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Nano and biotechnology are two of the 21st century’s most promising technologies. 
Nanotechnology is demarcated as the design, development, and application of 
materials and devices whose least functional make up is on a nanometer scale (1 to 
100 nm). Meanwhile, biotechnology deals with metabolic and other physiological 
developments of biological subjects including microorganisms. These microbial 
processes have opened up new opportunities to explore novel applications, for 
example, the biosynthesis of metal nanomaterials, with the implication that these 
two technologies (i.e., thus nanobiotechnology) can play a vital role in developing 
and executing many valuable tools in the study of life. Nanotechnology is very 
diverse, ranging from extensions of conventional device physics to completely new 
approaches based upon molecular self-assembly, from developing new materials 
with dimensions on the nanoscale, to investigating whether we can directly control 
matters on/in the atomic scale level. This idea entails its application to diverse fields 
of science such as plant biology, organic chemistry, agriculture, the food industry, 
and more. 
Nanobiotechnology offers a wide range of uses in medicine, agriculture, and the 
environment. Many diseases that do not have cures today may be cured by 
nanotechnology in the future. Use of nanotechnology in medical therapeutics needs 
adequate evaluation of its risk and safety factors. Scientists who are against the use 
of nanotechnology also agree that advancement in nanotechnology should continue 
because this field promises great benefits, but testing should be carried out to ensure 
its safety in people. It is possible that nanomedicine in the future will play a crucial 
role in the treatment of human and plant diseases, and also in the enhancement of 
normal human physiology and plant systems, respectively. If everything proceeds as 
expected, nanobiotechnology will, one day, become an inevitable part of our 
everyday life and will help save many lives.
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Preface

Engineered nanomaterial applications have expanded from catalysis, electronics, and 
filtration to therapeutics, diagnostics, agriculture, and food because of the unique 
properties and potentials of different nanoparticles and nanomaterials, particularly 
belonging to metals. As the roles of nanomaterials are diversifying rapidly in every 
field cited above, the concern for their safety has also heightened in recent times. 
While novel applications emerge every year, research focusing on their unintended 
effects on living organisms and the natural environment that supports biota has also 
intensified. The available evidence—for and against—is strong, as it has been seen in 
every case of technological development. The solution thus lies in refining our 
knowledge and understanding the intricate modes of interactions that may occur 
between nanomaterials, organisms, and ecosystems. A fuller understanding sets con-
ditions for the judicious application of technological innovation. Developing a holis-
tic and balanced approach based on high-quality research may help to harness the 
full potential of nanotechnology in the twenty-first century.

Current research shows that nanoparticles can interact with an organism at the 
cellular, physiological, biochemical, and molecular levels. However, our knowl-
edge of how they affect these changes, selectively or generally, locally or globally, 
in diverse organisms or ecosystems is very limited and far from satisfactory. Data 
indicates that the biological function largely depends on the concentration, shape, 
size, and surface characteristics of nanoparticles, as well as the cellular, genomic, 
and the epigenetic environments of the organism.

Therefore, this compilation focuses on the body of original work carried out by 
distinguished investigators using a range of nanomaterials and living organisms in 
different conditions. In the above backdrop, the book is organized in four parts: Part 
I containing chapters on interaction studies based on model organisms, Part II con-
taining chapters on interaction studies based on plants (crop species) and agricul-
tural systems, Part III containing chapters on interaction studies based on human 
cells and microbes, and Part IV containing chapters focusing on general mecha-
nisms of interactions.

This collection includes specific case studies as well as general review articles 
highlighting aspects of multilayered interactions between nanomaterials and organ-
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isms and serves not only research and academic scholars but the concerned industry 
and policymakers as well. As this book presents the latest overview of the interface 
between nanomaterials and a variety of organisms, it can be ideal reference material 
for undergraduate or graduate-level courses in nanotechnology, nanotoxicology, or 
bionanotechnology.

We both acknowledge the contribution of the International Society of Trace 
Element Biogeochemistry (ISTEB) for hosting The International Conference on the 
Biogeochemistry of Trace Elements (ICOBTE) with a dedicated special section for 
the study of “Nanomaterials: Applications & Impacts” at ETH Zurich (Switzerland) 
in 2017. This was the occasion when the seed for the book was sown in discussions 
with the fellow researchers.

We acknowledge the continued support of our host institutions in our academic 
pursuits.

Bowling Green, KY, USA  Nilesh Sharma 
Philadelphia, PA, USA   Shivendra Sahi 
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1  Introduction

Titanium dioxide (TiO2) is a naturally occurring substance that is found in many 
different minerals, such as anatase, rutile, and brookite. Over the natural sources, 
nanotitania is a significant part of the gigantic marketplace of engineered nano-
materials (ENMs) that have entered the food chain and other consumer products. 
Figure 1.1 exhibits the use of nanotitania across various sectors of industry. One 
estimate shows that the production of TiO2 pigment in the United States alone for 
2015 was approximately 1.16 million tons (U.S.  Geological Survey 2016).  
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The  production and consumption of TiO2 in the United States has consistently 
stayed above 1100 thousand tons per year (gross weight) since 1997 despite it 
has been classified as possibly carcinogenic to humans (Group 2B) by the 
International Agency for Research on Cancer (IARC 2010). TiO2 is often used as 
a whitening agent and ultraviolet (UV) blocker due to its brightness and high 
refractive index, respectively. For this purpose, titanium nanoparticles (TiO2 
NPs) are used in a wide array of personal care products such as sunscreens, cos-
metics, toothpastes, shampoos, conditioners, and deodorants (Grand and Tucci 
2016). Food-grade TiO2 NPs are used in a large number of edible products such 
as milk, gums, candies, donuts, pastries, and other enhanced foods (Baranowska-
Wójcik et  al. 2020). Titanium additives are also used for their antibacterial 
effects, which extend the shelf life of foodstuffs. Their biomedical applications 
include pharmaceuticals and medical devices. In the agriculture industry, they 
are used in the production of fertilizers and pesticides that can significantly 
affect soil fertility, growth of plants, and crop yield. According to a 2015 report 
compiled by the Nanotechnology Consumer Product Inventory (CPI), the global 
market produced 1814 products—before this compilation—based on nanotech-
nology, including 117 in the food and beverage category (Vance et al. 2015).

The food products with the highest content of TiO2 included candies, sweets, and 
chewing gums in a sampling study (Weir et al. 2012). Among personal care prod-
ucts, toothpastes and select sunscreens contained 1% to >10% titanium by weight 
(Fig. 1.2). Looking at this figure, one can see that three sunscreens had the highest 
concentrations (>10% by weight of the product) of any PCPs followed by tooth-
pastes. The Ti content ranged from below the detection limit (0.0001 μg Ti/mg) to a 

Fig. 1.1: Application of TiO2 NPs (%) in industry (reproduced from Baranowska-Wójcik et al. 
2020)

A. Cox et al.
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high of 0.014 μg Ti/mg for several high-consumption pharmaceuticals. Electron 
microscopic analysis of food-grade TiO2 (E171) suggests that approximately 36% 
of the particles are less than 100 nm in at least one dimension, while the higher 
bound of sizes exceeds up to 200 nm in some products. It was also estimated that a 
child could consume even 2–4 times more TiO2 NPs per 1 kg of body weight a day 
than an adult person. In Great Britain, children under the age of 10 consume about 
2–3 mg TiO2/kg body weight/day, while adults consume about 1 mg TiO2/kg body 
weight/day (Baranowska-Wójcik et al. 2020).

In recent years, the effect of nanoparticles on human health has sparked off 
debates and scientific scrutiny. In the USA, TiO2 NPs can be used in food if its con-
tent does not exceed 1% of the total weight of the product containing nTiO2. In 
Europe, it can be used in amounts not exceeding the intended target level 
(Baranowska-Wójcik et al. 2020). As the permitted limit for edible products is high, 
a plethora of studies has examined the effect of nanotitania exposures via various 
routes using animal models. This article presents an update of recent studies on 
rodent models, particularly focusing on Ti accumulation, transport, and toxicity in 
the GI tract, liver, kidney, lung, and brain of animals. Many findings from the repre-
sentative studies are indicative of human scenario and warrant careful examination 
on the role of nanotitania on human health.

Fig. 1.2. Total titanium concentration for PCPs. Black bars are sunscreens with TiO2 listed on the 
label. Gray bars are toothpastes with TiO2 listed on label. Open bars are for products whose labels 
did not reference TiO2 (reproduced from Weir et al. 2012)

1 Application of Titanium Dioxide Nanoparticles in Consumer Products Raises…
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2  Gastrointestinal Toxicity In Vivo

Table 1.1 exhibits murine model studies, highlighting the effects of TiO2 NPs on the 
animals’ gastrointestinal tract. Many studies focused on absorption and distribution 
of TiO2 NPs across the GIT barrier in particular. Tassinari et al. (2015) did examine 
effects of TiO2 NPs in the jejunum of rats after oral administration of TiO2 NPs, but 
did not find any major histological changes. An interesting pattern of increased vil-
lus height occurred only in male rats, which may correspond to changes in micro-
villi structure seen by Faust et  al. (2014). This experiment was also designed to 
mimic daily human intake of TiO2 NPs, but was only carried out over 5 days. Long-
term, low-dose accumulation may therefore be more worthwhile to investigate. One 
such study by Wang et al. (2016) demonstrated accumulation of TiO2 NPs in the 
stomach and small intestine after oral exposure, as well as decreased intestinal per-
meability and effects on nutrient absorption. Hendrickson et  al. (2016) observed 
that the overall TiO2 NP accumulation in several organs including small intestines 
in rats was dependent upon NP size.

Contrastingly, Cho et al. (2013) reported very high levels of Ti excreted in feces 
of rats after oral ingestion of TiO2 NPs and suggested that low solubility in gastric 
fluid may cause the NPs to be excreted as opposed to being absorbed. There was 
also very little Ti excreted through urine and in tissues, supporting the hypothesis 
that the TiO2 NPs were unable to be absorbed. However, Brun et al. (2014) showed 
TiO2 NPs were capable of translocating the regular ileum epitheliums and follicle-
associated epithelium (FAE) in murine models. This is interesting given that during 
the in vitro portion of this study TiO2 NPs were found to accumulate within, but 
never completely cross, the epithelial cell model. This indicates there is some inter-
actions allowing these NPs to cross the barrier in vivo. As stated previously, this 
may be due to an interaction with microvilli, which are associated with absorption 
in the gut, or contact with the gastric fluid that causes significant aggregation of 
NPs. This is interesting to note that Brun et al. (2014) had also reported moderate 
changes in the expression of genes, involved in epithelium structure and mainte-
nance, after analyzing tissues. This indicates a possible connection between TiO2 
NPs and signaling molecules or gene expression. TiO2 accumulations in mouse gut 
tissues were low in this study, and they could not be quantified by micro-particle-
induced X-ray emission (μPIXE) which has a detection limit of 20–30 ppm. Similar 
results of zero to low oral bioavailability of TiO2 NPs have also been reported more 
recently (Geraets et al. 2014; MacNicoll et al. 2015; Donner et al. 2016).

One factor that may contribute to the disparity of results from various experi-
ments with respect to absorption of TiO2 NPs in the GIT is a lack of NP character-
ization. Since NP diameter can vary greatly from manufacturer specifications once 
they are in solution it is important to observe hydrodynamic diameter and size in NP 
studies. This is one area where much of the research is not standard, with some 
experiments characterizing factors such as hydrodynamic diameter and some that 
do not. Hydrodynamic diameter can also vary greatly depending on the medium that 
carries NPs. For example, Janer et al. (2014) showed that hydrodynamic diameter of 
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TiO2 NPs with a primary particle size of 18 ± 8 nm varied from 117 to 367 nm 
depending on the culture medium used. This group showed no significant increase 
in Ti levels in various GIT tissues of rats after TiO2 ingestion. There was a consider-
able amount of NPs found, however, in one section of Peyer’s patches, which lead 
the authors to hypothesize that Caco-2 monolayer system is likely to underestimate 
the potential for oral absorption of NPs (Janer et al. 2014). This could also be due to 
the high likelihood of agglomeration experienced with NPs.

Since TiO2 NPs are found in many foods and used in food manufacturing, it is 
critical to consider their possible absorption and accumulation after ingestion. Even 
with very low uptake from the GIT, human daily oral exposure can be expected to 
give rise to a very low but steady increase in titanium levels in tissues over time 
(Geraets et al. 2014). This is of particular interest due to older research that suggests 
accumulation of inorganic particles including, but not limited, to TiO2 NPs in intes-
tinal cells could play a part in inflammatory bowel diseases in humans (Powell et al. 
2010; Ruiz et al. 2017). Earlier, it was shown that TiO2 NPs can induce genotoxicity 
and inflammation in mice by upregulation of the pro-inflammatory cytokines tumor 
necrosis factor-α (TNF-α), interferon- γ (IFN- γ), and the mouse ortholog of inter-
leukin-8 (IL-8) in peripheral blood (Trouiller et  al. 2009). TiO2 NPs can induce 
inflammation in the small intestine by inducing a Th-1-mediated inflammatory 
response in mice after 10 days at high dosage, as reported by Nogueira et al. 2012. 
This study demonstrated significant increases in the cytokines IL-12, IL-4, IL-23, 
TNF-α, IFN-γ and transforming growth factor-β (TGF-β) as well as CD4+ T-cells. It 
is worth noticing, however, that treatment in the above study was given at a higher 
dose than the average daily ingestion rate in humans. A more recent study by Tada-
Oikawa et al. (2016) had also demonstrated increases in IL-8 in an in vitro model. 
Another elegant study confirms the trend and shows that TiO2 NPs significantly 
exacerbate existing colitis in WT (C57BL/6J) mice, as well as increase disruption of 
the mucosal epithelium (Ruiz et al. 2017). Mice deficient in the NLRP3 inflamma-
some (Nlrp3-/-) and mice, which did not have pre-existing colitis before TiO2 NP 
treatment, did not exhibit any significant changes in the GIT, indicating TiO2 NPs 
may only cause damage when the condition is already present in an individual. In 
the same study, titanium levels from human subjects with Crohn’s disease (CD) and 
ulcerative colitis (UC) were also analyzed, which indicated those individuals with 
active UC had significantly higher levels of titanium in their bloodstream. Origin 
and type of titanium, however, could not be determined, but these findings suggest 
it may be worthwhile to investigate TiO2 NP-induced UC.

Urrutia-Ortega et  al. (2016) has also confirmed similar effects of TiO2 NPs 
increasing tumor formation and inflammation in colitis-associated cancer (CAC) 
BALB/c mice. Mice with pre-existing CAC treated with TiO2 NPs exhibited a sig-
nificant increase in tumor formation and tumor progression markers when com-
pared to CAC mice without TiO2 NP treatment. Goblet cells were also shown to 
decrease dramatically in CAC mice treated with TiO2 NPs. It is interesting to com-
pare the observations of Urrutia-Ortega et al. (2016) who had reported significant 
GIT changes in normal mice treated with only 5 mg/kg body weight (BW) TiO2 NPs 
with those of Ruiz et al. (2017) who could not find changes even at higher dosage 

A. Cox et al.
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(50–500 mg/kg BW). This could be due to the fact that Ruiz et al. (2017) only used 
mice that exhibited colitis, while Urrutia-Ortega et al. (2016) had used mice that 
were already diagnosed with colitis and cancer. Based on the comparison, it could 
be hypothesized that once the cancer stage is reached it is significantly more diffi-
cult to prevent deleterious effects of TiO2 NPs related to gastrointestinal disease. In 
addition, Urrutia-Ortega et al. (2016) had also reported an upregulation of nuclear 
factor-kB (NF-κB) pathway. This signaling pathway consists of many protein prod-
ucts, which serve as transcription factors related to inflammation and plays signifi-
cant roles in cancer pathogenesis. There may be promise in examining the effects of 
long-term, low-dose exposure of TiO2 NPs on the gut inflammatory responses in 
light of these findings. Another critical aspect to consider when addressing TiO2 
NPs effects in the GIT is translocation to other organs via the gut-associated lym-
phoid tissues (GALT). The observations of TiO2 NP uptake by the GIT attract deeper 
examinations to unravel the underlying connection for inflammatory diseases of 
the gut.

Another dimension of nano-Ti toxicity on the gut health is to look at its effect on 
the composition of gut microbiota. Investigators have started examining this inter-
action. Dudefoi et al. (2017) examined a defined human model of intestinal bacterial 
community in vitro. DNA profiles and phylogenetic distributions in this study con-
firmed limited effects on the bacterial community, with a modest decrease in the 
relative abundance of the dominant Bacteroides ovatus in favor of Clostridium 
cocleatum (−13% and +14%, respectively, p  <  0.05). Such minor shifts in the 
treated consortia suggest that food grade and nano-TiO2 particles do not have a 
major effect on human gut microbiota when tested in vitro at relevant low concen-
trations. However, the cumulative effects of chronic TiO2 NP ingestion remain to 
be tested.

3  Liver Toxicity In Vivo

Table 1.2 shows the results of several experiments conducted in the past few years. 
Many in vivo toxicity studies on TiO2 NPs have indicated the liver as a primary 
target for NP accumulation after oral, intravenous (IV), and intraperitoneal (IP) 
administration (Jeon et al. 2013; Bruno et al. 2014; Geraets et al. 2014; Shinohara 
et al. 2014a; Shrivastava et al. 2014; Silva et al. 2015; Hendrickson et al. 2016; Yao 
et al. 2016). Geraets et al. (2014) and Hendrickson et al. (2016) indicated low bio-
availability from oral routes. This may be due to inability of TiO2 NPs to fully pen-
etrate the GIT, as discussed previously. Similar findings of no accumulation of TiO2 
NPs or genotoxicity in the liver of rats after exposure, most likely due to inability of 
being absorbed, have been demonstrated recently as well (Cho et al. 2013; MacNicoll 
et al. 2015; Asare et al. 2016; Donner et al. 2016). All of these with the exception of 
Asare et al. (2016) utilized oral uptake routes. Accumulation was shown to be influ-
enced by the type of exposure route, with IV exposure leading to more TiO2 NP 
accumulation in the liver, while oral exposure results in less accumulation in the 

1 Application of Titanium Dioxide Nanoparticles in Consumer Products Raises…
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liver (Yao et  al. 2016). Shinohara et  al. (2014a) demonstrated Ti burden did not 
decrease for up to 30 days after TiO2 NP exposure. In an even longer study, Disdier 
et al. (2015) reported the persistence of Ti burden after a one-time IV dose of only 
1 mg/kg BW in rats for up to 356 days post-exposure. This indicates the ability of 
TiO2 NPs to accumulate and inability to clear TiO2 NPs over a long period of time. 
Even though IV exposure is highly unlikely in a practical scenario, exposure to TiO2 
NPs through oral and inhalation routes occurs often. It has been shown that TiO2 
NPs possess the ability to translocate from the lungs to liver after inhalation in mice 
and rats after one-time exposure, producing significant Ti burden in the liver that 
does not decrease over long periods of time (Shinohara et al. 2014b; Husain et al. 
2015). If these NPs are distributed through the bloodstream to the liver, and other 
organs, the possibility for toxicity is a threat. Although oral exposure seems to be 
non-threatening based on the available data, inhalation of TiO2 NPs may prove to be 
much more detrimental. Therefore, this calls for further investigations on NP accu-
mulation in the liver via inhalation routes for a full picture.

