%) is disposed in soil. These data 
reveal that tons of nanomaterials reach soil every year. The highest volumes of tita-

Fig. 10.2 Release routes of ENMs in soil. Few details are currently available on release routes of 
ENMs in various environments
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nia, iron and zinc oxides are released into soil, water and air. While, SiO2, titania 
(TiO2), iron, and zinc oxides (ZnO), and alumina oxides (Al2O3) are the most abun-
dant ENMs released to the soil and landfills. Most reach soil directly due to the 
nature of their use; for example, pigments containing TiO2 used for pigments 
directly reaches into landfills (Sun et al. 2014a). These ENMs are released into the 
air from manufacturing, which subsequently reaches the soil. Additionally, upon 
incineration burning of ENM-s containing products in waste incineration plants 
(WIPs) also the ENMs will eventually reach the soil. ENMs such as TiO2 contact 
soil when sewage treatment effluents containing ENMs are used as irrigation water. 
It is estimated that irrigation with nanomaterial-containing wastewater may result in 
an increase of 89 μg TiO2 per kg of soil annually (Gottschalk et al. 2009). It was 
found that highest concentrations of ENMs measured in soils are those treated with 
municipal sludge. The same study calculates that 0.28–1.28 μg kg−1 y−1 of TiO2 is 
released into soil in Europe. Similarly, 0.093 and 0.050 μg  kg−1 y−1 of ZnO are 
released into soil in Europe and the US, respectively. While, other studies have, 
reported that highest amounts of TiO2 are reaching all the compartments of the envi-
ronment including soil, followed by ZnO (Gottschalk et al. 2009). The fate of ENMs 
upon reaching soil varies with soil type and properties of the nanomaterial. ENMs 
may dissolve in soil water, interact with charged particles in soil, or can be taken up 
by organisms resulting in their bioaccumulation. The latter depends on bioavailabil-
ity of ENMs. ENMs may also reach water bodies underneath and sediments.

The fate of nanomaterials in soil and other environments varies based on their 
inherent properties as well as the properties of the environment (Klaine et al. 2008). 
Size, shape, chemical nature, and surface properties are key characteristics that 
influence ENM behavior and fate in soil. All ENMs undergo aging (weathering); 
with aging, particles may undergo chemical transformation, aggregation, and disag-
gregation (Bundschuh et al. 2018). Chemical transformations of ENMs in soil may 
include dissolution, sulfidation, adsorption and desorption.

10.5  Effect of Nanomaterials on Plant Health and Plant 
Microbiome

Although the use of nanomaterials in agriculture is still in its infancy, some com-
mercial nano-based products are already available in the market (Sekhon 2014; 
Servin et al. 2015a). Studies showing the beneficial effects of ENMs have already 
been published (Khan et al. 2018; Faizan et al. 2018). This shows that the ENMs are 
added to soil intentionally in addition to the ENMs that are released in the soil 
through the routes discussed above. The presence of nanomaterials in the plant rhi-
zosphere is a unique scenario which embraces an interplay of the plant microbiome, 
the plant, and the ENM. For example, as discussed above, plants secrete exudates 
that craft the microbial community within their respective rhizosphere. The 
 rhizospheric microbial communities are also influenced, however, by ENMs present 
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in the soil. Furthermore, the chemical nature of the ENMs may also change in the 
presence of root exudates and the extracellular substances from microbes. The pres-
ence of ENMs in soil may affect plant health either directly or by influencing the 
plant microbiome.

10.5.1  Direct Effects of ENMs on Plants

The uptake of ENMs by higher organisms and their interaction with various biomol-
ecules is well established. It is known that many ENMs are taken up by plants and 
can be transported to leaves and other aerial parts, influenceing plant growth directly 
(Lin et al. 2009). Both growth-promoting and inhibitory activities of ENMs have 
been reported. These effects depends on a number of factors including the chemical 
nature of ENMs and their size, surface charge and dose (Husen and Siddiqi 2014; 
Faizan et al. 2018). Furthermore, the ability of ENMs to migrate from soil to the 
plant and their propensity for transport to various tissues also play an important role 
in plant health. Several reports are available on migration of nanomaterials to leaves 
and other aboveground tissues following absorption by roots. Movement of nano-
materials in plants can either be apoplastic (i.e., through extracellular spaces and 
xylem vessels) or symplastic (through plasmodesmata) (Pérez-de-Luque 2017). 
TiO2 NPs and multi-walled carbon nanotubes (MWNCTs) exhibited limited mobil-
ity from soil to wheat and red clover leachates (Gogos et al. 2016).

Various molecular  mechanisms have been proposed of nanomaterial toxicity 
(Khodakovskaya et  al. 2011; Servin et  al. 2015b); one of the most commonly 
reported is induction of stress which is detected by increased activity of superoxide 
dismutase and peroxide dismutase. When different carbon nanomaterials including 
fullerenes, reduced graphene oxide, and MWCNTs were added to the rhizosphere 
of rice at a dose of 50–500 mg/kg of soil for 30 days, the MWCNMs triggered the 
induction of four phytohormones including auxins, brassinosteroids, indoleacetic 
acid, and gibberellins (Hao et al. 2018). In addition, increased activities of superox-
ide dismutase and peroxide dismutase were observed. The study concluded that the 
CNMs resulted in toxicity to both rice plants and microbial communities. A 60 and 
75% growth inhibition of zucchini (Cucurbita pepo) was reported in the presence of 
Ag NPs and MWCNTs, respectively (Stampoulis et al. 2009). Similarly, Ag NPs 
inhibited the germination of ryegrass and flax (Linum usitatissimum). At a concen-
tration of 1.5 g L−1, Ag NPs reduced the germination of barley (Hordeum vulgare 
L.) by 13% (Yehia and Joner 2012). Accumulation of CeO2 in soybean roots and 
their translocation and accumulation in edible tissue is also reported (Hernandez- 
Viezcas et  al. 2013). It has been demonstrated that exposure to ZnO NPs 
(200–300 mg/L−1) results in a decrease in chlorophyll content of plants leading to 
deterioration of plant health (Wang et  al. 2016). Poly(acrylic acid) nano ceria 
increased carbon assimilation rates by 67% in Arabidopsis thaliana plants (Wu 
et al. 2017). Nano ceria protected the plant from abiotic stress by scavenging free 
radicals. This was in contrast to the findings of other works, where nanomaterials 
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induced stress in plants through ROS generation. CuO nanoparticles inhibited deni-
trification, nitrification, and soil respiration. This inhibition was observed, however, 
at a high concentration of 100 mg/kg dry soil.

