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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.

4 Effects of Zinc Oxide Nanoparticles on Crop Plants: A Perspective Analysis
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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).

4 Effects of Zinc Oxide Nanoparticles on Crop Plants: A Perspective Analysis
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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.

M. Faizan et al.
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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).
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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
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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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