Liver enzymes such as aspartate aminotransferase (AST), alanine aminotransfer-
ase (ALT), and alkaline phosphatase (ALP) are often used as markers for hepatic 
injury. These are the key enzymes often monitored to assess liver toxicity. It has 
been reported many times that these biomarkers increase significantly after expo-
sure to TiO2 NPs (Meena and Paulraj 2012; Alarifi et al. 2013; Jeon et al. 2013; 
Shukla et  al. 2014; Fatemeh and Mohammad 2014; Doudi and Setorki 2015; 
Gonzalez-Esquivel et  al. 2015; El-Zahed et  al. 2016). Only IV and IP exposure 
routes were explored in these studies, leaving oral effects of TiO2 in question. It is 
particularly interesting that increases were seen at doses of as little as 1.5 mg/kg 
BW per day in short-term study, though TiO2 NPs were administered intraperitone-
ally (Jeon et al. 2013). In addition, Doudi and Setorki (2015) demonstrated signifi-
cant increases in AST, but then decreases at 7 and 14 days post exposure, indicating 
possible clearance of NPs from the kidneys.

One study has found surprising decreases in ALP and no changes in ALT at 50 
and 100 mg/kg BW TiO2 NPs (Vasantharaja et al. 2015). AST was still increased, 
however, in at both doses. Hydrodynamic diameter and agglomeration of NPs were 
not characterized in this study though, and so particle agglomeration could be 
responsible for inability of TiO2 NPs to infiltrate liver tissue. Silva et al. (2015) also 
reported no changes in ALT levels with slight increases in AST after TiO2 NP expo-
sure. Xu et al. (2013) also demonstrated no increases in ALT, ALP, or AST even at 
very high doses. Both Xu et al. (2013) and Silva et al. (2015) had characterized NPs 
in solution as having aggregates of over 100 nm, which may have played a role in 
affecting enzyme levels. Unfortunately, oral studies monitoring liver enzyme activ-
ity after realistic daily are lacking. Previously, Wang et al. (2007) demonstrated no 
significant changes in AST and ALP after oral TiO2 NP exposure in mice, but 
increased ALT levels were observed. AST/ALT ratio, which is typically a common 
indicator of hepatic injury, was also increased significantly. Interestingly, very large 
doses of 5 g/kg BW were used in this study and yet the expected elevation of most 
liver enzymes was not demonstrated. Since hydrodynamic diameter of NPs was not 
characterized in this study, NPs could have agglomerated given the very large 
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amount given to the test animals. This could cause insufficient uptake into the liver 
if the NPs were not properly absorbed by the GIT. However, it should be noted that 
there also seem to be other factors affecting TiO2 NPs behavior when in solution. 
Even though the previously mentioned studies which found little to no changes in 
liver enzyme levels had large hydrodynamic characterization (Xu et  al. 2013; 
Vasantharaja et  al. 2015; Silva et  al. 2015), so did some of those which showed 
significant increases in enzyme levels (Jeon et al. 2013; Shukla et al. 2014). In addi-
tion, hydrodynamic size was also not characterized in many of the studies which 
showed increases in liver enzymes (Alarifi et al. 2013; Fatemeh and Mohammad 
2014; Gonzalez-Esquivel et al. 2015). Based on this data, it is clear other factors are 
playing a role in TiO2 NP liver toxicity concerning enzyme levels. Given the lack of 
studies monitoring liver enzyme levels after low-dose oral exposure, more investi-
gation is needed in this area. This would most certainly be an avenue of research to 
consider, since TiO2 NPs are often found in daily consumer products and foods.

Earlier in vivo studies on TiO2 liver toxicity have demonstrated oxidative geno-
toxicity, accumulation of particles in the liver, hepatic injury due to increased liver 
enzyme activity hepatocyte structure damage, histological changes, and increased 
inflammatory cytokines (Trouiller et al. 2009; Ma et al. 2009; Cui et al. 2011, 2012; 
Meena and Paulraj 2012). Similar results have been demonstrated in many recent 
studies. Alarifi et  al. (2013) demonstrated apoptosis in liver cells after TiO2 NP 
exposure in albino Wistar rats. It was hypothesized that oxidative stress and genera-
tion of ROS lead to these changes and cytotoxicity, although this was not explored 
specifically. Genotoxicity due to oxidative stress and ROS generation have also 
been confirmed in an oral study by Shukla et al. (2014) using daily doses of 50 and 
100 mg/kg BW in Swiss albino mice. Genotoxicity was also demonstrated by 
El-Zahed et al. (2016) after TiO2 treatment, but at much higher levels of 1200 mg/
kg BW per day. In this study however, genotoxicity was confirmed to be due to 
oxidative stress by Comet assay. It has been shown in many studies that decreases 
in specific antioxidant mediators such as GSH, catalase (CAT), superoxide dis-
mutase (SOD) and its variants (CuZnSOD and MnSOD), and aldehyde dehydroge-
nase (ALDH) accompany increases in oxidative stress and ROS levels (Jeon et al. 
2013; Shrivastava et al. 2014; Bruno et al. 2014; El-Zahed et al. 2016).

Oxidative stress already present in the cell can also contribute to the toxicity of 
TiO2 NPs. The previously mentioned study by Sha et al. (2014) showed significant 
increase in liver enzyme activity while under the effects of oxidative stress in rats. 
Liver enzyme levels also increased without inducing oxidative stress (TiO2 NP 
treatment only), but not as significantly as while under oxidative conditions. In 
addition, deleterious hepatocyte changes were observed at the lowest dosage of 
TiO2 NPs (0.5 mg/kg) while under oxidative conditions, whereas TiO2 NP treatment 
only resulted in hepatocyte changes at 5 mg/kg. These changes included intake of 
NPs and hepatocyte necrosis. Based on the wide range of data available, TiO2 
NP-induced ROS can lead to toxicity within liver cells. Therefore, a closer look at 
long-term exposure to TiO2 NPs is warranted for public health safety reasons.

Physical changes have also been reported by many of the aforementioned groups 
investigating effects of TiO2 NPs on the liver (Alarifi et al. 2013; Xu et al. 2013; 
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Shukla et al. 2014; Jeon et al. 2013; Fatemeh and Mohammad 2014; Doudi and 
Setorki 2015; El-Zahed et al. 2016). These include changes such as hydropic degen-
eration, congested and dilated central veins, destruction of nuclei, mononuclear cell 
accumulation, nuclear envelope swelling in Kupffer cells, spotty necrosis, and con-
gestion of sinusoidal spaces. In addition, appearance of inflammatory cells and 
cytokines has been well documented over several years (Ma et al. 2009; Cui et al. 
2011; Cui et al. 2012; Meena and Paulraj 2012; Alarifi et al. 2013; Xu et al. 2013; 
Hong et al. 2014). Hong et al. (2014) showed effects of chronic, low-dose TiO2 NP 
exposure over the course of 6 months, which provides insight into realistic long-
term effects. Yao et al. (2016) confirmed similar results, showing slight inflamma-
tion in livers with longer exposure time to TiO2 NPs over the course of 120 days. 
El-Zahed et al. (2016) have also reported increased TNF-α in albino rats after TiO2 
NP treatment. Interestingly it has been shown that intratracheal instillation (II) of 
TiO2 NPs does not induce histological changes in liver cells (Huang et al. 2015). 
Based on the number of studies in which inflammation and histological changes are 
demonstrated, the necessity to continue thorough investigation of TiO2 NPs on liver 
function is apparent. The effects shown by Hong et al. (2014) in particular are very 
striking, considering the dosages used and length of experiment.

In vivo study of TiO2 NP toxicity in the liver has shown that the liver is a possible 
primary target of NPs. However, many studies focus on IV and IP exposure, which 
is not a realistic analog for daily human exposure. Oral and intratracheal instillation 
exposures are by far the two most common routes for humans and other organisms 
to come into contact with TiO2 NPs. These routes should be explored further in low-
dose experiments to gauge practical toxicity effects. Liver enzymatic activity and 
tissue observation after NP exposure are also key to establish toxic effects. ROS, 
inflammation, and oxidative stress are also key factors that are present after TiO2 NP 
exposure in liver tissue, as seen in many other tissue types.

4  Kidney Toxicity In Vivo

In vivo research on kidney toxicity after TiO2 NP exposure has grown significantly in 
recent years, as shown in Table 1.3. A number of in vivo studies assessing accumula-
tion of TiO2 NPs in the kidney have demonstrated that uptake can occur across oral, 
IV, and IP routes of exposure in short- and long-term treatments (Gui et al. 2013; 
Bruno et al. 2014; Shinohara et al. 2014a; Geraets et al. 2014; Disdier et al. 2015; 
Hong et al. 2015; Huang et al. 2015; Silva et al. 2015; Hendrickson et al. 2016). In 
both short- and long-term oral and IV studies it was shown that Ti burden in the 
kidney may increase significantly initially, but decreases over time (Shinohara et al. 
2014a; Geraets et al. 2014; Disdier et al. 2015). This suggests elimination of Ti in 
kidney tissue may occur more readily when compared to other organs. In addition, 
some studies which showed significant accumulation of TiO2 NPs in the kidneys also 
indicated significant histological changes including infiltration of inflammatory 
cells, fatty degeneration, fibrosis, cell abscission, tubular dilation, brush border loss, 
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and tissue necrosis (Gui et al. 2013; Hong et al. 2015; Huang et al. 2015). The report 
from Huang et al. 2015 is particularly interesting because it utilized a weekly low-
dose, intratracheal instillation over 4 weeks for the exposure route. In addition, it was 
also shown that renal fibrosis in TiO2 NP-exposed mice was much worse when com-
pared to controls, and ROS markers were significantly increased. If the inhalation 
route of TiO2 NPs is capable of producing such effects, then workers exposed to 
these NPs daily may be at risk. TiO2 NPs exposure is most often associated with oral 
and inhalation uptake routes, and so these effects should be investigated further. It 
should be noted that Shinohara et al. (2014b) showed no significant uptake in kidney 
tissues in rats also using intratracheal instillation, but this was a one-time dose study. 
Chronic, low-dose exposure as carried out by Huang et al. (2015) may be more accu-
rate in assessing practical exposure limits for workers who are in contact with TiO2 
NPs daily. Cho et al. (2013) and MacNicoll et al. (2015) reported no uptake of Ti in 
the kidney after oral exposure at 13 weeks and 96 h, respectively. In the case of 
MacNicoll et al. (2015) this could be due to lack of absorption due to large hydrody-
namic size (600–700 nm), or the possibility that the low, one-time dose was excreted 
before observation. However, Cho et al. (2013) subjected rats to oral exposure every 
day for 13 weeks, at considerably higher concentrations (260.4–1041.5 mg/kg BW), 
and still did not observe any Ti accumulation in the kidneys. Hydrodynamic size was 
also relatively close to primary particle size of 21 nm. The authors note that this was 
an unexpected result and suggested more research into methods for NP detection 
may be worthwhile.

Liver function markers such as creatinine (CREA), blood urea nitrogen (BUN), 
and uric acid (UA) are often used as indicators of nephrotoxicity. In humans, ele-
vated CREA and BUN are associated with kidney dysfunction, while both decreased 
and increased UA can be associated with certain kidney diseases. Table 1.4 shows 
the results of several studies based on these markers. The results are overlapping, 
and it is difficult to ascertain a particular trend with respect to liver function markers 
and TiO2 NP exposure. ROS and oxidative stress effects also are somewhat difficult 
to understand due to lack of many in vitro studies focusing on these aspects specifi-
cally in the kidney. Gui et  al. (2013) demonstrated significant increases in ROS 
generation related to lipid, protein, and DNA peroxidation, which was also accom-
panied by decreased GSH. Gonzalez-Esquivel et al. (2015) also showed significant 
increases in the oxidative stress markers malondialdehyde (MDA) and GPx, and 
hypothesized the observed renal damage was due to oxidative effects on kidney cells.

As with other cell types and tissues, significant upregulation of nuclear factor-κB 
(NF-κB) pathway was observed in vivo in the kidney (Gui et al. 2013). NF-κB is 
often associated with activation of inflammatory pathways, and its increased pres-
ence suggests TiO2 NPs can cause inflammation. In addition, this study indicated 
decreased Nrf2 activity, which, as discussed previously, has been shown to have 
protective effects during TiO2 NP exposure. Huang et al. (2015) reported increases 
in the inflammatory cytokine TGF-β as well as increases in mRNA expression of 
TNF-α and IL-1B. Hong et al. (2015) demonstrated increased activation of the Wnt 
pathway after TiO2 NP exposure, which is associated with poor prognosis in renal 
cell carcinoma patients and may promote renal inflammation and fibrosis. Yao et al. 
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(2016) has shown inflammation in kidneys persists up to 120 days regardless of 
exposure route, but mice in this study showed no significant changes in kidney coef-
ficients when compared to controls and there was little effect on kidney function 
observed.

The results illustrated in Table 1.3 show some conflicting data, especially con-
cerning accumulations. However, some low-dose oral and intratracheal instillation 
exposure studies have invariably shown that TiO2 NPs can induce ROS and oxida-
tive stress, as well as inflammation and changes in kidney function markers (Gui 
et al. 2013; Huang et al. 2015). Given that the primary role of the kidney is to filter 
out unnecessary substances it is not surprising that initial NP accumulation in the 
tissue decreases over time. Many studies indicate low accumulation and overall low 
deleterious effects after TiO2 NP exposure in the kidneys. However, those studies 
which demonstrated negative effects warrant continued screening of TiO2 NP effects 
in kidney tissues.

5  Lung Toxicity In vivo

Since inhalation is considered one of the leading ways for humans to come into 
contact with TiO2 NPs, it is no surprise that there is a large pool of in vivo studies 
that have been conducted in recent years, as shown in Tables 1.5 and 1.6. An over-
whelming majority of studies reviewed here found accumulation of TiO2 NPs in 
lung tissues and cells after intratracheal instillation and inhalation exposure, often 
times at significant amounts (McKinney et al. 2012; Sun et al. 2012a; Sun et al. 
2012b; Li et al. 2013; Tang et al. 2013; Shinohara et al. 2014b; Disdier et al. 2015; 
Hashiguchi et al. 2015; Yoshiura et al. 2015; Yao et al. 2016). It has been reported 
that TiO2 NPs may initially infiltrate lung tissue and cells, but then decrease in accu-
mulation over time, possibly due to elimination (Geraets et  al. 2014; Shinohara 
et al. 2014b; Morimoto et al. 2016). This is particularly interesting because inhala-
tion, intratracheal instillation, oral, and IV exposure routes were examined in these 
studies, indicating elimination from lung tissue may be possible across different 
routes of exposure. However, Disdier et al. (2015) demonstrated Ti persistence in 
lungs of rats up to 356 days after a single, low-dose IV exposure similar to those in 
the aforementioned studies. This may be attributed to experimental and NP differ-
ences. Hendrickson et al. (2016) also showed negligible Ti accumulation in lungs 
after TiO2 NP exposure in rats, but this is most likely due to low bioavailability due 
to the oral exposure route used. As indicated by in vitro studies, phagosomes and 
uptake by phagocytization seem to play a role in uptake of Ti (Porter et al. 2013; 
Bruno et al. 2014; Morimoto et al. 2016). Given the large pool of data available 
regarding NP accumulation in the lungs, it is obvious that accumulation does occur 
and may persist according to NP characteristics.

Aggregation of TiO2 NPs near inflammatory cells of severely affected regions in 
mice has also been demonstrated (Hashiguchi et al. 2015). It was also found that the 
inflammatory marker IFN-γ and chemokine CCL5, both markers of pneumonia, 

A. Cox et al.
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were significantly increased in the bronchoalveolar lavage fluid (BALF) of mice 
infected with human respiratory syncytial virus (RSV) when compared to nonin-
fected mice. Similar results of respiratory disease exacerbation have been reported 
using a mouse asthmatic model (Jonasson et al. 2013; Mishra et al. 2016). Jonasson 
et al. (2013) utilized aerosolized NPs, which is more similar to human exposure 
conditions when compared to instillation. This indicates workers with pre-existing 

Table 1.6 Histological and morphological effects of TiO2 NPs in murine lung tissue

Route Reference Results

Aerosol McKinney 
et al. (2012)

Pulmonary inflammation, lung cell injury, significant 
increases in granulocytes in alveolar spaces

Intratracheal 
instillation

Sun et al. 
(2012a)

Pulmonary emphysema, edema, congestion, inflammatory 
cell infiltration; signs of apoptosis

Intratracheal 
instillation

Sun et al. 
(2012b)

Edema and emphysema; Inflammatory cell infiltration, blood 
vessel congestion

Intratracheal 
instillation

Hurbánková 
et al. (2013)

Lower alveolar macrophage viability;  multinucleated cells

Nasal instillation Li et al. (2013) Infiltration of inflammatory cells, thickening of the 
pulmonary interstitium, and edema in lung; pneumonocytic 
ultrastructure showed apoptosis, including mitochondrial 
swelling, nuclear shrinkage, chromatin condensation, and 
evacuation of the pneumonocytic lamellar bodies

Pharyngeal 
aspiration

Porter et al. 
(2013)

Increase in granulocytes, alveolitis, significant interstitial 
fibrosis

Intratracheal 
instillation

Silva et al. 
(2013)

NPs found in macrophages; bronchiolitis/alveolitis near 
agglomerates

Intratracheal 
instillation

Tang et al. 
(2013)

Thickened alveolar walls, some ruptured

IV Xu et al. 
(2013)

Perivascular infiltration of inflammatory and foamy cells;  
pulmonary fibrosis; granulomatous lesions

Intratracheal 
instillation

Chang et al. 
(2014)

Macrophage accumulation, extensive disruption of alveolar 
septa, slight alveolar thickness and expansion hyperemia, 
mitochondria dissolution, endoplasmic reticulum expansion

IP Doudi and 
Setorki (2015)

Alveolar wall thickening, vasculature hyperemia, alveolus 
destruction

IP Mohammadi 
et al. (2015)

Chronic alveoli wall capillary congestion, bleeding and 
granulomas in lung parenchyma, hemorrhage in alveoli 
walls, hemosiderin near bronchioles, vessels, and lymph 
follicles

Intratracheal 
instillation

Huang et al. 
(2015)

Granulocyte infiltration

Intratracheal 
instillation

Yoshiura et al. 
(2015)

macrophage accumulation, lymphocyte infiltration in alveoli

Intratracheal 
instillation

Hashizume 
et al. (2016)

Inflammation and inflammatory cell infiltration, hyperplasia 
of the alveolar epithelium, thickening of the alveolar wall

Intratracheal 
Instillation and 
inhalation

Morimoto 
et al. (2016)

Intra-alveolar infiltration of neutrophils; AMs with a 
pigment-like material in alveoli
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respiratory diseases may be at risk if inhaling TiO2 NPs on regular basis. In studies 
using non-disease murine models, inflammation seems to be a common side effect 
of NP exposure. Studies which have tracked inflammation in lungs have shown 
increases in various inflammatory cells and cytokines in BALF and lung tissues of 
rats and mice after TiO2 intratracheal instillation (Sun et al. 2012b; Li et al. 2013; 
Liu et al. 2013; Porter et al. 2013; Hashizume et al. 2016; Pissuwan et al. 2016). 
These changes include increased neutrophils, eosinophils, TNF-α, and IL-6. Yao 
et al. (2016) observed inflammation in lung tissue 120 days after TiO2 NP exposure, 
indicating ability to persist, but only IV, IP, and IG routes were investigated in this 
study. Unfortunately, none of these studies utilized inhalation routes, which is most 
related to human exposure. Yoshiura et al. (2015) showed no inflammation at low 
doses of 0.2 mg TiO2 NPs by intratracheal instillation, but found inflammatory cells 
initially increased and then decreased at 1.0  mg for the duration of 1 month. 
Morimoto et al. (2016) demonstrated that intratracheal instillation of TiO2 NPs led 
to increased inflammation, while inhalation did not induce any pulmonary inflam-
mation in rats. This may be due to the fact that intratracheal instillation results in 
NPs being directly placed in the respiratory tract, whereas inhalation routes must 
also encounter several barriers before reaching respiratory tissues. Since humans 
are not subject to the intratracheal instillation routes, more focus is needed on inha-
lation studies in vivo. Studies focusing specifically on inflammatory markers after 
inhalation of TiO2 NPs are somewhat lacking within recent years, and this would be 
an important avenue to investigate further.