In contrast, growth-promoting activities of ENMs have also been reported 
(Faizan et al. 2018; Zhu et al. 2019). For example, addition of nano TiO2 alleviated 
Cd stress in soybean plants by promoting plant growth; this was achieved through 
increased chlorophyll or carotene content following TiO2 treatment, consequently 
increasing the rate of photosynthesis (Singh and Lee 2016). Nanomaterials of gra-
phene oxide have been shown to promote seed germination through increased water 
retention (He et  al. 2018). Priming of aged rice with 5 and 10  ppm of Ag NPs 
improved seed germination and seedling vigor (Mahakham et al. 2017). Similarly, 
addition of ZnO promoted the growth of tomato plants by providing Zn as a micro-
nutrient (Faizan et  al. 2018). Addition of a water-soluble wood-based pyrolysis 
waste product termed nano-onions (wsCNOs) was found to enhance the overall 
growth rate of gram (Cicer arietinum) plants (Sonkar et  al. 2012). Some ENMs 
serve as micronutrients for plants, but also as carriers for various nutrients (Jampílek 
and Kráľová 2017). ENMs act as an effective carrier for nutrients due to their small 
size and excellent penetration capabilities (Pérez-de-Luque 2017). In experiments 
on Arabidopsis thaliana it was observed that exposure to nano-cerium resulted in 
increased plant biomass and numbers of rosette leaves (Tumburu et al. 2017). These 
findings were supported by the microarray data presented in the same study. Change 
in gene expression of tobacco cells upon exposure to carbon nanotubes was studied; 
genes involved in cell division and water transport were upregulated at low concen-
tration of CNT. Low exposure concentrations promoted cell growth (Khodakovskaya 
et al. 2012). Nano Fe3O4 was found to be beneficial for growth of Triticum aestivum 
L., and an increase in antioxidant enzyme activity was also observed (Iannone et al. 
2016). Although many reports on this aspect are available, further systematic stud-
ies are required. A careful evaluation of environmentally realistic doses should be 
considered before reaching any conclusion regarding toxicity of ENMs to plants.

10.5.1.1  Influence of ENMs on Soil and Plant Microbiome

In addition to directly affecting growth of plants, ENMs also influence the microbial 
community in the soil and plant microbiomes consequently affecting the plant 
health (Fig. 10.3). For example, it has been reported that nano TiO2 and ZnO influ-
ence soil microbial communities and a comparison of the two ENMs suggests that 
ZnO NPs induce more pronounced toxicity than does TiO2 (Ge et al. 2011). Bacteria 
that carry out nitrogen fixation and methane oxidation were among the populations 
that decreased significantly with treatment of ENMs (Ge et  al. 2011). While the 
population of members of Sphingomonadaceae increased, members of this family 
are well-known for decomposition of recalcitrant organic pollutants increased.

TiO2 was assessed for its effect on the microbiome of wheat. It was observed that 
populations of certain prokaryotes changed, but growth of the plant and arbuscular 
mycorrhizal root colonization remained largely unaffected (Moll et al. 2017). It was 
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suggested that the change in the prokaryotic community can be used as a marker for 
nano TiO2 contamination in soil. In another study (Grün et al. 2019) it was observed 
that silver NPs affect the soil microbial community significantly (Grün et al. 2019). 
The same authors demonstrated that populations of β-proteobacteria and ammonia 
oxidizers decreased significantly upon exposure to silver nanoparticles; in contrast, 
populations of Acidobacteria, Actinobacteria, and Bacteroidetes increased signifi-
cantly (Grun et al. 2018). Exposure to Ag NPs decreased soil microbial biomass, 
leucine aminopeptidase activity, and abundance of nitrogen-fixing microorganisms 
(Grun et al. 2018). When soil was treated with C60 fullerenes of 50 nm size, growth 
of fast-growing bacteria was suppressed three to four-fold (Johansen et al. 2008). 
When TiO2 and polystyrene nanomaterials were added to the rhizosphere of lettuce 
seedlings numbers of rhizospheric soil bacteria decreased, which consequently 
inhibited root and shoot growth (Kibbey and Strevett 2019). Soils irrigated with 
waste effluent containing ENMs experienced an increased population of cyanobac-
teria and an unknown group of Archaea. The life cycle of A. thaliana was signifi-
cantly shortened (Liu et al. 2018).

Carbon nanomaterials have been shown to affect the microbial community of the 
rice rhizosphere and incur toxicity (Hao et al. 2018). In a study on tomato plants, 
treatment of soil with carbon nanotubes did not significantly alter the soil microbial 
community (Khodakovskaya et al. 2013). Among the various carbon nanomaterial, 
reduced graphene oxide resulted in the most significant changes to the microbial 
community. The antimicrobial activity of ENMs is well-known and the mechanism 
of their antimicrobial activity has also been extensively studied and reported. 
Mechanisms include: (i) bacterial cell membrane disruption; (ii) perturbation of 
metabolic functions such as purine metabolism; (iii) protein denaturation; (iv) DNA 

Fig. 10.3 ENMs present 
in soil may affect 
plant-microbe interactions, 
especially in rhizospheric 
microflora (b). These 
ENMs can also reach aerial 
parts of the plant and can 
affect the phyllospheric 
microflora (a)
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damage; (v) inhibition of respiration through disruption of the respiratory chain; 
(vi) free radical formation and induction of oxidative stress; (vi) mutagenesis; and 
(vii) inhibition of DNA replication through DNA binding (Khan et al. 2016). ENMs 
are not always microbicidal in their action but simply be inhibitory to specific 
microbial enzymes and processes. The toxicity of nanomaterials also depends on 
their inherent properties including shape, size, chemical nature, surface charge, and 
hydrophobicity. Furthermore, some microorganisms may be more sensitive to a 
nanomaterial than others. For example, some nanomaterials are more effective 
against Gram-positive bacteria than Gram-negative bacteria. The growth rate of 
bacteria and the ability to produce extracellular polysaccharides (EPS) also influ-
ence sensitivity of bacteria to engineered nanomaterials.

10.6  Effect of ENMs on Soil Microbial Processes

Many nanomaterials are known to possess microbicidal properties and hence can 
inhibit the proliferation of microorganisms involved in crucial biogeochemical pro-
cesses such as nitrogen fixation, ammonification, denitrification, phosphate solubi-
lization, and other plant growth promoting (PGPR) activities, thus inhibiting 
geochemical processes (Fig. 10.4). Study of the literature shows that ENM toxicity 
is reported usually at high concentrations. To the contrary, it has been demonstrated 
that certain nanomaterials occurring at low concentrations promote some biogeo-

Fig. 10.4 Role of microorganisms in geochemical processes. Many of these microorganisms are 
free-living in soil while some live in close association with plants, playing an important role in 
nutrient cycling and consequently influencing plant growth and soil health

10 Interaction of Engineered Nanomaterials with Soil Microbiome and Plants…
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chemical processes, consequently promoting plant growth (Khan et al. 2018; Yuan 
et al. 2017).

Few reports are available on the influence of ENMs on reactions of one of the 
most important nutrients, i.e., carbon. Reduced graphene oxide (RGO) inhibit pho-
tosynthesis in pea plants, consequently affecting carbon fixation and biomass pro-
duction (Chen et al. 2019). The RGO damaged the oxygen-evolving-complex on the 
donor site, consequently inhibiting the activity of photosystem II (PS II). This inhi-
bition was attributed to oxidative stress induced by RGO. Various reports reveal 
increased biomass following treatment with nanomaterials at low concentration. For 
example, upon treatment with MWNCT (100 μg/kg soil), an increase in nitrogen 
fixation activity was observed, leading to an increase of biomass (Yuan et al. 2017). 
Microorganisms play an indispensable role in the nitrogen cycle from ammonifica-
tion to nitrogen fixation to denitrification. Nitrogen fixation is one of the most 
important processes mediated by microorganisms, both free-living and symbiotic. 
The influence of ENMs on nitrogen fixation by both free-living and symbiotic 
microorganisms has been studied. In the presence of nano TiO2 the growth rate of 
Anabaena variabilis, its nitrogen fixation rate, and rate of nitrogen storage were 
inhibited (Cherchi and Gu 2010). Time of exposure was found to be a more impor-
tant factor than concentration of nanomaterial on microbial processes. The negative 
effects of copper nanoparticles on microbial carbon and nitrogen cycles has been 
reported (Simonin et al. 2018). In this study, however, the low ENM concentrations 
(0.1–1 mg/kg of soil) were not inhibitory to the process. Furthermore, denitrifica-
tion was most sensitive to CuO-NPs. The presence of plants did not mitigate the 
effects of the nanomaterial. In another study, a high concentration of nano-CeO2 
inhibited nitrogen fixation in soybean (Priester et  al. 2012). The nodulation fre-
quency of Medicago truncatula by Sinorhizobium meliloti decreased in the pres-
ence of Zn, Ag, and Ti nanomaterials in soil (Judy et al. 2015).

Silver is one of the most widely studied nanomaterials due to its well-known 
microbicidal activity. Silver NPs inhibited the growth of Azotobacter vinelandii, a 
free-living nitrogen fixer (Zhang et al. 2018). The Ag NPs resulted in cell damage, 
inhibition of nitrogenase activity, oxidative stress and death by apoptosis. Toxicity 
of the Ag nanomaterials was found to be size-dependent. The influence of single- 
walled carbon nanotubes (SWCNTs), multi-walled carbon nanotubes (MWCNTs) 
and graphene oxide (GO) on legume-Rhizobium symbiosis (Lotus japonicus and 
Mesorhizobium loti MAFF303099) has also been reported (Yuan et al. 2017). It was 
observed that a low concentration of MWCNT (100 μg/ml) actually promoted nitro-
gen fixation activity of nodules and consequently increased plant biomass 
by 14–25%.

The effects of ENMs on various other PGPR microbial process including nitrifi-
cation, denitrification, phosphate and potassium solubilization, and microbial pro-
tection of plants against diseases are also reported. Nitrification activity of 
Nitrosomonas europaea was inhibited by silver ions released from silver NPs 
(Radniecki et  al. 2011). Exposure to 20 nm silver NPs resulted in compromised 
outer membranes and inhibition of ammonium oxidase activity. ZnO, SiO2, TiO2, 
and CeO2 nanoparticles were tested for their activity against PGPR bacteria includ-
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ing Azotobacter, phosphate-, and potassium-solubilizing bacteria and their enzy-
matic activities (Chai et  al. 2015). A rate of 1 mg/g ZnO and CeO2 individually 
hindered thermogenic metabolism, reducing Azotobacter colony numbers and P- 
and K-solubilizing bacteria. These ENMs also inhibited activities of urease and 
catalase and decreased fluorescein diacetate hydrolysis activities. The activity of 
silica (SiO2) and alumina (Al2O3) nanoparticles against plant growth promoting rhi-
zobacteria, and other PGPR bacteria like Pseudomonas fluorescens, Bacillus mega-
terium, and Bacillus brevis have been studied. Nano Al2O3 particles were highly 
toxic to these organisms at 1000 mg/L (Karunakaran et al. 2014).