ROS generation and oxidative stress are very apparent in lung toxicity studies 
that utilize TiO2 NPs. Significant increases in superoxide anion (O2

-) and hydrogen 
peroxide (H2O2) as well as decreases in GSH within lung tissue after TiO2 NP expo-
sure have been reported in low-dose, long-term studies on mice (Sun et al. 2012a; 
Sun et al. 2012b; Li et al. 2013). Liu et al. (2013) also reported decreased GSH, with 
lipid, protein, and DNA peroxidation. Lipid peroxidation and changes in SOD activ-
ity seem to be common among murine lung toxicity studies which monitor these 
factors (Sun et al. 2012a; Hurbánková et al. 2013; Tang et al. 2013; Bruno et al. 
2014), and they are indicative of cellular oxidative stress. Asare et al. (2016) have 
reported oxidative DNA in lung tissues of mice, indicating TiO2 NPs may cause 
genotoxicity. Interestingly, some studies have shown no TiO2 effects on the oxida-
tive markers HO-1 in BALF and lung tissue, or on the expression of the SOD gene 
Sod1 (Yoshiura et al. 2015; Asare et al. 2016). Yoshiura et al. (2015) did find that 
HO-1 did significantly increase in BALF until the 1-month mark, but returned to 
levels close to control afterwards. Mohammadi et al. (2015) demonstrated TiO2 NP 
dose-dependent increases in ROS initially, but they then decreased possibly due to 
aggregation and loss of reactivity. Aggregation as well as very low dosage concen-
trations may be responsible for studies, which show little effect on oxidative mark-
ers in lung tissues and BALF.

One area examined quite often in TiO2 NP lung toxicity studies is that of cellular 
morphological and histological changes. In the vast majority of lung toxicity arti-
cles reviewed, an overwhelming majority reported some type of morphological and/
or histological changes, ranging from mild to severe. Table 1.6 illustrates the wide 
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variety of effects exhibited by lung cells in vivo after TiO2 contact. Inflammatory 
cell infiltration and inflammation are two common side effects exhibited after TiO2 
NP exposure. In addition, increased granulocytes and granulomatous lesions are 
also somewhat common. It is important to note that these studies in Table 1.6 cover 
a wide range of NP characteristics, dosages, and exposure routes, and exposure 
times. These findings suggest that TiO2 NP exposure should be continually assessed 
for occupational workers who may acquire through the inhalation exposure route. 
The in vivo uptake, persistence of Ti in lung tissues and associated histological and 
morphological changes caused by TiO2 NPs warrant a closer look at toxicity risk 
assessment.

In vivo lung studies have shown that low-dose, long-term exposure to TiO2 NPs 
via inhalation and intratracheal routes can cause a wide range of negative effects. As 
with other cell types, the NF-κB pathway was shown to be upregulated in lung stud-
ies, exacerbating inflammatory effects. Interestingly, Nrf2 has been shown to have a 
protective effect against TiO2 NP exposure. As with other tissue types, ROS is also 
a hallmark of TiO2 NP toxicity in the lung. In addition, TiO2 NPs exacerbate respira-
tory conditions, which also contributes to their potential toxicity. Since inhalation is 
a main route of exposure, it is critical to continue monitoring its toxic effects.

6  Brain Toxicity In vivo

In vivo studies focusing on accumulation in the brain have shown differences based 
on the route of exposure (Table 1.7). IV exposure to TiO2 NPs has generally showed 
low accumulation in brain tissues (Meena and Paulraj 2012; Geraets et al. 2014). 
There is evidence of some uptake initially in brain microvasculature endothelial 
cells (BECs), but this decreased over time and there was no translocation to the 
parenchyma of the brain (Disdier et al. 2015). In the same fashion, Meena et al. 
(2015) demonstrated a significant accumulation after IV exposure only at high 
doses (25 and 50 mg/kg), whereas at 5 mg there was no significant accumulation. 
Similar to IV routes, oral exposure to TiO2 NPs has shown little to no accumulation 
in the brain (Cho et al. 2013; MacNicoll et al. 2015). Interestingly, a study using IP 
TiO2 NP exposure demonstrated significant accumulation in the brain 1 day after the 
last injection (Younes et al. 2015). Observations were not reported for any other 
post-exposure times, however, and so it is difficult to determine if the NPs remained 
in brain tissues. Intranasal exposure has shown itself to be a key exposure route for 
accumulation in brain tissues. Ze et al. (2014a, b, c) demonstrated in several experi-
ments the ability of TiO2 NPs to accumulate consistently at 1.0 mg in brain tissue 
after intranasal exposure in mice. What is more, the accumulation was observed 
after long-term, low-dose exposure (2.5 and 5 mg/kg) similar to what workers may 
encounter. Su et al. (2015) demonstrated similar results in a long-term, low-dose 
study using even lower TiO2 NP dosages (0.5 and 1.0 mg/kg BW) than Ze et al. 
(2014a, b, c). Overall, based on the reports of accumulation reviewed here oral 
exposure to TiO2 NPs poses little threat to brain function, most likely due to low 
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bioavailability and inability to cross the GIT to enter into the bloodstream. 
Accumulation after IV exposure does occur in some instances; however, no reports 
have pointed to significant accumulation long term. Continued investigation should 
be maintained though, since NP characteristics and dosages vary greatly. Intranasal 
exposure poses the most risk concerning NP accumulation in the brain. This type of 
exposure would allow particles to travel up the nasal cavity and make contact with 
the olfactory nerves, where they can then be distributed to the brain tissue. Indeed, 
this type of exposure has been documented previously in mice intranasally exposed 
to TiO2 NPs (Wang et al. 2008a, b), which indicates risk of neurotoxicity.

ROS and oxidative stress are prevalent in many in vivo studies which observe 
TiO2 NP effects in the brain. All neurotoxicity studies reviewed here which tracked 
ROS generation and oxidative stress indicated some level of change in these two 
factors, with many being very significant that affected brain function in some way. 
Ze et al. (2013, 2014b) observed in two separate long-term, low-dose studies that 
intranasal TiO2 NPs induced ROS in the form of O2

- and H2O2, as well as lipid, pro-
tein, and DNA peroxidation. Changes started at doses as low as 2.5 mg/kg, which 
indicates the ability of TiO2 NPs to cause damage at a low concentration. Ze et al. 
(2013) also indicated oxidative stress was attributed to an activation of the p38-Nrf2 
pathway at the protein level, which has also been confirmed in other studies focus-
ing on different areas of toxicity. Krawczyńska et al. (2015) demonstrated decreases 
in GPx and GSR and significant reductions in GSH, as well as significant increases 
in GSSG and SOD activity after 1-time IV TiO2 NP exposure of 10 mg/kg in rats. 
Although no effect on overall health was observed in this study, observation of 
mRNA expression in the brain showed TiO2 NPs were strong modulators of a wide 
array of gene expressions. It is also worth noting these observations were made 28 
days post-injection, which signifies the ability of TiO2 NP effects to persist in effects 
well after exposure. Meena et al. (2015) similarly showed significant decreases in 
GPx after IV TiO2 NP exposure, but only at higher concentrations of 25 and 50 mg/
kg BW once a week for 4 weeks. Interestingly, SOD activity decreased in a dose-
dependent manner, which is unexpected since TiO2 NPs have shown to be upregula-
tors of its activity as discussed in other sections. Significant oxidative stress as 
increased H2O2 release and genotoxicity were reported, but only at 25 and 50 mg/
kg. However, lipid peroxidation was evident at the 5 mg dose after observation of 
significantly increased MDA levels. One particularly interesting oral study by 
Shrivastava et al. (2014) demonstrated significant increases in ROS and decreases in 
SOD and CAT activity in the brains of mice after TiO2 NP exposure every day for 
21 days, but the dosage was so large (500 mg/kg BW) that it is difficult to ascertain 
as to whether these effects are relatable to practical daily exposure limits. However, 
it is clear from the above account that there is significant risk to exposure if NPs are 
capable of reaching the brain. Therefore, continued study and observation is critical 
in maintaining proper risk assessment for workers who are exposed to TiO2 NPs 
regularly.

Some rodent studies have pointed to neuro-inflammation after intranasal expo-
sure to TiO2 NPs. Y. Ze et al. (2014a) demonstrated significant activation in several 
inflammation mediators such as toll-like receptor 2 (TLR2), TLR4, TNF-α, and 
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several members of the NF-κB signal transduction pathway. Suppression of IκB, 
which acts as a suppressor of the NF-κB pathway, was observed as well. As dis-
cussed previously, this pathway has also been shown to be activated in other organs 
that experience inflammation after TiO2 NPs, suggesting it plays central role in 
mediating toxicity via inflammatory responses. Meena et al. (2015) demonstrated 
involvement of the NF-κB signal transduction pathway by observing dose-depen-
dent increases in p65 (part of NF-κB family) and p38 in brain tissue after TiO2 NP 
IV exposure. As mentioned earlier, p38 acts along with Nrf-2  in oxidative stress 
mechanisms of TiO2 NP-exposed brain tissue (Y. Ze et al. 2013). The evidence of 
modulation of these two pathways offers great insight into how TiO2 NPs are able to 
induce toxicity via oxidative stress and inflammation. Meena et  al. (2015) also 
observed significant increases in IFN-γ and TNF-α at 5 and 25 mg/kg BW, respec-
tively. Other studies have shown increases in the inflammatory cytokines IL-1β and 
IL-6 levels in the brain after TiO2 NP contact (Disdier et  al. 2015; Grissa et  al. 
2016). Interestingly, Disdier et  al. (2015) did not observe Ti uptake in the brain 
parenchyma where increased IL-1β levels were observed, and attributed the effect 
to distal TiO2 NP uptake that was then circulated through the blood to the brain. This 
corresponds to other IV studies, which have demonstrated systemic uptake and cir-
culation of TiO2 NPs throughout the body of murine models. Grissa et al. (2016) 
demonstrated increases in IL-6 after oral TiO2 NP exposure, however only at very 
high doses of 100 and 200 mg/kg BW every day for 60 days. Based on the repeated 
results of increased neuro-inflammation markers it is necessary to promote more 
study in this area.

Changes in brain cell morphology and histology are not surprising, given the 
data on oxidative stress and inflammation that has been reported (Table 1.7). Meena 
et  al. (2015) reported apoptosis in brain cells, which was attributed to increased 
expression of p53, Bax, and caspase-3. This mechanism has been reported in other 
cell types as well, as discussed previously. Excessive proliferation of glial cells and 
edema after TiO2 contact has been reported by multiple studies (Ze et al. 2014a; b; 
c; Su et al. 2015). Observation of neuronal cell degeneration, necrosis, and abscis-
sion of perikaryon has also been demonstrated after TiO2 NP exposure (Xu et al. 
2013; Ze et  al. 2014a). In the hippocampus, several cellular changes have been 
documented as well. Appearance of vacuoles (indicative of fatty degeneration), cel-
lular degeneration, apoptosis, tissue necrosis, mitochondrial swelling, and nuclear 
membrane collapse have all been reported in hippocampal cells (Xu et al. 2013; Ze 
et  al. 2014a, b, c; Su et  al. 2015). Pyramidal cells, which are a special neurons 
located in the hippocampus responsible for primary excitation of nerves, have 
shown dispersive replication, decreased size of cell volume, nuclear irregularity, 
degeneration, nuclear pyknosis, and appearance of cytoplasm feosin after TiO2 NP 
exposure (Y. Ze et al. 2014c). Other TiO2 NP effects identified in brain tissue include 
over-proliferation of spongiocytes, hemorrhage, and cell shrinkage (Ze et al. 2013, 
2014a). What is particularly remarkable about all of these observed effects is that 
with the exception of the Xu et al. (2013) results, the rest all occurred after intrana-
sal exposure. In fact, many of the studies reported significant changes at low-dose, 
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long-term exposure rates. As mentioned previously, intranasal exposure is represen-
tative of practical TiO2 NP exposure since particles inhaled may travel through the 
nasal cavity and make contact with olfactory nerves leading to the brain. Therefore, 
it is critical to continue to observe these effects at realistic concentration and expo-
sure rates.

These morphological and histological changes in brain tissue due to TiO2 NPs 
may also contribute to changes in brain function. The hippocampus plays a signifi-
cant role in spatial memory. It has been shown that intranasal exposure to TiO2 NPs 
resulted in deficiencies and impairment of spatial memory in mice (Ze et al. 2014a, 
c). Mohammadipour et al. (2016) demonstrated the passage of TiO2 NPs through 
maternal milk to pups also resulted in impaired learning and memory in offspring, 
and hypothesized this was due to the timing of hippocampal development. Lesions 
have been documented in the hippocampus of mice after intranasal TiO2 NP admin-
istration (Wang et al. 2008a), which could contribute to a loss of spatial memory. 
Another study utilizing prenatal exposure to TiO2 NPs has revealed significant 
working impairments and psychological deficits in pups that persist into adulthood 
(Engler-Chiurazzi et al. 2016). Increases in neurotransmitters, which play a key role 
in memory, awareness, thought, and consciousness, such as norepinephrine and 
dopamine have also been documented in the cerebral cortex of mice after oral TiO2 
NP administration (Shrivastava et al. 2014). Although behavior was not analyzed in 
this study, the results do offer insight into other studies which have documented 
depressive-like behavior, behavioral deterioration, and increases of anxious index in 
rats (Kim et  al. 2013; Cui et  al. 2014; Younes et  al. 2015). Changes in the neu-
rotransmitter glutamate, a precursor to glutamine, have also been observed in the 
brain of rats and mice. Fluctuation in glutamate/glutamine levels, inhibition of glu-
tamate receptor expression, and glutamine synthetase have been observed after TiO2 
NP administration (Ze et  al. 2014; Meena et  al. 2015). Changes to the levels of 
glutamate and its related mediators in the brain have been implicated in many neu-
rodegenerative diseases, such as amyotrophic lateral sclerosis (ALS), Alzheimer’s 
disease, Huntington’s disease, and Parkinson’s disease (Sheldon and Robinson 
2007). Decreases in acetylcholine esterase (AChE), an important enzyme that 
metabolizes acetylcholine to choline and Acetyl-CoA, have also been observed in 
rats after TiO2 NP administration (Meena et al. 2015; Grissa et al. 2016). Proper 
maintenance of the central cholinergic system is necessary for cognitive function, 
and decreases in AChE could play a role in studies which show abnormal behavior 
(Meena et al. 2015). Based on the data reviewed, monitoring neurotransmitters after 
TiO2 NP exposure may reveal mechanisms for decreased brain function and behav-
ioral abnormalities.
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7  Conclusion

Studies that concentrate on oral and inhalation routes provide more insight into 
effects in humans, since these are the most common exposure routes. Oral toxicity 
has shown to be less severe than inhalation, most likely due to the inability of NPs 
to be absorbed by the GIT. There are still some cases, however, that show toxic 
effects after large oral doses. In addition, many experiments do not specify full 
details of NP preparation or experimental procedures, especially the case of hydro-
dynamic diameter. This is a key factor that should not be overlooked when assessing 
TiO2 NP toxicity, since larger agglomerates are generally considered safer than 
smaller particles. Tests that track circulation of TiO2 NPs systemically in the blood-
stream have proven useful in the area of target organs for accumulation. ROS, oxi-
dative stress, and inflammation have been shown to be toxicity markers in the organs 
or whole animals examined throughout this review. This is not surprising that 
inflammatory pathways such as NF-κB are often activated after TiO2 NP exposure 
in multiple tissue types. Apoptotic pathways such as p53 and the caspase cascade 
are also commonly upregulated after TiO2 NP exposure, increasing cytotoxic poten-
tial. These pathways are likely molecular mechanisms involved in toxicity. 
Mitochondrial damage, which is also associated with increased oxidative stress, has 
also been observed in many studies examining toxicity of TiO2 NPs. Nevertheless, 
production of ROS and oxidative stress is common; it is not clear without shadows 
whether they are the cause or effect of above molecular events. Based on the studies 
reviewed here, it is evident there is a need to continue monitoring the toxicity of 
TiO2 NPs. Many experiments have shown that low-dose, long-term exposure can 
result in toxic effects, particularly in the lung and brain. Since TiO2 NPs are widely 
used in food, medicine, and other domestic products, it is critical to increase stan-
dardization for NP toxicity studies and monitor toxicity effects over extended 
periods.
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1  Introduction

Due to unique the physicochemical and electrical properties of materials at the 
nanoscale, nanomaterials are increasingly utilized these days in various fields of 
applications, including manufacturing, biotechnology, nanomedicine, and electron-
ics. All these fields, particularly biomedical applications, explicitly demand nano-
materials that are bio safe. However, data concerning the possible toxic effects of 
the different nanomaterials are still scarce. To this end, different biological models 
can be used to assess nanomaterials toxicity. Well-established in vitro models are 
usually used to evaluate the nanomaterials toxicity. They are preferred in compari-
son to other biological systems, thanks to their low cost and easy maintenance. 
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However, after a preliminary investigation obtained in cells, the possible nanomate-
rials toxicity needs to be further investigated by using an in vivo system, signifi-
cantly more complex than cultured cells. Indeed, there are several in  vivo 
toxicological models including Drosophila Melanogaster, zebrafish, and mouse. 
Each system presents several advantages and limitations for toxicology screening. 
In particular, the main limitation of Drosophila melanogaster is that it possesses 
only four chromosome pairs. In contrast, mice are good candidates, but the main 
problem is that they are expensive and time-consuming. In this framework, zebraf-
ish represents alternative and complementary model organisms, with several pecu-
liarities, making them established systems for toxicity screening, in comparison to 
other species (Kalueff et al. 2016; Wiley et al. 2017).