The effects of a metabolite of DDT, dichloro diphenyl dichloroethylene; p,p’-
DDE, on plants was influenced by the presence of C60 fullerene nanomaterials (De 
La Torre-Roche et  al. 2012). The level of the contaminant in soybean shoots 
decreased by 48% while in another case it increased. This study demonstrates that 
nanomaterials in soil may influence the uptake of various environmental pollutants.

10.7  Role of ENMs in Protecting Plants Against Pathogens

ENMs can influence plant-pathogen interactions. Nano-formulations of some pesti-
cides, such as DMM [sodium dodecyl sulfate-modified photocatalytic  TiO2/Ag 
nanomaterial conjugated with dimethomorph] is already in use (Khot et al. 2012). 
Many studies have reported the inhibitory effect of ENMs to plant pathogens. The 
inhibitory effect can be due to the direct activity of ENMs or release of metal ions 
from ENMs, or to augmenting the activities of microorganisms that inhibit phyto-
pathogens (Khan et al. 2018; Elmer and White 2018; Servin et al. 2015b). Silver is 
known for its antimicrobial activity; thus, its effect on various phytopathogens has 
been reported. The inhibitory effect of Ag NPs on phytopathogenic fungi that cause 
disease in ryegrass was evaluated (Jo et al. 2009). Ag NPs were found to reduce the 
growth of phytopathogenic fungi and were also found to reduce the disease in the 
plants. In another study, the ability of ENMs (Fe2O3, TiO2, MWCNTs and C60) to 
inhibit tobacco mosaic virus and turnip mosaic virus was studied (Hao et al. 2018). 
It was observed that ENMs decreased the pathogenicity of these viruses by decreas-
ing the coat proteins of the viruses by 15–60%. However, it is interesting to note that 
quite high doses were used for the study (50-200 mg/L) . A low dose (500 ng/mL) 
of ENMs (Ag, SiO2, TiO2, and ZnO) promoted the antifungal activity of Pseudomonas 
protegens CHA0 against C. albicans (Khan et  al. 2018). Inhibition of F. gra-
minearum, a plant pathogen, by ZnO nanoparticles in vitro and in vivo has been 
reported (Dimkpa et al. 2013). Treatment of wheat plants with ZnO NPs reduced 
F. graminearum infection, wherein a significant reduction in F. graminearum CFU 
was observed compared to control (Savi et al. 2015). Treatment with Zn nanoparti-
cles did not harm the plant and the levels of zinc in wheat grains were within per-
missible limits. In another study the effect of six different carbon nanomaterials 
(SWCNT, MWCNTs, GO, RGO, C60, and activated carbon) against two 
 phytopathogenic fungi (Fusarium graminearum and Fusarium poae) was evaluated 
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(Wang et al. 2014). Except for C60 and AC all nanomaterials inhibited the growth of 
the two fungi. Spores of these fungi were inactivated primarily through (i) deposi-
tion on the surface of the spores; (ii) inhibition of water uptake; and (iii) plasmoly-
sis. In field trials the inhibition of Colletotrichum spp. (a phytopathogen which 
causes anthracnose) by Ag nanoparticles was demonstrated (Lamsal et al. 2011). 
Application of nanomaterials before the spread of disease resulted in significantly 
reduced infection of pepper plants by Colletotrichum spp. From the review of the 
literature discussed above, it is concluded that ENMs may help protect plants against 
phytopathogens. However, toxicity concerns remain to be evaluated carefully.

10.8  Conclusion

ENMs are released to the soil both intentionally and unintentionally without evalu-
ating the risks involved. Among different ENMs that are released into the soil, the 
major ENMs are SiO2,Titania (TiO2) iron and zinc oxides (ZnO), and alumina 
(Al2O3). The unregulated and continuous use of ENMs has resulted in the release of 
tons of these ENMs to soil. Studies have estimated the annual changes in their con-
centrations in soil; concentrations depend on persistence combined with the cumu-
lative additions of ENMs to soil. Little evaluation has been accomplished to date 
regarding the risks involved from such accumulation.

Upon reaching soil ENMs experience variable fates. Among these are interac-
tions with soil and plants, and soil and plant microbiomes. Interaction with ENMs 
influences the soil microbiome, plant microbiome, and overall plant health. 
Microbiomes of bulk soil, and the plants vary from soil to soil and plant to plant and 
therefore cannot be generalized. Many studies have evaluated the potential toxicity 
of these ENMs on soil microorganisms and plants. Microorganisms play an impor-
tant role in the biogeochemical cycling of nutrients and in affecting the overall 
health of plants as well. Unfortunately, many studies have evaluated only very high 
doses of ENMs such as mg/kg levels, while realistic concentrations are far lower. In 
many studies, almost no effect was observed at lower doses; some studies have 
shown growth promoting and other positive effects of ENMs on plants and the plant 
microbiome, resulting in improved plant health and productivity. Hence, the use of 
realistic doses should be considered as a criterion for conducting and publishing 
such studies.

It is becoming increasingly necessary to regulate the release of ENMs during 
production, use, and disposal following use, as continuous and increasing quantities 
of ENMs released may pollute soil to the point of severe consequences. Studies 
show the beneficial and plant growth promoting effect of ENMs, thus arguing for 
their use in agriculture. Few studies have investigated the simultaneous accumula-
tion of ENMs in plants and the greater environmental consequences of their use. For 
example, if Ag promotes plant growth, it is also taken up by the plant. Continuously 
consuming plants having elevated levels of Ag or other ENMs may become a health 
concern. Therefore, the wise use of nanotechnology, keeping in view all applica-
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tions and consequences, will ensure the sustainable use of nanotechnology in agri-
culture. The targeted use of those nanomaterials having a short life in soil is 
desirable. Biocompatible ENMs having a short lifespan in soil that can be easily 
recycled or removed from soil by natural processes, should be designed.

To conclude, ENMs are a boon for the soil ecosystem if concentrations are low 
and application is regulated. If uncontrolled release in the soil remains unabated, 
their presence in soil at high concentrations may result in serious environmental and 
public health hazards risking crop productivity, food security and the status of soil 
as a sustainable resource.
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Chapter 11
Nanoparticles: A New Threat to Crop 
Plants and Soil Rhizobia?

Hassan Rasouli, Jelena Popović-Djordjević , R. Z. Sayyed,  
Simin Zarayneh, Majid Jafari, and Bahman Fazeli-Nasab

Abstract Nanoparticles (NPs) are extremely small units occurring at the scale of 
nanometers (nm) which have been synthesized from both chemical and natural 
sources. The applicability of these particles has expanded over the past decade so 
that thousands of useful applications are now attributed to these remarkable parti-
cles. The impact of nanotechnology on medicine and other branches of material 
science suggests that researchers can craft particles for improving and developing 
agricultural products. The potential benefits of different types of NPs for enhancing 
the sustainable growth of plants have evaluated under in vitro and greenhouse con-
ditions; results show that nanoparticles cause both positive and adverse effects to 
plants. In some cases, NPs trigger the growth of aerial parts of plants; for other spe-
cies, no benefits are observed, and in others, growth of target plants decrease or are 
partially inhibited. Introduction of nanoparticles to agricultural systems, after con-
sideration of possible safety concerns and possible side effects to crop plants and 
soil ecosystems, may be helpful to farmers for enhancing crop growth, and for con-
serving arable lands and managing them sustainably. This chapter aims to present 
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and briefly discuss several nanoparticles and report potential side-effects to plants 
and soil microorganisms.

Keywords Agriculture · Rhizobacteria · Nanoparticles · Toxicity

11.1  Introduction

Nanotechnology is an exciting field of research for discovering, inventing, and 
developing methods and approaches for beneficial uses of nanoparticles (Rasouli 
2018). Researchers have successfully introduced nanotechnology for applications 
in medicine, drug delivery, painting, textiles, building, agriculture, biotechnology 
and so on (Zarayneh et al. 2018). The term ‘nanoparticle’ (NP) describes a group of 
minute chemical compounds at the scale of nanometers (nm). These are produced 
by synthetic methods and also occur naturally (Mohanraj and Chen 2006).

Impending global climate change and increased global population have exacer-
bated demands for food supplies; however, estimates indicate that available arable 
lands cannot bear the burden of these pressures in the coming years (Rosenzweig 
et al. 2001; Fanzo et al. 2018). Therefore, attempts to enhance the production of 
food supplies using novel methods has received attention from crop biotechnolo-
gists (Fanzo et al. 2018; Nuccio et al. 2018). The introduction of supplementary NPs 
to agricultural systems have opened many possibilities for fortifying the growth of 
crop plants (Prasad et al. 2017). Various forms of NPs, including powders and emul-
sions, are commercially available in agricultural markets in which each product is 
designed for a unique application within a target plant species (Prasad et al. 2017). 
In addition, utilization of NPs for improving the formulations of herbicides, pesti-
cides, and fungicides is being investigated; products are now formulated with NPs 
to improve the effectiveness of chemical agents for fighting weeds, forbs, pests, and 
pathogens (Pérezde and Rubiales 2009; Abigail and Chidambaram 2017).

Nano-based chemical agents are now entering global markets for integrated 
management scenarios in agricultural systems (Abigail and Chidambaram 2017). 
Nano-based substances are easily absorbed by target plants based on their specific 
application; the NP amendment could help plant populations experience sustainable 
growth (Abigail and Chidambaram 2017, Prasad et al. 2017). It has been proposed, 
for example, that nano-herbicides can reduce the total amount of applied chemical 
agents for crop management in comparison to conventional herbicides (Abigail and 
Chidambaram 2017).

Despite the potential benefits of NPs for agricultural products, the issue of pos-
sible toxicity to target plants or soil microorganisms concerns many researchers 
(Mazumdar and Ahmed 2011). Application of nano-based products for enhancing 
the growth of plants is widespread, however, the possible toxicity of NPs for agri-
cultural systems remains unclear.
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Agriculture and sustainable food production are two determinant factors for 
establishing the stability of nations; without these elements, nations must confront 
poverty, economic recession and possible political instability (Borlaug 2000, Tilman 
et al. 2011). Due to the crucial roles of crops in worldwide food security, it is essen-
tial to assess the possibility of NP toxicity if being used to support agriculture. This 
chapter briefly aims to highlight the potential side-effects of NPs for agriculturally 
cultivated plants.

11.2  Toxicity of NPs to Plants

Many variables present in the environment may adversely affect plant growth and 
decrease productivity (Soliman et  al. 2018), including anthropogenic chemical 
agents, physical stressors, microbes, insects, and so on. Among these factors, chem-
ical agents are classified as the most dangerous variables facing plants, posing chal-
lenges to the soil, and consequently, to the sustainable growth of plants (Ashraf 
et al. 2018; Blum 2018). In addition to concerns about chemical agents, potential 
NP toxicity is a new challenge for agronomists. The adverse effects of these com-
pounds on plants have received increased attention across a number of disciplines in 
recent years. Studies have shown that among nanoparticles, metallic particles are 
potentially harmful agents to natural ecosystems. Metallic NPs or their oxides have 
the potential to genetically or morphologically alter the physiologic status of plant 
tissues (Rastogi et al. 2017). Evidence suggests that these classes of NPs upregulate 
genes involved in defense mechanisms, consequently leading to significant oxida-
tive stress in target plants (Rastogi et al. 2017).