In this chapter, we underline the different peculiarities of zebrafish that make 
them excellent candidates as model systems for toxicological screening. Moreover, 
we describe the different parameters used as toxicological endpoints. In particular, 
we focus on the developmental toxicity, describing the mortality and hatching rates, 
cardiac and swimming activities, immunotoxicity, genotoxicity, and neurotoxicity. 
In addition, we give a brief overview of previous toxicity studies on different classes 
of nanomaterials performed using zebrafish as model. These include carbon-based 
nanomaterials (fullerenes, carbon nanotubes, carbon dots, nanodiamonds, carbon 
nano-onions, carbon nano-horns, and graphene oxide), metallic nanoparticles (gold 
and silver nanoparticles), and semiconductor nanoparticles (silicon-based 
nanoparticles).

2  Unique Characteristics of Zebrafish

Nowadays, zebrafish are employed in different studies to assess the toxicity of 
nanomaterials, involving both embryos and adult organisms. The increasing use of 
zebrafish in the nanotoxicology field is due to several powerful peculiarities they 
possess. Zebrafish are vertebrates and therefore share a high homology degree with 
mammals, including humans (Howe et al. 2013; Kalueff et al. 2014). The cardiovas-
cular, nervous, and digestive systems of these model animals are similar to the 
mammal’s ones. Thanks to the similarity in the cellular and developmental mecha-
nisms with the other vertebrates, studies performed in zebrafish can give insight into 
human mechanisms. Other advantages of employing zebrafish in a toxicological 
screening over other vertebrates are their small size, their low cost, and easy main-
tenance. Adults are 3 cm long, reducing the housing space and costs. In addition, the 
minute size of embryos allows performing toxicity experiments by placing together 
a high number of samples in 96 multi-well plates. Embryos are able to absorb the 
nanomaterials dissolved in their medium directly by soaking (d’Amora et al. 2017, 
2018a, b). This provides several replicates at one time and reduces the amount of 
nanomaterials used and therefore the cost of the toxicological screening. In addi-
tion, all these peculiarities give the possibility to create high-throughput screens for 
toxicity screening in which embryos and larvae can develop in testing plates 
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(Horzmann and Freeman 2018; Hill et  al. 2005). In this way, a large number of 
nanomaterials can be screened contemporary and rapidly. Moreover, zebrafish have 
a large number of offspring in each generation. The females produce with external 
fertilization around 200–300 eggs per week. The organogenesis occurs quickly and 
the major organs are formed within 5  days post fertilization (dpf). In addition, 
embryos are transparent, and this allows to easily identifying the developmental 
staging and assessing the toxicological endpoints during a complete toxicity screen-
ing. Their transparency is very useful when immunohistochemistry (IHC) and in 
situ hybridization (ISH) are employed.

3  Toxicological Screening in Zebrafish

Zebrafish are powerful platforms to test the effects of different nanomaterials. The 
toxicity of nanomaterials is assessed by examining different toxicological endpoints 
during the zebrafish development (Heiden et al. 2007), based on both external phe-
notypic and internal organs changes (Pham et al. 2016). The mortality (or survival 
rate) and hatching rates are the first endpoints analyzed during a toxicological 
screening. Subsequently, other biological parameters, such as the cardiac (heartbeat 
rate) and swimming activities, could be evaluated (Fig. 2.1). In addition, the possi-
ble presence of malformations in embryos and larva exposed to different concentra-
tions of nanomaterials is an important endpoint. Moreover, zebrafish are employed 
to assess immunotoxicity, genotoxicity, and neurotoxicity in a complete toxicity 
testing (Fig. 2.1).

Fig. 2.1 A schematic representation of the complete toxicological screening in C. elegans
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3.1  Developmental Toxicity

The visualization of the different toxicological endpoints in zebrafish is done at 
specific stages that correspond to crucial points of the development. All the observa-
tions are carried out on in vivo embryos and larvae.

3.1.1  Mortality/Survival Rate

The mortality rate of embryos and larvae is evaluated and noted at different concentra-
tions of nanomaterials and throughout the whole exposure period. Since different stud-
ies reported the presence of mortality in the early life stage (Fraysse et al. 2006), the 
evaluation of this parameter starts at 4 h post fertilization (hpf). The mortality rate of 
zebrafish at this stage is calculated by determining the eggs blocked at the blastomeric 
stage and the unfertilized eggs, using a dissecting stereomicroscope. After 4 hpf, zebraf-
ish embryos or larvae are established as dead if there is no more heartbeat rate or no 
longer moving or the appearance of the tissue changed from the normal transparency 
to the opacity (Ali et al. 2011). The mortality rate is subsequently recorded every 24 h 
(at 24, 48, 72, 96 and 120 hpf). Treatment with acute doses of nanomaterials enhances 
the increase in the mortality rate. For instance, the increase of the exposure concentra-
tions of silica nanoparticles induced an increase in mortality and cell death (Duan et al. 
2013). Moreover, different studies indicated a relationship between the incidences of 
the mortality and the different shapes of nanomaterials. Hence, the toxicity induced by 
zinc oxide nanoparticles (ZnO NPs) with a different shape, including nanospheres, 
nano-sticks, and cuboidal submicron particles, was investigated (Hua et  al. 2014). 
Nano-sticks were found to be the most toxic compared to the other nanoparticle shapes, 
leading to an increase in the mortality and hatching rate.

3.1.2  Hatching Rate

Successful hatching is a very important parameter to conceive the toxicity. Hatching 
occurs from 48 to 72 hpf (Kimmel et al. 1995). A delay in the hatching rate is clear 
evidence of toxicity. Normally, the number of hatched pro-larvae is counted within 
80 hpf, every 2 h. It is possible to establish pro-larvae as hatched when the whole 
body (from the head to the tail) comes out from the chorion. The hatching rate is 
counted in a multi-well plate as the percentage of hatched larvae from the total ani-
mal per plate. After the number of hatched zebrafish in each replicate is pooled to 
calculate the mean hatching time (HT50). In 2014, Samaee et al. employed titanium 
oxide nanoparticles to conceive the hatching occurrence and the toxicity by estimat-
ing the correlation among hatching success and hours post-treatment. The authors 
reported premature hatching or delay in the hatching in zebrafish embryos/larvae 
treated with titanium oxide nanoparticles (Samaee et al. 2015) with a concentration-
dependent toxicity.
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3.1.3  Possible Presence of Malformations

The presence of malformations in zebrafish embryos and larvae exposed to nanoma-
terials is another endpoint frequently assessed during toxicological testing. Since 
development has been well characterized (Kimmel 1989; Kimmel et al. 1995) and 
embryos and larvae are transparent, it is possible to easily observe the main zebraf-
ish developmental defects and abnormalities using little magnification. The discrim-
ination between normal and anomalous development is generally made using the 
organogenesis description of Kimmel et  al. (Kimmel et  al. 1995). Zebrafish are 
placed in a multi-well under a common stereomicroscope at different developmen-
tal stages and the malformations are noted. These involve incomplete organ devel-
opment, or defects in different body parts, including the heart, notochord, and brain. 
In this framework, silica nanoparticles were found to induce typically zebrafish 
malformations, including yolk sac edema, tail malformations, pericardial edema, 
and head malformation. The pericardial edema was the most incident defect caused 
by silicon-based nanoparticles (Duan et al. 2013).

3.1.4  Neurotoxicity

Zebrafish have emerged as powerful model to assess the neurotoxicity (Giordani 
and d'Amora 2018). It is well known that the developmental processes of the central 
nervous system of zebrafish and other vertebrates are highly conserved (Belousov 
2011). This homology comprises also the blood brain barrier (BBB) development 
(Eliceiri et al. 2011). Moreover, many brain subdivisions of mammals during the 
development have a counterpart in zebrafish (Wullimann 2009). In the neurotoxicity 
assessment, thanks to the transparency of zebrafish, it is possible to visualize spe-
cific neurons or axonal tracts in vivo, by means of different biomarkers and dyes or 
in fixed samples using in situ hybridization and immunohistochemistry techniques. 
Different endpoints can be investigated in order to investigate the possible neurotox-
icity induce by nanomaterials, including neurobehavioral profiling and neural mor-
phogenesis (Kalueff et al. 2014; Truong et al. 2014). Different studies evaluated the 
neuronal apoptosis by using specific staining and in situ hybridization. Kim et al. 
showed that treatment of zebrafish with small gold nanoparticles leads to neuronal 
damage. Moreover, using in situ hybridization, the expression of several transcrip-
tion factors involved in the eye development, including sox10, pax6a, and pax6b, 
were analyzed and found to be re-pressed (Kim et al. 2013).

Nowadays, another crucial parameter to understand and evaluate the neurotoxic-
ity is represented by the zebrafish behavioral response to the nanomaterials exposure 
(Locomotion and Behavioral Toxicity in Larval Zebrafish: Background, Methods, 
and Data). It is possible to assess the swimming activities in terms of spontaneous 
movements or number of movements by means of video recording tools. Normally 
this measurement is performed on larvae at 72 hpf or after 72 hpf. Before this devel-
opmental stage, the zebrafish rolled up in the chorion and this membrane disturbs 
their movements. Treatment of zebrafish with different carbon-based nanomaterials 
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revealed that the frequency of movements of larvae at 96 hpf had no significant 
reduction in the case of carbon nano-onions and carbon nano-horns, while a signifi-
cant reduction was found in the case of graphene oxide exposure (d’Amora et al. 
2017). In contrast, the number of spontaneous movements was not affected in 
zebrafish embryos treated with single-walled carbon nanotubes (Ong et al. 2014). 
Duan et al. evaluated the total distance of swimming of zebrafish treated with sili-
con-based nanoparticles (Duan et al. 2013). The results reported a decrease on the 
swimming distance concentrations dependent. In addition, zebrafish exposed to gra-
phene quantum dots (GQDs) presented a decrease in the total swimming distance 
and speed. In both studies, the total distance of swimming was measured by means 
of a visible light test (Wang et al. 2015).

3.1.5  Cardiotoxicity

The heart is the first organ to develop in zebrafish and the heartbeat starts around 22 
hpf. The cardiovascular system is formed and completely functional within 48 hpf 
(Thisse and Zon 2002). Even if there are physiological differences between the 
heart of zebrafish and mammalian, zebrafish can be considered a prominent candi-
date to assess the cardiotoxicity. In fact, the mechanisms of heart ontogenesis are 
well conserved between vertebrates (Staudt and Stainier 2012) and the electrical 
properties are highly homolog to the human’s one (Arnaout et al. 2007; Sedmera 
et al. 2003). Moreover, the optical transparency of embryos allows in vivo real-time 
imaging. A study on zebrafish cardiotoxicity assays reported that embryos can live 
for days in the presence of abnormalities affecting the circulatory system, validating 
zebrafish as good tools in this field (Chen et al. 1996). Moreover, it was found that 
tyrosine kinases are conserved expressed during the early developmental stage 
(Challa and Chatti 2013). All these peculiarities make zebrafish suitable and power-
ful systems to assess the cardiotoxic effects (Cheng et al. 2011). In particular, the 
embryos have been employed to assess the effects of different nanomaterials on 
cardiovascular development, while adults have been used to investigate acute and 
chronic effects on cardiac function (Sarmah and Marrs 2016). Thanks to the optical 
transparency of the zebrafish, the cardiac function, including heartbeat rate, the 
presence of malformations can be easily evaluated by using different in  vivo 
biomarkers.

During a cardiotoxicity screening, the effects of nanomaterials on zebrafish are 
assessed at 48hph by using a common stereomicroscope. Zebrafish were used to 
investigate the possible cardiotoxicity induced by several nanomaterials. The pos-
sible cardiotoxicity of silica nanoparticles (Si NPs) during the development was 
deeply evaluated via intravenous microinjection. Silica nanoparticles caused brady-
cardia and pericardial edema. Moreover, treated embryos presented oxidative stress 
and neutrophil-mediated cardiac inflammation. Histology techniques on the heart of 
embryos and larvae treated with silica nanoparticles allowed observing the presence 
of inflammatory cells in the atria (Duan et al. 2016).
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3.2  Immunotoxicity

The immune system is known to be highly sensitive to nanomaterials exposure in 
particular, in terms of inflammation induction and activation of macrophages and 
neutrophils (Johnston et  al. 2018). Different studies reported that nanomaterials 
modulate cytokines production by generating free radicals. Moreover, exposure to 
nanomaterials can induce allergic sensitization and asthma (Di Gioacchino et al. 
2011). Zebrafish treated with small gold nanoparticles (1.5 nm core) functionalized 
with three different ligands presented a perturbation in the inflammation and 
immune response mechanisms (Truong et  al. 2013). On the other side, silver 
nanoparticles (Ag NPs) induced immunotoxicity in adult zebrafish (Krishnaraj 
et al. 2016).

3.3  Genotoxicity

An important component in nanotoxicity is the evaluation of genotoxicity. 
Nanomaterials can induce genotoxicity, leading to DNA damage and gene muta-
tions. Genotoxicity is a crucial risk determinant for long-term toxicity, including 
tumorigenesis. In the past, mice have been widely used to assess the genotoxicity of 
nanomaterials, by using micronucleus assays and gene profiling techniques 
(Manjanatha et al. 2014). Recently, zebrafish come out as powerful genotoxic tools. 
The genotoxicity induced by several nanomaterials was studied and assessed in 
zebrafish by using different techniques. Dedeh et al. and Geffroy et al. evaluated the 
effects of gold nanoparticles (AuNPs) using RAPD coupled with PCR genotoxicity 
test (Geffroy et al. 2012; Dedeh et al. 2015). After gold nanoparticles exposure, an 
alteration of genome composition was found (Geffroy et al. 2012). Subsequently, 
other techniques were employed to assess the genotoxicity of compounds in zebraf-
ish (Villacis et al. 2017) (Rocco et al. 2015). Adult animals were treated with differ-
ent doses of iron oxide nanoparticles (IONPs). The results demonstrated significant 
concentration-dependent genotoxic effects of IONPs. In particular, a high number 
of transcripts of liver samples were found to have a different expression in compari-
son to the controls, by using microarray analysis (Villacis et al. 2017). In addition, 
the potential genotoxicity of titanium dioxide nanoparticles (TiO2 NPs) was ana-
lyzed in zebrafish by means of diffusion assay, RAPD-PCR technique, and comet 
assay (Rocco et  al. 2015). The maximum concentrations of nanoparticles tested 
caused the highest genotoxicity.
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3.4  Hepatotoxicity

The organogenesis of the liver begins at 72 hpf and is completely functional within 
120 hpf (Chu and Sadler 2009). Several reports indicated that compounds are 
metabolized by zebrafish during the development with mechanisms similar to those 
of humans (Quinlivan and Farber 2017; Vliegenthart et al. 2014). Different nanoma-
terials can cause liver injury. It is possible to evaluate the hepatotoxicity in zebrafish 
by means of different tests, including enzymes assays and histology techniques. The 
hepatotoxicity can be easily evaluated visually on the liver tissue. Another tech-
nique consists in use biomarkers for liver injury. The levels of these biomarkers are 
measured in the circulation of treated animals (Vliegenthart et al. 2014). The visu-
alization of the liver damage can be performed by using transgenic lines with a 
liver-dye expression. The size and the number of hepatocytes can be calculated by 
analyzing the intensity of the fluorescence before and after the treatment (Zhang 
et al. 2014).

4  Toxicity Studies in Zebrafish

4.1  Carbon-Based Nanomaterials

Carbon nanomaterials (CNMs) have gained increased interest in different fields, 
thanks to their unique electronic, optical, and physical characteristics (d’Amora and 
Giordani 2018). They include fullerenes (C60) (Kroto et al. 1985), nanodiamonds 
(NDs) (Greiner et al. 1988), carbon nanotubes (CNTs) (Iijima 1991), carbon nano-
onions (CNOs) (Ugarte 1992), carbon nano-horns (CNHs) (Iijima et al. 1999), car-
bon dots (CDs) (Xu et  al. 2004), and graphene (Novoselov et  al. 2004). Their 
biocompatibility plays a crucial role in their different applications, including nano-
medicine and bioimaging. In the last few years, a careful evaluation of the possible 
toxic effects of different CNMs in zebrafish during the development has been car-
ried out, reporting their in vivo biosafety (d’Amora et al. 2017; Nicholas et al. 2018).

4.1.1  Fullerenes

Fullerenes are employed in several biomedical and biological applications, including 
imaging and drug delivery, thanks to their intrinsic photoluminescence, nano-meter 
size, and hollow cavity (Levi et al. 2006). Using zebrafish as model system, the tox-
icity of different fullerenes was tested. The effects of the dendro [C60]fullerene DF-1, 
with antioxidant properties, were assessed, by monitoring the survival rate and the 
possible presence of malformations (Daroczi et al. 2006). DF-1 exerted no detectable 
toxicity on zebrafish at the tested concentration. Usenko et al. exposed zebrafish to 
C60, its hydroxylated derivative C60(OH)24, and C70 (Usenko et al. 2007, 2008). All 

M. d’Amora and S. Giordani



61

these fullerenes caused a high percentage of developmental abnormalities and mor-
tality, with C60(OH)24 less toxic than C60. In another study, dendrofullerenes (mono-
adducts of C60) and e,e,e-trismalonic acid-like fullerenes (C3-like fullerenes), anionic 
water-soluble fullerenes were found to be more toxic than oxo-amino fullerenes, 
anionic fullerenes with similar structures (Beuerle et al. 2007). In addition, it was 
observed that the toxicity of anionic fullerenes varied from very low to moderate 
depending on the structures. The biological consequences of different fullerenes on 
zebrafish were also studied in terms of effects on the proteomic profiles. For instance, 
the comparison of proteomic profiles between the phosphatidylcholine-based phos-
pholipid nanoparticles containing fullerene C60 and the control reported low toxicity 
of the nanoparticles on zebrafish (Kuznetsova et al. 2014).