Nano-toxicological studies have reported that prolonged exposure of plants to 
NPs imparts significant side effects to tissues and vital organs. Mazumdar and 
Ahmed (2011) have shown that silver nanoparticles (AgNPs) measuring 25 nm at 
concentrations of 50, 500 and 1000 mg/L damaged the cell walls and root vacuoles 
of Oryza sativa plants. Similarly, Rajput et al. (2018a, b) reported that prolonged 
exposure to NPs could adversely affect soil biological indices. Observed effects 
include changes to the diversity of soil microorganisms and changes in the distribu-
tion of microbial communities. The authors also suggest that NPs cause significant 
abnormalities in plants (e.g. reduced shoot and root growth, and flowers lacking 
fertile seeds) (Rajput et  al. 2018a, b). Koelmel et  al. (2013) reported that gold 
nanoparticles (AuNPs) at a concentration of 0.14 mg/L have the potential to cause 
toxicity to above-ground tissues of Oryza sativa plants. In this context, Taylor et al. 
(2014) suggested that plant tissues will absorb gold particles in an ionic form, but 
exposure to gold particles is followed by up-regulating genes for regulating oxida-
tive stress and down-regulating of specific metal transporters for decreasing the 
total quantity of Au particle uptake (Taylor et al. 2014).

Toxicity of NPS to plants can be linked to the Accumulation of these NPs in 
topsoil; however, systematic studies and continuous monitoring is required to detect 
toxic effects of NPs. Rajput et al. (2018a) published a critical review regarding the 
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phytotoxic effects of copper nanoparticles (CuO) to crop plants. According to their 
discussion, plants experienced negative effects during prolonged exposure to CuO 
NPs they had the potential to inhibit seed germination and shoot/root elongation in 
crop plants (Rajput et al. 2018a). Rastogi et al. (2017) critically reviewed the pos-
sible side effects of CuO on plants and found that Cu and CuO negatively affect 
antioxidant systems of plants. The particles displayed moderate to high inhibitory 
effects to plant growth and seedling development in a dose-dependent manner. 
Specifically, interference with the uptake of micronutrients, inhibition of root devel-
opment, triggering of lipid peroxidation, DNA damage, changing phytohormone 
levels, and altered photosynthetic pathways were observed (Rastogi et al. 2017).

Some plants have expressed obscure behaviors when the tissue was exposed to 
different concentrations of nanoparticles. Some plants remain unaffected by NPs 
while others experience significant changes in physiology (Rastogi et  al. 2017; 
Rajput et  al. 2018a, b). Yang et  al. (2017) reported that plants showed variable 
responses to NPs. In some cases, activities of plant enzymes decreased while in oth-
ers root growth or shoot elongation was significantly impaired. Following exposure 
to different classes of NPs, some plants experienced significant changes in hor-
monal levels. The chemical essence of NPs (e.g. size, surface area, and dose) appar-
ently influenced the potential to increase or decrease concentrations of 
phytohormones in  local compartments. The authors expressed concern regarding 
the accumulation of nanoparticles in plant tissues, concluding that this may affect 
food quality in the human diet (Yang et al. 2017). Sukhanova et al. (2018) reported 
that physicochemical properties of nanoparticles including electric charge, shape, 
size, and lethal concentrations are key factors for determining possible toxic proper-
ties (Sukhanova et al. 2018).

In addition to metallic NPs, other classes of nanoparticles such as quantum dots 
(QDs) have shown toxic effects in model plants (Santos et al. 2010). Some have 
reported that QDs have the potential to decrease cell viability and seed germination 
(Nair et al. 2011). The potential of QDs for changing morphological traits such as 
root formation is well established (Alimohammadi et al. 2011). However, there is 
little information about the toxic properties of these NPs within natural ecosystems; 
therefore, QD toxicity studies under field conditions must be performed to deter-
mine whether QDs can disrupt or enhance the sustainable growth of plant species. 
Table 11.1 presents a number of NPs and their adverse effects on common agricul-
tural plants.

As shown in Table 11.1, NPs results in differing degrees of toxicity when various 
concentrations are exposed to plants. The behavior of crop plants when in contact 
with NPs varies from plant to plant so that prediction of the interaction between NPs 
and plant is difficult. Much excitement has been generated from the fact that some 
NPs such as SiO2 and TiO2 have the potential to improve plant growth (Yang et al. 
2017); however, their behavior in ecosystems is uncertain because various factors 
including light, temperature, other chemical agents, and inherent soil properties 
might modify the ability of these particles to enhance or, conversely, mitigate their 
effects (Chen 2018). Researchers must, therefore, examine the behavior of NPs 
under field conditions to classify them into safe or hazardous categories. This 
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Table 11.1 Possible toxic effects of NPs to agriculturally cultivated plants

Particle Plant Dose Effects References

Ag Triticum aestivum 
L.

10 mg/L Particles had no effects on 
wheat DNA but releasing 
Ag ions caused primary 
abnormality for root tips.

Vannini et al. 
(2014)

Particles could affect the 
expression of some 
proteins involved in cell 
defense and primary 
metabolism

Sorghum bicolor 5–40 μg/mL Plant growth inhibited but 
was not significant.

Lee et al. (2012)

Lycopersicone 
sculentum

50–5000 μg/mL Root elongation reduced 
and physiological status of 
tomato cells modified.

Song et al. (2013)

Seed germination 
decreased.

Oryza sativa L.cv. 
KDML 105

10 or 100 mg/L Leaf deformation. Thuesombat et al. 
(2014)

Seed germination 
decreased.
Seedling growth reduced.
Small particles (~20 nm) 
showed less negative 
effects in comparison to 
larger particles (~150 nm)

Cucumis sativus <200 mg/L Vegetative growth delayed. Cui et al. (2014)
Less negative effects 
observed for the 
germination stage.

ZnO Oryza sativa L. 25, 50, 
100 mg/L

Seedling growth inhibited. Chen et al. (2018)

Oxidative damage 
observed.
Chlorophyll content 
decreased.

Allium cepa 5 and 50 μg/mL Oxidative stress and ROS 
generation observed.

Sun et al. (2019)

Root growth decreased.
Release of Zn2+from ZnO 
was responsible for 
cytotoxicity and 
genotoxicity effects.

Triticum aestivum 
L.

400 and 
500 mg/L

Reduced root growth. Prakash and 
Chung (2016)

Decreased shoot growth.

(continued)
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Table 11.1 (continued)

Particle Plant Dose Effects References

Oxidative damage 
observed and lipid 
peroxidation in roots 
increased.
Redox imbalance and 
lignification observed.

Cucumis sativus 20, 225, 450, 
and 900 mg/kg 
soil

In calcareous soil, biomass 
decreased at higher 
concentrations.

García-Gómez 
et al. (2018)

Zea mays In acidic soil, germination 
decreased.
Oxidative stress observed.

Beta vulgaris In calcareous soil, biomass 
decreased at higher 
concentrations.
Photosynthetic pigments 
increased.
In acidic soil, germination 
decreased.

Solanum 
lycopersicum

In acidic soil, germination 
decreased.
Oxidative stress observed.

Pisumsativum In acidic soil, germination 
decreased.

Lactuca sativa In acidic soil, germination 
decreased.

Phaseolus 
vulgaris

In acidic soil, germination 
decreased.
Oxidative stress observed.

Raphanussativus In acidic soil, germination 
decreased.

TiO2 Triticum aestivum 
L. Viciafaba

10 g/kg of soil Wheat biomass decreased. Du et al. (2011)

5, 25, 50 mg/L Plant growth and PSII 
maximum quantum yields 
remained unchanged.

Foltête et al. 
(2011)

Oxidative stress in shoots 
did not occur.
At 50 mg/L glutathione 
reductase activity 
decreased in roots.
At 5 and 25 mg/L 
ascorbate peroxidase 
activity reduced in roots.

(continued)
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Table 11.1 (continued)

Particle Plant Dose Effects References

CuO Oryza sativa L. 100 mg/L Particles reduced root 
elongation and changed 
root morphology.

Peng et al. (2015)

Cell viability decreased.
ROS caused oxidative stress

Hordeum vulgare 
L.

0.5–1.5 mL/
medium

The maximum quantum 
yield of PSII was not 
affected.

Shaw et al. (2014)

Oxidative stress observed.
Photosynthesis 
performance decreased.

Raphanus sativus 100, 500, 
1000 mg/mL

Induced DNA damage. Atha et al. (2012)
Oxidative stress observed.

Vigna radiata 500 mg/L Shoot length and biomass 
reduced.

Nair et al. (2014)

Chlorophyll content 
decreased.
Growth of primary and 
lateral roots inhibited.
ROS generation and lipid 
peroxidation in roots 
increased.
Root lignification 
increased.

Cicer arietinum 1000–2000 μg/
mL

Root development 
inhibited.

Adhikari et al. 
(2012)

Root necrosis occurred.
Latuca sativa 20 mg/L The total length of shoot 

and root decreased.
Hong et al. (2015)

Nutrient availability and 
enzymatic activity 
decreased.

NiO Allium cepaL. 10–500 mg/L Higher concentrations of 
particles decreased mitotic 
indices.

Manna and 
Bandyopadhyay 
(2017)

Chromosomal aberration 
and break observed 
(genotoxic effect)
Cell physiology modified.
Lipid peroxidation and 
oxidative stress increased.

Solanum 
lycopersicum

2 mg/mL Oxidative stress and 
mitochondrial dysfunction 
observed.

Faisal et al. (2013)

(continued)
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Table 11.1 (continued)

Particle Plant Dose Effects References

Particles triggered cell 
death through increasing 
ROS molecules.

Al2O3 Triticum aestivum 
L.

5, 25, 50 mg/L Root elongation decreased. Yanık and Vardar 
(2015)Peroxidase activity 

increased.
DNA fragmentation 
induced.
Morphological changes 
increased.

Zea mays 1000 mg/L Seed germination delayed. Karunakaran et al. 
(2016)

Root elongation decreased.
QDsa Medicago sativa 100 Mm CdSe/

ZnS QD added 
to suspension 
culture

Oxidative stress and ROS 
generation were observed.

Santos et al. 
(2010)

Cell growth significantly 
reduced.

SiO2 Gossypium 
hirsutum

10, 100, 500 and 
2000 mg/L

Root and shoot biomass 
decreased.

Rui et al. (2014)

Cotton height decreased.
SOD activity and IAA 
level modified.
Cytotoxic effect was in a 
dose-dependent manner.

CeO2 Glycine max 500, 1000, 2000, 
4000 mg/L

Genotoxic effects 
observed.

Santos et al. 
(2010)

Oryza sativa L. 62.50, 125, 250, 
500 mg/L

Increased lipid 
peroxidation in shoots

Rico et al. (2013)

Hordeum vulgare 
L.

500 mg/kg soil Oxidative stress induced. Rico et al. (2015)

Plant height increased.
Chlorophyll content 
increased.
Potassium leakage 
increased.
Biomass and dry weight 
increased.

aQDs quantum dots, ROS reactive oxygen species, IAA indole 3-acetic acid, SOD superoxide dis-
mutase, PSII photosystem II
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 strategy can help agronomists determine the boundaries for developing environ-
mentally–friendly NPs to use in agricultural systems for increasing productivity of 
strategic plants.

Rana and Kalaichelvan (2013) reported that several side-effects are commonly 
linked with NPs, including negative impacts on soil microbial communities, delayed 
hatching times in aquatic organisms, induction of excited electrons after interaction 
with UV radiation, production of ROS molecules and oxidative stress, cellular dis-
ruption in vital organs, membrane peroxidation, interference with translocation of 
nutrients in plant cells, altering the normal function of plant roots and stomata, and 
impaired transpiration and respiration (Rana and Kalaichelvan 2013). Additionally, 
the occurrence of toxic effects of NPs concurrently with abiotic stresses such as 
salinity and drought might amplify cellular damage caused by oxidative stress. 
Therefore, regular monitoring of agricultural soil following the residual nanoparti-
cles is a recommended strategy to identify susceptible plants and soils, along with 
limiting the application of a specific nanomaterial, if necessary. According to 
Table  11.1, enhancing oxidative stress, delaying root and shoot elongation, leaf 
deformation, inhibiting seed germination and seedling growth, modifying photo-
synthetic pathways, and decreasing biomass are significant practical problems when 
plants subjected to different concentrations of these nanoparticles.