4.1.2  Carbon Nanotubes

Since their discovery (Iijima 1991; Iijima and Ichihashi 1993), CNTs have raised 
increasing interest from different fields for their unique chemical, optical, electrical, 
and thermal (Bachilo et al. 2002; Ruoff and Lorents 1995) properties. Thanks to 
these properties, they are employed in different applications. CNTs comprised sp2 
carbon atoms organized in single or multiple coaxial tubes of graphitic sheets result-
ing in single-walled carbon nanotubes (SWCNTs) and multiple-walled carbon 
nanotubes (MWCNTs), respectively. In 2009, Cheng et al. studied the biological 
consequences and in vivo biodistribution of fluorescent-labelled MWCNT (FITC-
BSA-MWCNTs) in zebrafish at the different developmental stages (Cheng et  al. 
2009). No lethal effects and no developmental defects were observed after FITC-
BSA-MWCNTs injection. Moreover, the data suggested that purification and func-
tionalization of carbon nanotubes improved their biosafety. Subsequently, the same 
group evaluated the effects of BSA-MWCNTs sonicated in nitric acid for 24  h 
(MWCNTs-24  h) and 48  h (MWCNTs-48  h). The sonication time affected the 
length of the MWCNTs. MWCNTs-24 h presented a length of 0.8 ± 0.5 μm, while 
MWCNTs-48 h had a length of 0.2 ± 0.1 μm. Zebrafish embryos were microinjected 
with MWCNTs-24 h and MWCNTs-48 h to check their effects. MWCNTs-24 h did 
not affect the embryos, while the MWCNTs-48 h caused significant toxic effects 
(Cheng and Cheng 2012). The authors suggested that shorter BSA-MWCNTs were 
more toxic in zebrafish embryos after injection. Perhaps another factor could be the 
production of carbonaceous fragments during the nitric acid treatment (Del Canto 
et al. 2011; Salzmann et al. 2007).

4.1.3  Carbon Dots

Carbon dots, also known as carbon quantum dots (C-dots) or graphene quantum 
dots (GQDs), are interesting materials to be used in imaging application as they 
have high photo-stability and exhibit an intrinsic fluorescence (Zheng et al. 2015). 
The toxicity of C-dots has been investigated in zebrafish in terms of liability after 

2 Zebrafish Models of Nanotoxicity: A Comprehensive Account



62

soaking or microinjection of C-dots in embryos (Kang et al. 2015). Zebrafish grow 
normally, with a low percentage of developmental abnormalities. C-dots demon-
strated good biocompatibility. Recently, Khajuria et al. reported similar results for 
carbon dots doped with nitrogen (N-CDs). Embryos soaked in N-CDs solutions 
with different concentrations presented viabilities of more than 75%, with no mal-
formations. These data confirmed the biosafety of C-dots after soaking (Khajuria 
et  al. 2017). On the other hand, GQDs exhibited high biocompatibility, without 
affecting zebrafish at a concentration lower than 2 mg mL−1 (Roy et al. 2015).

4.1.4  Nanodiamonds

Nanodiamonds (NDs) have been employed in several biomedical applications, 
including drug delivery and imaging, thanks to good optical and biological proper-
ties (Mochalin et al. 2011). Lin et al. evaluated the possible adverse effects as well 
as the persistent effects on larval behavior of nanodiamonds. After microinjection in 
the yolk, only high concentrations (5 mg/ml) of NDs affected the zebrafish growth, 
inducing body axis curvature (Lin et al. 2016). Recently, we assessed the possible 
toxicological effects induced by small carbon dot decorated nanodiamonds 
(CD-DNDs) on zebrafish (Nicholas et al. 2018). CD-DNDs caused no significant 
effect on the survival, hatching, and heartbeat rates, and the zebrafish organogene-
sis. Our results clearly demonstrated the biosafety of CD-DNDs.

4.1.5  Carbon Nano-Onions

Multi-shell fullerenes, known as carbon nano-onions (CNOs), are promising CNMs 
for imaging (Bartelmess et al. 2015; Lettieri et al. 2017a) and diagnostic applications 
(Lettieri et al. 2017b; Giordani et al. 2014). Small CNOs (average diameters of 5 nm) 
show high cellular uptake and weak inflammatory potential (Yang et al. 2013).

Our group has been investigating the toxicity of benzoic acid functionalized 
CNOs (benz-CNOs) and fluorescent boron dipyrromethene (BODIPY) tagged 
CNOs (BODIPY-CNOs) in zebrafish during the development. We evaluated the sur-
vival and hatching rates, cardiac activity, frequency of movements, and possible 
morphological abnormalities of zebrafish embryo and larvae treated with 5, 10, 50, 
and 100 μg mL−1 of benz-CNOs and BODIPY CNOs for 120 hpf. We observed no 
considerable changes in all the toxicological endpoints analyzed in treated embryos 
and larvae. In particular, the survival and hatching rates of treated zebrafish were 
found to be similar to the untreated control. Moreover, no reduction in the total 
frequency of movements and no cardiac effects were observed and the total percent-
ages of abnormalities during the organogenesis was less than 4%. Our result clearly 
revealed that benz-CNOs and BODIPY-CNOs presented non-toxicity and good bio-
compatibility in zebrafish (d’ Amora et al. 2016).

Furthermore, we reported that oxi-CNOs possessed higher biocompatibility than 
other classes of CNMs such as oxi-carbon nano-horns (CNHs) (d’Amora et al. 2017).
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4.1.6  Carbon Nano-Horns

Carbon nano-horns (CNHs) are conical carbon nanostructures, suitable for biomed-
ical applications, such as drug delivery (Xu et al. 2008).

Our group assessed for the first time the in vivo biological consequences of car-
bon nano-horns in zebrafish during the development. We exposed the embryos to 
different concentrations of oxidized CNHs (oxi-CNHs) of 5–8 nm in horn diameter 
and 30–50 nm in length. Oxi-CNHs induced no significant differences in survival/
hatching rates and heartbeat rate of treated embryos and larvae. Moreover, no reduc-
tion in the cardiac and swimming activities was observed in the larvae treated with 
the different concentrations of CNHs. Our results demonstrated that oxi carbon-
horns presented no toxicity.

4.1.7  Graphene Oxide

Graphene oxide (GO) presents different properties such as high surface area, layer 
number, and lateral dimensions that make them able to transport drugs, genes, and 
proteins in certain cell types or specific body regions. Thanks to these properties, GO 
is employed in cancer treatment, biological imaging, and drug delivery. Several groups 
have assessed the in vivo toxicity of graphene oxide. In 2014, Liu et al. (Liu et al. 
2014) treated zebrafish eggs with different concentration of GO (1, 5, 10, 50, 100 mg/l) 
and analyzed different biological parameters. GO (average size 512 nm) resulted to be 
toxic, inducing a disturbance in the hatching and larvae length. Subsequently, Chen 
and his group reported that, after exposure to zebrafish, part of the GO adhered to the 
chorion of the embryo, occluding the pore and consequently causing hypoxia and 
hatching delay (Hu et al. 2016). Moreover, the amount of GO up taken by the embryos 
induced damage in the mitochondria, a reduction of the heartbeat rate and different 
developmental abnormalities affecting the eye, the heart, and the tail.

Our group has investigated the toxicity of commercially available GO (lateral 
size 15 μm) in zebrafish (d’Amora et al. 2017). GO caused adverse effects on zebraf-
ish development at high concentrations (50 and 100 μg ml−1). The treated embryos/
larvae presented a developmental delay. The heartbeat rates and the frequency of 
movements of treated larvae were reduced. Moreover, different developmental 
abnormalities in zebrafish, including pericardial and yolk sac edema, fold flexure 
and tail flexure have been found. The percentage of malformations reached 13.5% 
and 11% in the case of pericardial and yolk sac edema, respectively.

4.2  Metallic Nanoparticles

Metallic nanoparticles have a wide range of applications in different fields, includ-
ing nanomedicine. Among metallic nanoparticles, the gold and silver NPs are 
mainly employed; therefore, an accurate assessment of their toxicity is needed.
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4.2.1  Gold Nanoparticles

Gold nanoparticles (Au NPs) are mainly employed in nanomedicine applications, as 
diagnostic agents (Huang et  al. 2006) or drugs carriers (Dykman and Khlebtsov 
2011). Since gold nanoparticles can induce cytotoxicity (Gerber et al. 2013), their 
possible effects are further investigated in zebrafish.

Adult zebrafish treated with gold nanoparticles of two sizes presented genome 
alterations and different dysfunctions (Geffroy et al. 2012) in several tissues. It has 
been reported the surface functionalization of gold nanoparticles can influence their 
toxicity. In particular, gold nanoparticles functionalized with positively charged 
N,N,N-triethylammoniumethanol (TMAT) caused a high mortality rate in zebrafish, 
without a significant presence of developmental abnormalities. On the other hand, 
gold nanoparticles functionalized with 2-mercaptoethanatesulfonate (MES) have 
completely different behavior. In fact, zebrafish treated with these nanoparticles have 
no significant percentage of mortality while presented a high incidence of develop-
mental defects. Other studies confirmed the dependence of the gold nanoparticles 
toxicity from the functionalization (Truong et  al. 2012). Small gold nanoparticles 
caused a disruption in eye development with consequent neuronal damage and 
changes in the behavioral profile (Kim et al. 2013). One factor mediating the toxicity 
of gold nanoparticles is represented by the different shapes. Gold nanoparticles of 
different shapes were exposed to adult zebrafish (Sangabathuni et al. 2017). Rod-
shaped Au NPs presented higher uptake and faster clearance compared to spherical 
gold nanoparticles and stars NPs.

4.2.2  Silver Nanoparticles

Silver nanoparticles (Ag NPs) are extensively applied in different biomedical 
applications as antimicrobial agents (Kőrösi et al. 2016), drug delivery systems 
(Jin and Ye 2007), therapeutic agents (Czupryna and Tsourkas 2006), and biosen-
sors (Jin and Ye 2007). Because of the widespread use and the increased exposure 
to Ag NPs (Benn et al. 2010), it is important to access the toxic effects related to 
their exposure. In 2008, Asharani et al. reported for the first time toxic effects and 
biodistribution of Ag NPs on zebrafish during the development (Asharani et al. 
2008). Embryo treated with different concentrations of Ag NPs presented high 
mortality, a hatching delay, and different malformations, including pericardial 
edema and tail flexure. In addition, Ag NPs localized preferentially in the yolk, 
heart, and brain. The toxicity of silver nanoparticles was found to be dependent on 
their size (Bar-Ilan et al. 2009). In the last decade, many studies further investi-
gated the toxicity of Ag NPs of different sizes and with different surface coatings. 
In order to evaluate the toxicity dependence from the different coating surfaces, 
Lee et al. synthesized Ag NPs functionalized with three biocompatible peptides 
(CALNNK, CALNNS, CALNNE). They investigated the toxic effects of 
Ag-CALNNK NPs+ζ, Ag-CALNNS NPs–2ζ, and Ag-CALNNE NPs–4ζ and demon-
strated charge-dependent toxicity. Ag-CALNNK NPs+ζ and Ag-CALNNE NPs–4ζ 
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were the most and less biocompatible nanoparticles, respectively (Lee et al. 2013). 
Recently, the different behavior of flat and spherical Ag NPs was investigated in 
zebrafish. Silver nanoplates were found to be more toxic than Ag nanospheres 
(Abramenko et al. 2018). The effects of silver nanoparticles on zebrafish larvae 
were also investigated in terms of bio-interactions with subcellular structures 
(d’Amora et al. 2015), by evaluating the possible effects of small-sized NPs on the 
cytoskeletal architecture.

4.3  Semiconductors Nanoparticles

Over the past few years, semiconductor nanomaterials such as silicon and germa-
nium became attractive materials for bio photonics and personalized medicine, i.e., 
imaging and therapeutic agents, applications (Hashim et al. 2014) (Maji et al. 2014; 
Li et al. 2014). Nevertheless, principal trouble that can restrict their use in these 
applications are the toxicity due to heavy metal (Ambrosone et al. 2012).

4.3.1  Silicon-Based Nanoparticles

During the last decade, the possible toxicity of silicon-based nanomaterial has been 
deeply investigated in zebrafish. Duan et al. reported that silicon-based nanoparti-
cles caused high mortality and a hatching delay concentration-dependent (Duan 
et al. 2013). Moreover, Si NPs induced different types of developmental defects, 
such as head malformation and yolk sac edema, and a decrease in the total swim-
ming distance. Another study reported that Si NPs did not internalize in the embryos 
and were mostly accumulated in the chorion surface (Fent et al. 2010).

The effects of silicon-based nanoparticles produced by laser ablation have been 
studied in zebrafish during the development (d’Amora et al. 2018a, b). The results 
showed that these NPs did not affect any biological parameters in the zebrafish 
embryos and larvae, demonstrating their biosafety.

5  Conclusions

As the use of nanomaterials in daily life, and in particular in nanomedicine applica-
tions, constantly increases, their possible adverse effects need to be carefully evalu-
ated. In this chapter, we report that zebrafish have become excellent in vivo systems 
for toxicological screening at the whole animal level. These models are cheaper, 
quicker, and more efficient than other vertebrates, including mice. We have high-
lighted how their use gives the opportunity to investigate specific physiological 
impacts at the different stage of the zebrafish growth. Notwithstanding the toxicity 
studies of different nanomaterials based on vertebrate models have been reported in 
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the recent past, the use of zebrafish in nanotoxicity is relatively new. In the near 
future, zebrafish may become an alternative to other mammalian organisms in eval-
uation of the toxicity of different nanomaterials.
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1  Introduction

Caenorhabditis elegans (C. elegans) is a free-living nematode that is bacterivorous. 
Nematodes are abundant and ubiquitous multicellular animals that inhabit the ter-
restrial, freshwater, and marine environments. They have been successfully used as 
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environmental indicators because of their abundance and unique roles in ecosys-
tems. Because of its short life cycle and ease in maintaining in lab cultures, it has 
become a favorite model of nanotoxicological investigations, specifically for metal 
oxide nanomaterials. The importance of C. elegans in toxicology studies stems from 
its small size, 1 mm-long (convenient to maintain on agar plates), life cycle of 72 h 
from larva to adult developmental stages (Fig. 3.1), a fully sequenced genome, and 
easy availability of a large number of mutants advantageous for genetic studies (Hu 
et al. 2018b). Changes in a worm’s phenotype such as body length, moving behavior 
(locomotion), or reproduction (changes in population) are critical endpoints in toxi-
cology. Recently, the use of various biological models in biosafety assessment of 
nanomaterials has been increasing, especially ecological risk assessment, and the 
nematode C. elegans is one of them. The evaluation of nano-bio-interactions in 
C. elegans can provide the fate and toxicity of NPs in a multicellular organism. 
Many studies have demonstrated that toxicity of NPs to C. elegans is highly depen-
dent on the uptake and exposure time, both of which are related to surface chemistry 
and particle size (Eom and Choi 2019). These studies suggest that understanding 
uptake mechanism is particularly important to explain toxicity and risk of 
nanomaterials.

Fig. 3.1 Life cycle of C. elegans at 22 degree C: Redrawn from WormAtlas. https://doi.
org/10.3908/wormatlas.1.1
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Following the availability of whole-genome microarrays, C. elegans has served 
as a model organism for studies in neurobiology, developmental biology, genetics, 
and the environmental impact of xenobiotics. Approximately 20.000 genes encode 
for the nematode’s proteins and the majority of human genes (60–80%) including 
the genes involved in human disease have a counterpart/homolog in the worm. An 
adult hermaphrodite worm consists of 959 cells, which include 302 neurons. Neural 
circuits have been mapped that may consist of just a few muscle and neural cells. 
However, these simple neural circuits drive complex neuromuscular behaviors; for 
example, two hermaphrodite-specific motor neurons (HSNs) are known to control 
egg laying (Scharf et al. 2015). This worm is transparent which enables imaging of 
labeled compounds including reporter proteins in single neural cells of living 
worms. The ease of worm cultivation in solid or liquid culture additionally makes 
C. elegans amenable to biochemical methods and medium to high-throughput 
screening.

Furthermore, changes in worm locomotion behavioral assays can be related to 
altered motor neuronal function, which is important for understanding neurological 
diseases, such as amyotrophic lateral sclerosis (ALS) and Parkinson’s disease. The 
increasing use of nanotechnology in our daily life can have many unintended effects 
affecting human health, environment, and ecosystems.

2  Growth, Reproduction, and Mortality Effects

2.1  Effects of Silver Nanoparticles (AgNPs)

Silver nanoparticles (AgNPs) are the most widespread metallic nanomaterials 
applied in numerous consumer products with the production up to 500 t/year world-
wide (Nanotech Project 2016). Widespread applications of Ag nanomaterials 
include textiles, plastics, and medical devices principally for their antimicrobial 
properties (Starnes et  al. 2015). During manufacture, use, and product disposal, 
these nanomaterials can be released to wastewater streams, where they have been 
shown to partition largely to sewage sludge during the wastewater treatment pro-
cess. Therefore, land application of biosolids is the primary route of Ag-MNP intro-
duction to terrestrial ecosystems heightening ecological concerns (Starnes et  al. 
2015). Further, the behavior of silver nanoparticles (AgNPs) is influenced by envi-
ronmental factors that affect their bioaccumulation and toxicity potentials. 
Understanding the relationships between the physicochemical properties of AgNPs 
and their toxicity is critical for environmental and health risk analysis. Table 3.1 
summarizes the studies on AgNPs.

As sulfidation is a major transformation product for manufactured silver nanopar-
ticles (Ag-MNPs) in the wastewater treatment process, Starnes et al. (2015) com-
pared effects of pristine AgNPs versus sulfidized AgNPs (sAgNPs). They 
convincingly demonstrated that sulfidation decreases solubility of AgNPs and 

3 Caenorhabditis elegans: A Unique Animal Model to Study…
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reduces bioavailability of intact sAgNPs. Both decreased solubility and decreased 
uptake of sAgNPs contribute to reductions in toxicity. These results also indicated 
that reproduction was the most sensitive endpoint tested for both Ag-MNPs and 
sAg-MNPs.

Toxicity of pristine Ag-MNPs has been shown to be driven by both ion- or parti-
cle-specific effects which are greater than in equivalent ionic (metal salt) concentra-
tions. The above observation of greatly reduced toxicity of sulfidized AgNPs has 
thus significant environmental implications and suggest that hazards of Ag-MNP 
exposure are likely greater in applications where Ag-MNPs are introduced directly 
to soil rather than through biosolids application.

In another related study, Starnes et al. (2016) examined toxicogenomic responses 
of pristine Ag-MNP, sulfidized Ag-MNP (sAg-MNP), and AgNO3 on C. elegans 
reproduction. Transcriptomic profiling revealed only 11% of differentially expressed 
genes were common among the three treatments. This study further identified 
expression of four genes (numr-1, rol-8, col-158, and grl-20) using qRT-PCR. Gene 
ontology enrichment analysis also revealed that Ag-MNP and sAg-MNP had dis-
tinct toxicity mechanisms and did not share any of the biological processes. The 
processes most affected by Ag-MNP relate to metabolism, while those processes 
most affected by sAg-MNP relate to molting and the cuticle. AgNO3-related toxic-
ity was mostly stress related. Based on these findings, investigators finally sug-
gested that cuticle damage may be the primary mechanism of toxicity of sAg-MNP 
to C. elegans. While the decreased solubility of sAg-MNP relative to Ag-MNP is 
correlated with reduced toxicity, release of free ions is not the primary mechanism 
of reproductive toxicity for fully sulfidized sAg-MNP.

Comparative effects of pristine (PVP-coated) AgENPs and sulfidized AgENPs 
were examined in a multigenerational study by Schultz et al. (2016). They examined 
how exposure over ten generations affects the sensitivity of the nematode C. elegans 
to pristine, sulfidized Ag ENPs, and AgNO3. In line with the findings of Starnes 
et al. (2015), toxicity of the different silver forms decreased in the order AgNO3, Ag 
ENPs, and Ag2S ENPs. In early generations, life span was shown to shorten, but 
these effects were not seen in later generations. Reduced body size was also observed 
for AgNO3 and Ag-PVP exposed nematodes after ten generations. Output of parent 
(P) generation decreased in a concentration-dependent manner with increasing con-
centration. Continuous multigenerational exposure to Ag (ionic and particulate) 
gradually increased time to first egg laying. By the F9 generation, egg-laying period 
had been extended from 96 to 120 h in silver exposed populations. This was not 
observed in reference population or recovery populations.

The most important observation made by these investigators are that continuous 
exposure to Ag ENPs and AgNO3 caused pronounced sensitization (approximately 
tenfold) in the F2 generation, lasting until F10. These sensitization effects were 
manifest less for Ag2S ENP exposures, indicating different toxicity mechanisms. 
The sensitivity to Ag ENPs and AgNO3 resulting from the initial multigenerational 
exposure persisted in the recovery populations as well. These investigators suggest 
that the transgenerational transfer of sensitivity may be controlled through the epig-
enome regulation.

A. Cox and N. Sharma
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Yang et al. (2017) developed C. elegans-based biomarkers as critical risk indica-
tors on assessing the impact of silver nanoparticles on soil ecosystems. This 
approach uses methods for rapidly screening and assessing the potential toxicity 
risk of AgNPs in general and sludge-treated soils in particular. Investigators assessed 
the risk for soils exceeding a threshold of C. elegans locomotion related neurotoxic-
ity based on the statistical models. Results indicate that locomotion inhibition of 
C. elegans was dependent on surface properties, diameter, and exposure time of 
AgNPs. Further, this modeling study shows that the soil contamination risks by 
sewage sludge-released AgNPs are significantly low in the countries of Europe, the 
USA, and Switzerland. However, large production and widespread applications of 
AgNPs are highly likely to pose long-term ecotoxicity risk on sludge-treated or 
untreated soils, particularly for 26 nm citrate-coated AgNPs. The approach of inte-
grating probabilistic risk model and C. elegans-based ecological indicator provides 
an effective tool to rapidly screen and assess the impacts of STPs-released AgNPs 
on soil environment (Fig. 3.2). Yang’s (2017) model based on predictive risk thresh-
old and risk characterization protocol, as displayed in Fig. 3.2, can be extended to 
environmental studies related to other nanomaterial releases. Investigators suggest 
that C. elegans can be considered as a proxy for estimating soil risk metrics, which 
can help develop methods of management for mitigating the metal NPs-induced 
toxicity on terrestrial ecosystems.

In another study, Yang et  al. (2018) investigated the ecotoxicity of AgNPs by 
using three different exposure media (deionized water as control, EPA water as a 
low ionic strength exposure medium, and KM as a high ionic strength exposure 
medium) to pretreat AgNPs. E. coli was then exposed to these transformed AgNPs 
before they were fed to C. elegans. Results in this investigation indicated that ionic 
strength significantly enhanced the reproductive toxicity (germ cell corpses, brood 
size, and life span) of AgNPs in C. elegans. Authors suggest that the ionic strength-
treated AgNPs played a major role in the bioaccumulation of nanoparticles and ROS 
production leading to the increased toxicity. Finally, this study confirms that poten-
tial ecotoxicity of AgNPs is associated with the environmental factors.

An excellent comparative analysis of the shape-dependent toxicity of Ag nano-
materials (AgNMs) in C. elegans was conducted by Moon et  al. (2019). In this 
study, AgNMs of different shapes and sizes (silver nanoparticles, AgNPs; 10 μm 
silver nanowires, 10-AgNWs; 20 μm silver nanowires, 20-AgNWs; silver nano-
plates, AgPLs) were added to natural soil and their effects on the growth and repro-
duction of elegans were measured. Ag nanoparticles and nanoplates were found to 
inhibit the growth and reproduction of C. elegans, whereas Ag nanowires had a 
negligible effect. Among these nanomaterials, AgNPs were found to be the most 
toxic. This study clearly confirms that the shape of AgNPs plays a significant role in 
their toxicity level.

Notwithstanding detected concentrations of AgNMs were higher in the above 
study than typical environmental concentrations which are in the range of 1.2 ng to 
0.1 mg/kg soil per year, results of this study suggest that AgNMs concentrations in 
a range of 5 mg/kg in soil may inhibit growth or induce reproductive defects in 
nematodes. Several factors, such as temperature, agglomeration,  surface charge, 
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Fig. 3.2 Proposed C. elegans-based probabilistic risk assessment framework (reproduced from 
Yang et al. 2017)
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and coating agent, are known to affect the toxicity of AgNMs, but the role of nano-
material shapes in influencing toxic fate is new. Furthermore, soil-based nano-Ag 
toxicity investigations are underrepresented compared to water-based AgNM toxic-
ity studies and need further explorations.

2.2  Effects of Gold Nanoparticles (AuNPs)

The use of gold nanomaterials has rapidly increased in various industrial sectors 
and commercial products including food, facial cosmetic products, as imaging 
contrast agents, semiconductors, and for water-hygiene management or water 
remediation. The recent applications of gold nanomaterials particularly in bio-
medical fields such as therapeutics, diagnostics, and biosensors have added greatly 
to its potential for release into the environment (Gonzalez-Moragas et al. 2017). 
The predicted concentrations of AuNPs in water and soil ecosystems in the United 
Kingdom are 0.14 and 5.9 parts per billion, respectively (Moon et  al. 2017). 
Hence, there is a need to develop new platforms and approaches to evaluate 
AuNPs-containing products, in particular to expedite the early stages of safe 
nanoparticle development in the cosmetic, food, and pharmaceutical industries. 
Having several unique physical and chemical properties, gold (Au) is one of the 
most studied metals for the synthesis of nanoparticles. Table 3.2 summarizes vari-
ous studies focused on AuNPs interactions.

The multigenerational exposure of AuNPs from F0 to F4 was first examined by 
Kim et al. (2013). This investigation used food exposure method where E. coli pop-
ulations are treated with various doses of nanoparticles before their transfer to the 
nematode growth medium. No significant changes on survival rate in all generations 
were recorded in this study. However, reproduction rate was significantly affected in 
F2, and then gradually recovered in the subsequent generations. Reproductive sys-
tem abnormalities exhibited a close relationship with low reproduction rates. 
Abnormalities increased as reproduction rate decreased in F2. Frequency of these 
abnormalities decreased in F3 and F4 with rising rates of reproduction. Reproductive 
abnormalities observed included bag of worms (BOW), abnormal uterus, abnormal 
vulva, and no eggs. Authors suggests the germ-line transfer of toxicity as the cause 
of transgenerational effects in abnormalities as well as lower reproduction rates.

Moon et  al. (2017) also investigated multigenerational effects of AuNPs on 
C. elegans but in two different settings. The design of this experiment included 
continuous or intermittent food exposure (E. coli populations were treated with 
AuNPs before their transfer to nematodes) methods. Exposure was applied at the 
rate of 0–1010 particles/mL for 48 h. This study also recorded negligible effects of 
AuNP on survival when compared with controls. After continuous exposure, F2-F4 
generations exhibited significant reductions in populations accompanied by repro-
ductive abnormalities. Intermittent exposures, given at the P0 and F3 only, had more 
pronounced effects on F3 worms, possibly due to damage during convalescence 
period up through F2. Authors suggested that intermittent exposures had greater 
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effects on reproduction and abnormalities than continuous exposure. Findings in 
this study point to the occurrence of multigenerational effects following different 
exposure patterns, exposure levels, and recovery periods.

Effects of 11  nm and 150  nm citrate-capped AuNPs on C. elegans survival, 
reproduction performance, and biodistribution were elegantly studied by Gonzalez-
Moragas et  al. (2017). Throughout 0–500 μg/mL treatments, researchers did not 
observe crossing of AuNPs through intestinal and dermal barriers of the nematode, 
which marks a departure from other metal oxide treatments in C. elegans and other 
animal models—indicating an internalization of nanoparticles by the intestinal 
cells. AuNPs at 100 μg/mL significantly reduced survival rate and brood size with 
respect to controls in 11 nm AuNP treated worms. AuNPs (11 nm) exhibited higher 
toxicity. In case of treatment with larger NPs, brood size was also not significantly 
different from control. By employing a combination of microscopy techniques, 
chemical analysis, absorbance microspectroscopy, this study revealed the biodistri-
bution of 11-nm and 150-nm citrate-capped AuNPs, which were largely accumu-
lated in the intestinal lumen. This study confirmed that the nanoparticles were not 
able to cross the intestinal and dermal barriers, based on the absence of endocytosis 
and adsorption, respectively. It is important to mention that transcription of selected 
markers of endocytosis and intestinal barrier integrity (elt-2, eps-8, act-5, chc-1, and 
dyn-1) were not altered in worms exposed to AuNPs.

Size-tunable gold nanoparticles coated with 11-mercaptoundecanoic acid 
(MUA-Au NPs) were used in this study to investigate the toxicogenomic responses 
in C. elegans (Hu et al. 2018b). By controlling the MUA-to-Au ratio, they varied the 
size of Au NPs up to <1 nm, the size which is largely used in bioimaging. This inves-
tigation demonstrated the adverse effects of bare Au and MUA-Au NPs on the popu-
lation, body length, and locomotion of worms as well as on axonal neuron growth. 
MUA played a critical role in tuning the size of Au NPs, leading to differentially 
observed toxic effects. The internalization and absorption of bare Au and MUA-Au 
NPs into worm’s tissues and body cavities were confirmed by X-ray and confocal 
microscopy. Changes in the gene expression of some critical genes involved in cel-
lular defense, body morphogenesis, embryonic neuron development, and metal 
detoxification were recorded (Hu et al. 2018b). These gene expressions accurately 
reflected changes in the observed worm phenotypes after AU NP exposure.

To examine the role of surface chemistry for the toxicity of Au-NPs, Gallud et al. 
(2019) tested two groups of gold nanoparticles (20 nm) functionalized with differ-
ent surface chemical moieties: alkyl ammonium bromide (Au-NR3+ NPs) or alkyl 
sodium carboxylate (Au-COOH NPs) capped Au-NPs in C. elegans. Toxicity was 
evaluated by studying the survival rate in young adult worms (24 h post L4 larvae 
stage) exposed to Au-COOH NPs and Au-NR3+ NPs in the concentration range 
0–500 μg/mL. Results show that the Au-20-NR3+ NPs induced a significant, dose-
dependent decrease in the survival of worms, compared to worms treated with the 
same concentrations of Au-20-COOH NPs. In particular, 500 μg/mL of Au-NR3+ 
resulted in more than 75% death of young adults, while exposure to the same con-
centration of Au-COOH NPs did not cause any lethality. This investigation assessed 
further if the Au-NPs caused lethality in C. elegans through the apoptotic, necrotic, 
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or autophagic cell death pathway. Toward this end, mutant worms defective in the 
key proteases involved in apoptosis (ced-3) and necrosis (clp-1), or the autophagy 
gene (lgg-1), were exposed to 500 μg/mL of Au-NR3+ NPs or Au-COOH NPs. 
RNA sequencing combined with proteomics and functional assays confirmed that 
the ammonium-modified Au-NPs elicited mitochondrial dysfunction (Gallud et al. 
2019). The loss of clp-1 reduced lethality induced by Au-NR3+ NPs. These results 
confirm that surface functionalization plays a role for the toxicity of Au-NPs.

2.3  Effects of Titanium Oxide Nanoparticles (TiO2 NPs)

Titanium nanoparticles (TiO2 NPs: E171) have rapidly gained applications in a range 
of industrial and consumer products including food, confectionaries, pastries, tooth-
pastes, sunscreen, cosmetics, paints, and medicines with the assumption that they are 
biocompatible and safe to human health (Baranowska-Wójcik et al. 2020). Multiple 
sources of nanoscale TiO2 can thus result in human exposure through water, air, and 
soil sediments. Weir et al. (2012) have shown the simulated exposure to TiO2 for the 
US population, with an average of 1–2 mg TiO2/kg bodyweight/day for children under 
the age of 10 years and approximately 0.2–0.7 mg TiO2/kg bodyweight/day for the 
other consumer age groups. Industrial applications add enormously to the list of on-
the-shelve grocery products. Table 3.3 presents an overview of studies on TiO2 NPs.

In a toxicogenomic study, Rocheleau et  al. (2015) used anatase and rutile 
nanoparticles (TiO2 NPs) to compare with their bulk counterpart TiO2 particles. 
These results indicated that selected nano-TiO2 particles had no significant effect 
on C. elegans survival at concentrations up to 500 mg/L. In contrast, reproduction 
was affected at much lower concentrations (at concentrations of 5, 10, and 20 mg/L). 
Nano-rutile NAM30 was significantly more toxic than bulk rutile at all three con-
centrations tested. Nano-anatase particles were less toxic than bulk anatase parti-
cles. Although little toxicity differences were seen between nano-anatase and 
nano-rutile, bulk anatase had a greater toxic effect than bulk rutile. Researchers also 
observed that anatase agglomerate sizes were inversely proportional to its nominal 
size, whereas rutile agglomerate sizes were generally proportional to their nominal 
size. This interesting observation thus indicates that agglomerate size can be a better 
predictor of toxicity than particle size (Rocheleau et al. 2015).

Investigation by Rocheleau et al. (2015) is probably the first study comparing the 
effects of nano-TiO2 with bulk-TiO2 particles using a whole-genome C. elegans 
microarray. Microarray analysis in this study indicates that each type of nanoparti-
cle triggers a different spectrum of effects in the worm; for example, anatase had a 
greater effect on metabolic pathways than rutile, whereas rutile exhibited a greater 
effect on developmental processes than anatase. Whole-genome microarray analy-
sis by these researchers indicated further that the regulation of glutathione-S-trans-
ferase gst-3, cytochrome P450 cypp33-c11, stress resistance regulator scl-1, 
oxidoreductase wah-1, and embryonic development pod-2 genes was significantly 
affected by nano-sized and bulk-TiO2 particles.

3 Caenorhabditis elegans: A Unique Animal Model to Study…



86

Ta
bl

e 
3.

3 
E

ff
ec

ts
 o

f 
di

ff
er

en
t f

or
m

s 
of

 ti
ta

ni
um

 d
io

xi
de

 n
an

op
ar

tic
le

s 
(T

iO
2 N

Ps
) 

on
 C

. e
le

ga
ns

 li
fe

 c
yc

le

Y
ea

r
A

ut
ho

rs
N

Ps
 ty

pe
N

P 
si

ze
s 

us
ed

H
yd

ro
dy

na
m

ic
 

di
am

et
er

C
on

ce
nt

ra
tio

ns
 

U
se

d
L

en
gt

h 
of

 
tr

ea
tm

en
t

Si
gn

ifi
ca

nt
 fi

nd
in

gs

20
14

R
oc

he
le

au
 

et
 a

l.
A

na
ta

se
 

T
iO

2 N
P,

 
R

ut
ile

 
T

iO
2 N

P
T

iO
2 b

ul
k

A
na

ta
se

 
6–

16
 n

m
R

ut
ile

 
69

–1
64

 n
m

A
na

ta
se

 
88

1–
92

8 
nm

R
ut

ile
 

72
9–

13
17

 n
m

5–
50

0 
m

g/
L

A
du

lt 
w

or
m

s 
ex

po
se

d 
fo

r 
24

–7
2 

h

N
an

o-
ru

til
e 

N
A

M
30

 w
as

 s
ig

ni
fic

an
tly

 m
or

e 
to

xi
c 

th
an

 b
ul

k 
ru

til
e 

at
 a

ll 
th

re
e 

co
nc

en
tr

at
io

ns
 te

st
ed

. 
A

na
ta

se
 h

ad
 a

 g
re

at
er

 e
ff

ec
t o

n 
m

et
ab

ol
ic

 p
at

hw
ay

s 
th

an
 r

ut
ile

, w
he

re
as

 r
ut

ile
 e

xh
ib

ite
d 

a 
gr

ea
te

r 
ef

fe
ct

 
on

 d
ev

el
op

m
en

ta
l p

ro
ce

ss
es

 th
an

 a
na

ta
se

.
20

15
R

at
na

se
kh

ar
 

et
 a

l.
T

iO
2 N

P
T

iO
2 b

ul
k

11
 n

m
12

4 
nm

23
9 

nm
45

1 
nm

7.
7 

an
d 

38
.5

 μ
g/

m
L

6–
24

 h
Pr

og
en

y 
po

pu
la

tio
n 

si
gn

ifi
ca

nt
ly

 d
ec

re
as

ed
 in

 
w

or
m

s 
ex

po
se

d 
to

 e
ve

n 
7.

7 
m

g/
m

L
 o

f 
T

iO
2 

N
Ps

. 
M

et
ab

ol
om

ic
s 

an
al

ys
is

 s
ug

ge
st

 d
is

tu
rb

an
ce

s 
m

ai
nl

y 
oc

cu
rr

ed
 in

 T
C

A
 c

yc
le

 m
et

ab
ol

is
m

, 
gl

yo
xa

la
te

 a
nd

 tr
ic

ar
bo

xy
la

te
 m

et
ab

ol
is

m
; 

de
pl

et
io

n 
of

 a
ra

ch
id

on
ic

 a
ci

d 
as

 a
n 

im
po

rt
an

t 
bi

om
ar

ke
r 

fo
r 

ox
id

at
iv

e 
st

re
ss

20
18

a
H

u 
et

 a
l.