11.3  Toxicity of NPs to Soil Rhizobia

The potential toxic effects of NPs to soil microorganisms have been investigated. 
Information on toxic effects of NPs is available from various in vitro assays (Dinesh 
et al. 2012). Chen (2018) reported that the environmental behavior of metal NPs is 
directly dependent on the complexity of soils, where our understanding of the 
behavior of metallic particles remains unclear. Other studies have suggested that 
processes such as shifts in oxidation and reduction status may affect the chemical 
structure of metallic NPs, consequently leading to release of ions under certain con-
ditions (Jena and Raj 2007; Lok et al. 2007).

Some metallic NPs (i.e. AgNPs) impart adverse effects to soil bacterial commu-
nities and biological processes such as nitrification. Juan et al. (2017) reported that 
AgNPs affect the distribution of different types of soil bacterial species including 
Acidobacteria, Actinobacteria, Cyanobacteria, and Nitrospirae in a dose- dependent 
manner. The powerful antibacterial properties of AgNPs modify the bacterial spe-
cies distribution in soils. In such conditions, a suitable environment for growing 
Proteobacteria and Planctomycetes phyla is provided, and as a consequence, popu-
lations of useful bacteria involved in soil biological process may decrease (Juan 
et  al. 2017). The authors also report that the impact of AgNPs on Nitrosomonas 
europaea, a well-known ammonia-oxidizing bacterial strain, is directly linked to 
bacterial cell wall damage and oxidative stress (Juan et al. 2017).
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Possible side effects of C60 fullerene (CF) NPs to soil microorganisms have 
been evaluated. Evidence suggests that CF-NPs are not entirely toxic to soil bacteria 
(Johansen et al. 2008).

The toxicity of NPs and their inhibitory potential against plant growth promoting 
rhizobacteria (PGPRs) is yet another important issue. PGPRs are diverse classes of 
soil bacteria with the potential to have a symbiosis with plant root systems to pro-
vide nutrition, immunity and disease resistance to plants (Verma et al. 2019). These 
microorganisms also have critical roles in maintaining soil structure stability and 
quality. PGPRs are unique microorganisms in the soil to help plants to escape from 
salinity, drought and other catastrophic stresses in the soil and surrounding environ-
ment. Since NPs have antibacterial properties, the time has come to explore their 
detrimental effects on soil bacteria.

The extinction of PGPR species in the agricultural soil environment is equal to a 
significant decrease in the productivity of crop plants. Lewis (2016) has reported 
that engineered silver NPs and ions could inhibit the growth of three PGPRs namely 
Bacillus amyloliquefaciens GB03, Sinorhizobium meliloti 2011, and Pseudomonas 
putida UW4. Mishra and Kumar (2009) have proved the potentially toxic effects of 
NPs against phytostimulatory soil PGPRs.

The possible toxic effects of metallic NPs to plant growth promoting rhizobacte-
ria (PGPRs) have been surveyed; evidence suggests that AgNPs are inhibitory to 
Bacillus amyloliquefaciens GB03, Sinorhizobium meliloti 2011, and Pseudomonas 
putida UW4 strains (Lewis 2016). Mishra and Kumar (2009) evaluated the effects 
of metallic NPs (e.g. Au, Ag, Al) on PGPRs; these NPs had the potential for killing 
phytostimulatory soil bacteria. Dinesh et  al. (2012) reported that metal NPs and 
metal oxides are a possible hazard to soil bacteria in comparison to fullerene parti-
cles. NPs displayed considerable antibacterial properties which enabled them to 
strongly interact with beneficial microbes under controlled conditions (Dinesh 
et al. 2012).

Other studies have reported that the chemical and physical properties of soils 
including pH, electrical conductivity index, mineral content, ionic capacity, dis-
solved organic matter and humidity play a pivotal role in the mobility, degradation 
or potential risks of NPs to plants and soil microorganisms (Chen 2018). Taken 
together, these results suggest that the toxic effects of NPs to soil microbes must be 
conducted under environmentally realistic conditions to better understand their 
behavior and effects.

11.4  Conclusion

The available literature states that NPs impart both positive and negative effects to 
crop plants and microbial population of agricultural soils. The findings discussed in 
this chapter suggest that among NPs, metals and metal-oxide particles are the most 
dangerous to plants, causing a variety of abnormalities and dysfunction in both 
agriculturally cultivated plants and soil bacterial communities. The major limitation 
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with toxicity studies to date is that most have been performed under in vitro condi-
tions or in limited soil-based media. The behavior of NPs within the natural environ-
ment is likely to be entirely different than that determined under controlled 
conditions. Current evidence suggests that metallic nanoparticles are a potential 
hazard to crop plants because of their ability to induce oxidative stress and cause 
morphological changes and physiological abnormalities. The complexity of the soil 
is making studies difficult to follow up the fingerprint of NPs in agricultural ecosys-
tems because the numerous environmental factors and chemical properties of NPs 
increased the number of uncertainties about the interaction of these particles with 
living organisms.

Safety data about NPs must be compiled and carefully followed; further critical 
investigations are required to understand the toxic effects of NPs to agricultural 
systems. Without providing large-scale field-based data about NPs, concern about 
their adverse effects may not be true. Considering the potential hazards may support 
chemists and biotechnologist to coin new safe and effective particles for enhancing 
the sustainable growth of agricultural crop plants in the near future.
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