A
na

ta
se

 
T

iO
2 N

Ps
;

R
ut

ile
 

T
iO

2

32
 n

m
30

 n
m

20
6 

nm
29

1 
nm

10
0–

50
0 
μg

/m
L

42
–7

2 
h

R
ut

ile
 T

iO
2 N

Ps
 n

eg
at

iv
el

y 
af

fe
ct

 b
ot

h 
th

e 
bo

dy
 

si
ze

 a
nd

 w
or

m
 p

op
ul

at
io

n 
w

as
 m

or
e 

to
xi

c 
th

an
 

an
at

as
e 

fo
rm

; e
xp

os
ur

e 
ad

ve
rs

el
y 

af
fe

ct
s 

th
es

e 
ne

ur
on

s’
 g

ro
w

th
. D

N
A

 m
ic

ro
ar

ra
y 

as
sa

ys
 r

efl
ec

t 
al

te
re

d 
ge

ne
 e

xp
re

ss
io

n 
pa

tte
rn

s
20

18
W

an
g 

et
 a

l.
T

iO
2 N

Ps
5 

an
d 

15
 n

m
23

0–
25

9 
fo

r 
5 

nm
 n

an
o-

T
i;

71
5–

90
3 

fo
r 

15
 n

m
 n

an
o-

T
i

L
if

e 
sp

an
 a

nd
 g

er
m

 
ap

op
to

si
s:

 2
 a

nd
 

4 
μg

/m
L

 T
iO

2 N
Ps

 
+

10
 μ

M
 h

ea
vy

 
m

et
al

s

L
if

e 
sp

an
: 

C
on

tin
uo

us
 

un
til

 d
ea

th
A

po
pt

os
is

: 1
2 

h

T
iO

2 N
Ps

 s
ig

ni
fic

an
tly

 in
cr

ea
se

d 
an

d 
en

ha
nc

ed
 

re
pr

od
uc

tiv
e 

an
d 

de
ve

lo
pm

en
ta

l t
ox

ic
ity

 o
f 

he
av

y 
m

et
al

s 
(c

ad
m

iu
m

, a
rs

en
at

e,
 n

ic
ke

l)
—

In
du

ce
d 

ap
op

to
si

s 
in

 m
ei

ot
ic

 p
ha

se
s 

of
 g

on
ad

s.
Si

ze
 o

f 
5 

nm
 h

ad
 g

re
at

es
t e

ff
ec

ts

A. Cox and N. Sharma



87

Y
ea

r
A

ut
ho

rs
N

Ps
 ty

pe
N

P 
si

ze
s 

us
ed

H
yd

ro
dy

na
m

ic
 

di
am

et
er

C
on

ce
nt

ra
tio

ns
 

U
se

d
L

en
gt

h 
of

 
tr

ea
tm

en
t

Si
gn

ifi
ca

nt
 fi

nd
in

gs

20
19

M
a 

et
 a

l.
Fo

od
-

gr
ad

e 
T

iO
2

B
ul

k 
T

iO
2

T
iO

2 
N

P

53
–3

08
 n

m
64

–2
59

 n
m

11
–5

2 
nm

N
ot

 g
iv

en
1–

10
 m

g/
L

Ph
ot

oc
at

al
yt

ic
 

ac
tiv

ity
: 2

4 
h

R
ep

ro
du

ct
io

n:
 

4–
5 

da
ys

U
pt

ak
e:

 3
 h

A
ll 

th
re

e 
T

iO
2 (

1–
10

 m
g/

L
) 

in
du

ce
d 

co
nc

en
tr

at
io

n-
de

pe
nd

en
t e

ff
ec

ts
 o

n 
re

pr
od

uc
tio

n,
 w

ith
 a

 r
ed

uc
tio

n 
in

 b
ro

od
 s

iz
e;

 r
ep

ro
du

ct
iv

e 
to

xi
ci

ty
 w

as
 

in
de

pe
nd

en
t o

f 
pa

rt
ic

le
 s

iz
e,

 a
ll 

ca
us

in
g 

a 
re

du
ct

io
n 

of
 w

or
m

 li
fe

 s
pa

n,
 a

cc
om

pa
ni

ed
 b

y 
an

 in
cr

ea
se

d 
fr

eq
ue

nc
y 

of
 a

ge
-a

ss
oc

ia
te

d 
vu

lv
al

 in
te

gr
ity

 
de

fe
ct

s,
 T

iO
2 N

Ps
 w

er
e 

m
os

t t
ox

ic
 f

or
 th

es
e 

en
dp

oi
nt

s.
 P

ho
to

ca
ta

ly
tic

 a
ct

iv
ity

 te
st

s 
sh

ow
ed

 
T

iO
2 N

Ps
 a

s 
m

os
t t

ox
ic

, b
ut

 o
nl

y 
w

he
n 

w
or

m
s 

w
er

e 
ex

po
se

d 
fo

r 
3 

h 
to

 U
V

 li
gh

t

3 Caenorhabditis elegans: A Unique Animal Model to Study…



88

Ratnasekhar et al. (2015) used an excellent metabolomics approach for the evalua-
tion of nanotoxicity caused by nanotitania (<25 nm) at sublethal 7.7 and 38.5 μg/mL 
concentrations. TiO2 NP exposure significantly affected the metabolome profile of 
C. elegans (Fig. 3.3). This study clearly demonstrated that most of the significant per-
turbations occurred in organic acids and amino acids. Differential marker metabolites 
identified from the metabolomics analysis suggest that the disturbances mainly 
occurred in TCA cycle metabolism, glyoxalate and tricarboxylate metabolism, gluta-
mine and glutamate metabolism, and inositol phosphate metabolism. A correlation 
between metabolite changes and functional characteristic such as reproduction was 
shown in this study; the progeny population significantly decreased in worms exposed 
to even 7.7 mg/mL concentration of TiO2 NPs. Further, the investigators identified 
depletion of arachidonic acid as an important biomarker for oxidative stress in nanoti-
tania exposure. These results indicate that metabolomics could be used as a reliable and 
sensitive tool for health risk assessment of nanomaterials (Ratnasekhar et al. 2015).

Hu et al. (2018a) tested the higher concentrations of nano-Ti with the rationale for 
understanding the implication of chronic release or accidental corrosion of nanoparti-
cles from the human bone/body Ti-implants. In this investigation, anatase TiO2 had no 
effect on body length of the worm; however, there was a reduction in offspring popula-
tion by 50% after 72 h at 500 μg/L concentration. Rutile TiO2 NPs severely reduced 
both body length and population size. This study also demonstrated that the isolated 
neurons when exposed to TiO2 NPs grow shorter axons, which are likely the cause of 
impeded worm locomotion behavior. Furthermore, investigators in this study also con-
ducted DNA microarray assays to determine the change in gene expression. Microarray 
assays revealed the changes in the expression levels: three genes (mtl-2, C45B2.2, and 
nhr-247) involved in metal binding and/or detoxification and five genes (C41G6.13, 
C45B2.2, srr-6, K08C9.7, and C38C3.7) involved in neuronal functions (Hu et al. 2018a).

Fig. 3.3 Schematic representation of biological pathways affected in C. elegans on exposure to 
TiO2 NP (Ratnasekhar et al. 2015: Nanotoxicology, 2015; 9(8): 994–1004)
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Departing from the direct interaction between a nanomaterial and organism, 
Wang et al. (2018) examined the interactions of TiO2 NPs (5 and 15 nm) with heavy 
metals like cadmium (Cd), arsenate (As(III)), and nickel (Ni) to influence heavy 
metal bioaccumulations and toxicities in C. elegans during the process of sedimen-
tation in aquatic environment. Results showed that heavy metals accelerated the 
aggregation of nano-TiO2. The rapid aggregation and sedimentation of Ti nanopar-
ticles resulted in the vertical distribution of heavy metals through adsorption and 
induced increased and prolonged exposure to benthic species. TiO2 NPs at nontoxic 
concentrations enhanced the heavy metal bioaccumulation and reproductive toxic-
ity to C. elegans in a dose- and size-dependent manner. Study by Wang et al. (2018) 
convincingly suggests that the interaction and fate of both TiO2 NPs and heavy met-
als on their shared contributions to toxicity—during the sedimentation—should be 
considered as an integral part of risk assessment in the ecological system (Wang 
et al. 2018).

Ma et al. (2019) compared toxicity potentials of three sources of TiO2: food addi-
tive TiO2, bulk TiO2, and nano P25 TiO2 with primary particle size of 149  nm, 
129 nm, and 26 nm, respectively. All these sources of Ti (at 1–10 mg/l) induced 
concentration-dependent effects on the worm’s reproduction, with a reduction in 
brood size by 8.5–34%. However, food TiO2 exhibited greater phototoxicity than 
bulk TiO2 despite the two had similar primary particle size and size distribution, 
suggesting factors other than particle size or size distribution are important in affect-
ing toxicity. Under long-term exposure without UV radiation, all three TiO2 materi-
als caused chronic toxicity in C. elegans including reduced reproduction, shortened 
life span, and increased incidence of age-associated vulval integrity defects. The 
impact on reproduction was independent of primary particle size, as the three cate-
gories of Ti had comparable effects. However, the impact on life span and vulval 
integrity was more pronounced for P25 than for food additive and bulk TiO2, indi-
cating the impact of primary particle size on these long-term toxicity effects (Ma 
et al. 2019).

2.4  Effects of Zinc Oxide Nanoparticles (ZnO NPs)

Zinc oxide engineered nanoparticles (ZnO-ENPs) possess unique physicochemical 
properties that allow for a wide array of applications: biosensors, optical devices, 
and personal care products. Recent estimates for global production of ZnO-ENPs 
exceed 550 tons annually the lion’s share of which are applied in cosmetics, sun-
screens, and paints (Spisni et al. 2016). Given the widespread applications in con-
sumer products, the primary pathway that facilitates entry of these nanomaterials 
into the environment is through the land application of biosolids from wastewater 
treatment plants. After entering the wastewaters, nano-ZnO partitions to sewage 
sludge, which is popularly used as a soil amendment (Starnes et al. 2019). Table 3.4 
presents an overview of studies on ZNO NPs.
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The prolonged exposure to ZnO NPs 50 μg/L significantly reduced body length 
when compared to controls (Wu et  al. 2013). The exposure to ZnO NPs at 
0.5–50 μg/L also significantly reduced brood size compared to controls. No effects 
on the brood size were recorded under the lower doses tested. ZnO NPs exhibited 
greatest reproductive toxicity when compared to TiO2 and SiO2 NPs in the same 
study. ROS production significantly correlated to toxicity effects on reproduction. 
However, these markers of oxidative stress were neutralized by the antioxidant 
treatment.

Engineered nanomaterials like ZnO-NPs accumulate in the sediment because of 
aggregation, agglomeration, and sedimentation processes after being released into 
aquatic environments. The toxicity and bioaccumulation of ENMs in soil inverte-
brates through different exposure routes—soil, sediment, or water—have been 
reported. To evaluate the chronic toxicity of ZnO-NPs in sediments, Huang et al. 
(2019) conducted ZnO-NPs- or ZnCl2-spiked sediment exposure study using C. ele-
gans. Long-term exposure (96 h) was not recorded to cause growth and reproduc-
tion toxicity in C. elegans. However, neurological defects affecting locomotion 
behavior (frequency of body bends and head thrashes) were observed. Metabolic 
toxicity was also determined based on changes in bioluminescence, reflecting the 
metabolic ATP level in the transgenic strain PE254. The results indicated that the 
ATP level decreased by about 30–40% upon sediment exposure to ZnO-NPs at the 
examined concentrations (600 and 2000 mg/kg) compared to the 0 mg/kg control.

In addition, significant increases in intracellular reactive oxygen species and 
lipid peroxidation were induced by the long-term sediment exposure to ZnO-NPs. 
This exposure also led to mobilization of the transcription factor DAF-16/FOXO 
from the cytoplasm to the nuclei targeting expression of the corresponding stress-
responsive genes (mtl-1 and sod-3). This study demonstrates that sediment expo-
sure to ZnO-NPs results in oxidative stress in the benthic organism C. elegans, 
mediated by the transcription factor DAF-16 triggering stress-responsive gene acti-
vation (Huang et al. 2019).

As in the case of AgNPs described above, Starnes et al. (2019) compared pristine 
and transformed ZnO manufactured NPs for their effects on C. elegans mortality 
using microarray analysis and qRT-PCR confirmation. The transformed nanomate-
rials were either phosphatized (pZnO-NPs) or sulfidized (sZnO-NPs)—expected to 
be present in biosolids that are applied to agricultural fields. Transformations of 
ZnO-NPs decreased toxicity by approximately tenfold. No differences in toxicity 
between ZnO NPs and ZnSO4 were recorded. Authors suggest dissolution of Zn 
was the main driver of toxicity. Microarray data and pathway analysis exhibited that 
there are distinct responses to MNP exposures and ZnSO4 exposure. However, all 
nanoparticles treatments induced responses of the three genes associated with metal 
ion toxicity and 50% of the genes responding to ZnSO4 were shared among all 
forms of ZnO-MNP treatments. It is also noteworthy that unique pathways and GO 
Terms in both transformed treatments suggest that the responses to pZnO-NPs and 
sZnO-NPs are distinct from those to the pristine ZnO-MNPs (Starnes et al. 2019).
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Table 3.4 Effects of different forms of zinc oxide nanoparticles (ZnO NPs) on C. elegans life 
cycle

Year Authors NPs type

NP 
sizes 
used

Hydrodynamic 
diameter

Concentrations 
Used

Length of 
treatment

Significant 
findings

2013 Wu al. ZnO NPs 
TiO2 NPs 
SiO2 NPs

30 nm 
each

0.05–5 μg/L Exposure 
of 
L1–larvae 
to adult

Toxicity order 
for the 
examined metal 
oxide NPs was: 
ZnO NPs > TiO2 
NPs > SiO2NPs 
affecting 
growth, 
locomotion 
behavior, 
reproduction, 
and ROS 
production as 
endpoints

2019 Huang 
et al.

ZnO NPs <50 nm 600 and 
2000 mg/kg of 
sediment

Long-
term, 
chronic 
exposure- 
96 h

Reproduction 
not affected but 
frequency of 
body bends and 
head thrashes 
and ATP levels 
adversely 
affected; 
intracellular 
reactive oxygen 
species and lipid 
peroxidation 
triggered by the 
transcription 
factor DAF-16

2019 Starnes 
et al.

Pristine 
ZnO NPs & 
transformed 
ZnO NP

30 nm Pristine ZnO 
NPs: 265 nm.

5–200 mg/L 
for mortality 
assay; 
0.5–20 mg/L 
for 
reproduction 
assay

L1 
exposed 
for 
24–48 h

Transformation 
of ZnO-MNPs 
reduced their 
toxicity by 
nearly tenfold; 
when 
comparing 
pristine and 
transformed 
ZnOMNPs, 
66% and 40% 
of genes were 
shared between 
ZnO-MNPs and 
sZnO-MNPs or 
pZnO-MNPs, 
respectively
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2.5  Effects of Copper Oxide (CuO NPs); Silicon (Si NPs) 
and Nickel Nanoparticles (Ni NPs)

Table 3.5 presents an overview of studies on copper, silicon, and nickel nanoparti-
cles. Mashock et al. (2016) attempted to delineate the effects of two categories of 
copper: copper oxide NPs and coper sulfate (a source of Cu ions) on C. elegans 
toxicity. Although the toxic effects of CuO NPs on nematodes has not been well 
studied, copper ions from copper salts have been shown to be toxic to several spe-
cies, including C. elegans. In this background, this study described the physiologi-
cal effects of CuO NPs to C. elegans several wild strains as well as Bristol N2 
laboratory strain. CuO NPs produced greater inhibitory effects in all strains with 
respect to feeding, reproduction, and development. Reproduction was significantly 
reduced only at the highest copper dose; however, more pronounced effects were 
observed with copper oxide nanoparticles compared to copper sulfate treatment. 
The results support an increased sensitivity to CuO NPs compared to copper sulfate 
in a genetically broad group of C. elegans strains. The nanoparticle-specific effects 
particularly included the toxicity in C. elegans growth (reduced body length), repro-
duction, and feeding possible from nanoparticles affecting only the gut-proximal 
cells (Mashock et al. 2016).

As the mechanism of Si NPs uptake is not fully understood, Eom and Choi 
(2019) investigated the exposure of nano Si to C. elegans using microarray and 
pathway analysis focusing the uptake mechanisms and related toxicity effects. No 
mortality was observed after 24 h exposure to Si NPs. However, reproductive ability 
was significantly reduced at the same concentrations. To determine a global mecha-
nism of toxicity, microarray was conducted on the worms exposed to Si NPs at 
10 mg/l. Microarray results indicated that genes involved in reproduction, such as 
msp (Major Sperm Protein) genes, were significantly downregulated in the nema-
tode exposed to NPs. Pathway analyses on differentially expressed genes (DEGs) 
revealed that endocytic pathway was factoring into the acquisition of Si nanomateri-
als. The inhibitor assay indicated that an internalization process facilitated by clath-
rin-mediated endocytosis is involved in the uptake of Si NPs. Functional analysis 
using endocytosis defective mutants (cav-1, cup-2, and chc-1) confirmed the role of 
endocytosis on the reproductive toxicity of Si NPs (Eom and Choi 2019). The find-
ings from C. elegans provide information to help understand potential risks 
of Si NPs.

To determine the effect of nickel nanoparticles (Ni NPs) on C. elegans reproduc-
tion, worms were treated with 1.0, 2.5, and 5.0 μg/cm2 of Ni NPs or nickel mic-
roparticles (Ni MPs). Reproductive toxicities observed in the treated worms included 
a decrease in brood size, fertilized egg, and spermatide activation (Kong et al. 2017). 
Results indicated that Ni NPs induced higher reproductive toxicity to the nematode 
than Ni MPs under the same treatment doses. This study does not show how Ni 
nanoparticles affected the growth and viability of the exposed populations.
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3  Neurological Effects

Most importantly, this model organism has a well-conserved and fully described 
nervous system that makes it ideal for use in neurotoxicity assessment of 
nanoparticles. A typical adult organism has 302 neurons and 7000 synapses that 
compose two independent nervous systems, a large somatic system with 282 
neurons and a small pharyngeal system with 20 neurons (Sinis et al. 2019). The 
connectivity of the neuronal network has been fully shown and majority of gene 
families relevant to neurotransmission in mammals have been identified in this 
worm. Furthermore, the transparency of this animal allows visualization of neu-
ron damage and regeneration with the assistance of fluorescent markers 
(Hisamoto and Matsumoto 2017). Relevant to nanotoxicity assessment protocol, 
the worm behavior comprises a number of nonspecific phenotypes connected to 
aberrant nerve functions. The major phenotypes used in NP screening are: (a) 
locomotion (frequently evaluated by head thrashing and body bends); (b) pha-
ryngeal pumping; (c) defecation; and (d) egg laying. Well-characterized neural 
circuits control each biological process, dysfunction of which could be a plausi-
ble explanation of abnormal outcomes in otherwise anatomically and function-
ally intact worms (Sinis et al. 2019). Some pressing examples include the damage 
of neurons, which innervate muscles of a fully developed vulva, may result in 
perturbation of egg laying, reduction of progeny and bag of worms (BOW) phe-
nomenon (hatching of larvae in the paternal body) or defect in the motor neurons 
that affects locomotion. Tables 3.1–3.5 summarize the neurological effects of 
different nanomaterials reviewed in this chapter.

3.1  Neurological Effects of Silver Nanoparticles (Ag NPs)

To evaluate the fate of pristine nano-Ag after being released into the environ-
ment, Yang et al. (2018) used three different exposure media (deionized water as 
control, EPA water as a low ionic strength exposure medium, and KM as a high 
ionic strength exposure medium) to pretreat AgNPs. E. coli cells were exposed to 
these transformed nanomaterials before they were fed to the nematode. The 
results indicated that ionic strength significantly enhanced the neurotoxicity 
(reducing head thrash and body bend) besides reproductive toxicity (reducing 
germ cell corpses, brood size, and life span) in C. elegans. After 24 h of treatment 
with the transformed Ag NPs (25 and 75 nm), locomotion behavior was signifi-
cantly affected at both endpoints of evaluation: body bend and head thrash (Yang 
et al. 2018).
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3.2  Neurological Effects of Gold Nanoparticles (au NPs)

As described above in A. II, Hu et al. (2018b) utilized size-tunable gold nanoparti-
cles coated with 11-mercaptoundecanoic acid (MUA-Au NPs) to investigate the 
toxicogenomic responses in C. elegans. Exposure of Au NPs significantly affected 
locomotion as a result of impeded motor neuron function. When primary neurons 
isolated from C. elegans embryos were exposed to Au NPs, the axonal growth was 
significantly impeded. Interestingly, while this effect was independent of the MUA-
to-Au ratio, the effect on cell viability (using the MTT assay) was dependent on this 
ratio, indicating that increasing the MUA-to-Au ratio also decreases the neuronal 
survival rate. Interestingly, cell viability was decreased at only Au NP particle sizes 
equal to or smaller than 1.26 ± 0.25. Smaller particles are likely capable of trigger-
ing higher oxidative stress on cells than larger particles because of their extensive 
surface areas. Changes in gene expression patterns correlated well to the changes in 
the phenotypes observed. For example, dpy-14 (expressed in embryonic neurons), 
clec-174 (involved in cellular defense), and cut-3 (involved in body morphogenesis) 
were upregulated while mtl-1 (functions in metal detoxification and homeostasis) 
was downregulated (Hu et al. 2018b).

3.3  Neurological Effects of Titanium Oxide Nanoparticles 
(TiO2 NPs)

As outlined in A. III, Hu et al. (2018a) compared the effects of rutile and anatase 
TiO2 NPs on C. elegans axonal growth and locomotion behavior. Differential effects 
of anatase and rutile nanotitania were observed on the locomotion; for anatase, 
thrashing frequency decreased starting at 500 μg/mL, while for rutile, it decreased 
at 100–500 μg/mL. Primary cultured neurons exposed to anatase at 200 and 300 μg/
mL and rutile at 300 μg/mL showed significant decreases in axonal length. DNA 
microarray assays revealed changes in the gene expression levels of many genes 
involved in neuronal function [C41G6.13, C45B2.2, srr-6, K08C9.7, and C38C3.7] 
(Hu et al. 2018a).

3.4  Neurological Effects of Zinc Oxide Nanoparticles 
(Zn NPs)

Wu et al. (2013) conducted a prolonged exposure (from L1 larvae to adult worms) 
of the nematode C. elegans to TiO2 NPs and ZnO NPs (30 nm each) at the equal 
concentrations of 0.05 μg/L and observed significant (P < 0.01) decrease in both 
body bends and head thrashes of nematodes compared with control. The neurotox-
icity of ZnO–NPs was greater than in TiO2 NPs-exposed nematodes. Moreover, 
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treatment with antioxidants of ascorbate or NAC effectively inhibited the buildup of 
oxidative stress and retrieved the adverse effects of TiO2 NPs or ZnO NPs.

As described in A.  IV, the long-term sediment exposure to ZnO NPs did not 
affect growth and reproduction of C. elegans, but locomotive behaviors (frequency 
of body bends and head thrashes) and ATP levels were adversely affected (Huang 
et al. 2019). In addition, significant increases in intracellular reactive oxygen spe-
cies and lipid peroxidation were induced by long-term sediment exposure to ZnO-
NPs. Huang et al. (2019) demonstrated that mtl-1 and sod-3 gene expressions were 
upregulated upon long-term sediment exposure to ZnO NPs (2000  mg/kg) com-
pared to control (P < 0.001). The most significant induction was observed in mtl-1 
gene expression, with a 70% increase upon ZnO NPs sediment exposure. This study 
further indicated that long-term sediment exposure to ZnO NPs induced DAF-16-
targeted stress-responsive genes expression (mtl-1 and sod-3).

3.5  Neurological Effects of Copper Oxide Nanoparticles (CuO 
NPs), Aluminum Oxide Nanoparticles (Al2O3 NPs), 
and Silicon Nanoparticles (Si NPs)

The effects of copper oxide nanoparticles and copper sulfate on neurons—cells with 
known vulnerability to heavy metal toxicity—were investigated by Mashock et al. 
(2016). About 10% of the exposed population showed degeneration of dopaminer-
gic neurons after copper oxide nanoparticle exposure. Additionally, this study 
showed an increased tolerance in knockout mutants (for divalent-metal transporters: 
smf-1 or smf-2) to copper exposure, implicating the role of both transporters in cop-
per acquisition and consequent neurodegeneration. These results highlight the com-
plex nature of CuO nanoparticle toxicity, in which a nanoparticle-specific effect was 
observed in some traits (average body length, feeding behavior) as described above 
and a copper ion specific effect was observed for other traits (neurodegeneration, 
response to stress). Neuronal deformation occurred in a similar portion of the C. ele-
gans population after exposure with either CuO NPs or copper sulfate at equal 
amounts of copper. This indicates further to the released copper ions from CuO NPs 
as a major factor contributing to the observed NPs effect on neuronal health and 
organismal stress response (Mashock et al. 2016).

To determine the role of an oxidant in amelioration of aluminum nanoparticles-
led neurotoxicity, three transgenic strains of C. elegans—producing the fluorescent 
signals labeling the GABAergic neurons, AFD sensory neurons, or AIY interneu-
rons—were used along with a wild-type N2 in an investigation by Yu et al. (2015). 
Exposing the worms to Al2O3 NPs (1–10 mg/L) led to neurodegeneration-related 
phenotypes including neuronal loss, abnormality of axon development, and gap for-
mation on nerve cords in the GABAergic nervous system and some behavioral defi-
cits in the transgenic strains. Al2O3-NPs at 10 mg/L decreased thermotaxis learning 
(TL) in exposed animals compared to the control. Wild-type N2 nematodes exposed 
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to 10 mg/L of Al2O3 NPs also showed a significant decrease in body bend and head 
thrash. Interestingly, the pretreatment of the worm with 200  mg/L of vitamin E 
prevented the neurotoxicity of Al2O3-NPs by reducing both the neurodegeneration 
and behavioral deficits. Investigators showed the pretreatment with vitamin E pre-
vented the induction of oxidative stress, and sustained the normal intestinal perme-
ability and development in Al2O3-NPs exposed population (Yu et al. 2015). Vitamin 
E-pretreated animals also showed less abnormality in the development of neurons 
involved in behavioral control and expression pattern of genes regulating cell iden-
tity of the corresponding neurons. These results if reliably reproduced may be help-
ful in designing strategies for nanotoxicity amelioration in humans.

Significant decreases in body bends and head thrashes at 5–50 μg/L concentra-
tions of Si NPs were recorded while comparing its effects with those of ZnO2 or 
TiO2 NPs (Wu et al. 2013). Investigators connected toxicity effects with the produc-
tion of intracellular ROS, which were reversed after an antioxidative treatment.

Scharf et  al. (2015) conducted a well-designed, mechanistic study to demon-
strate the neurological effects of Si NP in C. elegans. In this study, adult worms 
were exposed to Si for 24 h after which observations were made with respect to two 
neuromuscular behaviors: locomotion (body bends) and egg laying defect (bag-of-
worms-assay or BOW-assay). Both of these phenotypes demonstrated significant 
adverse effects of nano-Si. The defective phenotypes carried the signatures of fibril-
lation of proteins to an SDS-insoluble aggregome. Analysis of the proteomic data 
revealed that the silica NP-specific aggregome was enriched in proteins containing 
beta strand structures in comparison with the total proteome, consistent with the 
notion that beta-strands possess an intrinsic propensity for amyloid protein fibrilla-
tion. The results suggest that silica NPs promote a cascade of events including dis-
turbance of protein homeostasis, widespread protein aggregation, and inhibition of 
serotonergic neurotransmission, which can be intervened by pharmacological com-
pounds preventing amyloid fibrillation (Scharf et al. 2015).

4  Immunotoxicity

Nanomaterials have been shown to interact with the immune system cells/components 
either by stimulating or suppressing immune functions through the mediation of oxi-
dative stress or inflammation in in vitro and in vivo models (Roy et al. 2015). C. ele-
gans does not have an adaptive immune system or mobile immune cells, such as 
professional phagocytes. Intestinal epithelial cells provide an essential line of defense 
for C. elegans against ingested pathogens. It is important to note that C. elegans intes-
tinal epithelial cells bear a striking resemblance to human intestinal cells. The nema-
tode anatomy thus facilitates study of host–pathogen interactions in the intestine 
(Pukkila-Worley and Ausubel 2012). Principal among the immune regulators in 
C. elegans is the NSY-1/SEK-1/PMK-1 MAP.  This pathway is orthologous to the 
ASK1 (MAP kinase kinase kinase)/MKK3/6 (MAP kinase kinase)/p38 (MAP kinase) 
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pathway in mammals kinase pathway (Pukkila-Worley and Ausubel 2012). The p38 
MAP kinase pathway coordinates the basal and infection-induced regulation of 
immune effectors required for defense against most nematode pathogens, but it does 
not act alone. The transcription factor ZIP-2 controls an immune signaling pathway 
that acts independently of PMK-1 and is induced only by virulent strains of P. aerugi-
nosa. There are few studies to throw light on how different nanomaterials released into 
the environment affect immunity and immune regulators of this soil model animal.

It is known that the p38 MAPK pathway is required for the activation of transcrip-
tion factor SKN-1/Nrf following P. aeruginosa PA14 infection in C. elegans, sug-
gesting that SKN-1 plays an important role in pathogenic stress and environmental 
oxidative stress signaling (Papp et al. 2012). In one excellent study, Li et al. (2020) 
investigated the effects of long-term ZnO-NPs exposure (from L1 larvae to adults) on 
innate immunity and its underlying mechanisms using a wild-type, N2, and mutant 
strains of C. elegans (defective in pmk-1, sek-1, and nsy-1, which encode for the p38 
MAPK pathway) as hosts and Pseudomonas aeruginosa PA14 as a pathogen. The 
results showed that the uptaken ZnO-NPs mainly accumulated in the worm intestine 
and the chronic exposure of ZnO-NPs at environmentally relevant concentrations (50 
and 500 mg/L) decreased the survival of wild-type worms that were infected with 
P. aeruginosa PA14. ZnO-NPs at 500 mg/L also increased the accumulation of live 
P. aeruginosa PA14 colonies in the nematode intestine by threefold (Li et al. 2020). 
The above effects correlated well with inhibition of the intestinal nuclear transloca-
tion of SKN-1, along with the downregulation of its target gene gcs-1. These findings 
also indicate that ZnO-NPs and ZnCl2 exert different modes of action on innate 
immunity with early-life, long-term exposure in C. elegans. This suggests that the 
immunotoxicity is mostly due to the particulate effects of the ZnO-NPs. Because 
SKN-1/Nrf and the p38 MAPK pathways are highly conserved evolutionarily in 
eukaryotes, the negative impact on innate immunity caused by the chronic ZnO-NPs 
exposure may also apply to other organisms, including humans.

One potentially interesting application of C. elegans pathogenesis assays involves 
their use in large-scale screens to identify novel antimicrobials (Peterson and 
Pukkila-Worley 2018). Antimicrobial peptides play an important role in the innate 
immune response of nematodes; alteration in expression patterns of genes encoding 
antimicrobial peptides could be used to assess the immunotoxicity of NPs.
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1  Introduction

Nanomaterials are diverse in the chemical composition, size, shape, surface 
characteristics, purity, stability and optical, thermal and electrical properties and 
have gained manifold applications in the modern industrial society. Their inter-
actions with living organisms are significant because of the increased permeabil-
ity conferred by the small size. The property of target-specific, controlled release 
of nanomaterials is utilized to deliver a variety of molecules into plant and  
animal cells. In plants, nano fertilizers have been advocated for enhancement of 
nutrient-use efficiency by the controlled release in meeting the plant’s demands 
(Zulfiqar et al. 2019). This application in turn prevents nutrient loss through run-
away water and transformation to chemical forms that are not consumable to 
plants. Pesticide application based on nanotechnology helps to reduce the dosage 
and frequency of application (Hayles et al. 2017; Ojha et al. 2018). The resultant 
drastic reduction in the usage of fertilizers and plant protectants anticipates lower 
investment and harm to the environment (Adisa et al. 2019). Biosensor technol-
ogy using nanomaterials is underway for detection of plant pathogens and plant 
metabolic flux (Chaudhry et al. 2018). Some nanomaterials are used for targeted 
delivery of DNA, but their share is negligible compared to other uses (Riley and 
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Vermerris 2017). Because of the desirable physical and chemical properties  
mentioned above, new applications are on way every day; at the same time,  
concern over the uncontrolled release of nanomaterials into the environment is 
soaring in scientific community. Before a novel nanomaterial enters the human 
supply chain, their entry into plants from air, water and soil and how they interact 
with plant cells in vivo need to be scrutinized as they can be transferred to next 
trophic levels affecting the ecosystem. Unfortunately, most of the applications of 
nanomaterials have not undergone such scrutinizes.

Attempts to understand the interaction of nanomaterials tested in vitro and in 
vivo narrate both stimulatory and inhibitory effects. In plants, the changes occurring 
in morphology, anatomy, physiology and gene expression as a result of exposure to 
nanomaterials are usually observed to assess the impact. Crop species have been 
studied mostly to explore the intended outcomes of specific applications. However, 
the limited information on physiology and gene interactions of nanomaterials in 
most of the species poses a question about the depth and reliability of results. On the 
other hand, results of the studies conducted in experimental/ model organisms are 
more informative because of several reasons. This includes the ease in conducting 
experiments in controlled conditions, analysis using standard protocols, reproduc-
ibility in results and the possibilities for exploring molecular mechanisms using the 
techniques of genomics and metabolomics due to the availability of complete 
genome sequence (Montes et al. 2017). Arabidopsis thaliana is preferred over other 
model plants because of its small size enabling the growth of large number of plants 
in a small area, short life cycle, self-fertile nature and high potential for producing 
mass of seeds. The easier transformation using Agrobacterium tumefaciens, avail-
ability of gene overexpression and mutant lines, small diploid genome and the pub-
lic availability of its resources convenient for genetics and genomics analyses make 
Arabidopsis system ideal for nanointeractions. Realizing the merits of the system, 
A. thaliana has been exposed to a range of nanomaterials for an in-depth character-
ization of the effects, which are discussed below. For convenience, the impact of 
different nanomaterials by virtue of their chemical compositions is discussed here, 
giving emphasis to the morphological/anatomical, physiological and genetic effects.

Gold: Influence of gold nanoparticles (AuNPs) on growth of Arabidopsis has 
been characterized by seed germination and its percentage, measuring fresh weight 
and dry weight, root growth by increase in root length, branching, etc. Both inhibi-
tory and promotive effects have been reported. Low concentrations promoted 
growth, exhibiting about twofold increase in the percentage of seed germination 
(Kumar et al. 2013). Growth promotion was also observed in terms of shoot, root 
length, number of lateral roots and rosette leaves bringing an increase in fresh 
weight ranging from three- to sixfold. Increase in water content was also noticed in 
the treated plants, which imparted the increase in fresh weight. The overall growth 
promotive effects were found persistent throughout the life of the plants evidenced 
by early flowering and increase in yield even after retraction from exposure for 
15 days. In a similar study, AuNP treatment (100 mg/L) significantly reduced the 
number and length of lateral roots at a high concentration and the effect was irre-
spective of the particle shapes (Siegel et al. 2018). However, size influenced growth 
as inhibition of primary root and promotion of root hair growth in the experimental 
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group treated with AuNPs of 10  nm. Surface charge of the particles was also 
observed to be influencing growth (Hendel et al. 2019). Compared to neutral AuNPs, 
the charged ones reduced growth of root meristematic region. Negatively charged 
AuNPs induced root hair and lateral root growth.

AuNPs enter plants through the root system and get transported to other parts of 
the plant via vascular system (Koo et al. 2015a, b). Analysis of the surface charge of 
AuNPs and its role in absorption indicated the preference of negatively charged 
AuNPs over those having positive charge (Avellan et  al. 2017). Particles were 
lodged in the border cells and the mucilage secreted by the cells at the root tip. 
Majority of the positively charged particles were found accumulated outside and a 
few spotted inside were considered internalized by the process of endocytosis. In 
addition to the surface charge, size also influenced uptake and translocation. 
Surprisingly, a similar study conducted using positively, negatively and neutral 
AuNPs came up with contradictory results (Hendel et  al. 2019). Neutral AuNPs 
induced vacuolization in the rhizodermal and cortical cells at the root tip which is a 
typical response to heavy metals. Regardless of the surface charge, AuNPs were 
found accumulated in the vicinity to the root surface. Treatment with neutral and 
positively charged particles stimulated the detachment of plasma membrane and the 
space formed was found filled with a secretion which normally occurs in case of 
abiotic stress. Even though negatively charged AuNPs did not impose membrane 
detachment, increase in cell wall thickness was observed which is to be considered 
as a mechanism to prevent their entry. Charge on the particles facilitated their entry 
into protoplasts. Positively charged AuNPs were favoured than the latter. Both 
endocytotic and non-endocytotic modes of entries were observed in this study. 
Thus, it is clear that the studies conducted so far in Arabidopsis are focused mainly 
on the morphological and anatomical changes. Few of them tried to understand the 
mechanism of entry, transport and accumulation. Monitoring physiological changes 
can give some idea on the metabolic pathways interacting with AuNPs. Analyses of 
few antioxidant enzyme activities and the expression of few microRNAs conclude 
that the changes observed were triggered by the related micro RNAs (Kumar et al. 
2013). AuNPs accumulated inside plant tissues generate heat according to an analy-
sis using thermal imaging. High induction of heat shock proteins associated with the 
condition is an indication of that (Koo et al. 2015a, b). Stress symptoms like reduc-
tion of chlorophyll and formation of anthocyanin were accompanied with the 
changes in test groups fed with higher AuNP concentrations (Wang et al. 2013). So, 
it is evident that a comprehensive study of the mechanism of interaction of AuNPs 
in Arabidopsis is yet to come. Arabidopsis can be effectively utilized to unravel the 
molecular interactions of nanomaterials based on its available genomic information.

Apart from being utilized as an agent for molecular delivery in plants, AuNPs 
themselves can be synthesized by plants and plant products (Shankar et al. 2004). 
Green engineering approach for nanofabrication is receiving attention in light of the 
nanoparticles produced with novel surface coatings and the environment-friendly 
nature of the process. Another application of such nanomaterials could be directed 
to phytoextraction of soil pollutants or in the water filtration systems. In plant-
inspired process, gold is fed to growing plants as water-soluble salts that transform 
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to gold nanoparticles after reacting with plant chemicals in vivo. The regulatory 
points of the redox reactions involved are yet to be deciphered for a smooth produc-
tion cycle. Further, the ions that are potentially reactive may be translocated to dif-
ferent parts of the plant by metal transporter proteins and get converted to the 
metallic form by certain other reducing agents to make them unreactive (Taylor 
et al. 2014; Jain et al. 2014). Tiwari et al. (2016) reported majority of metal respon-
sive and binding genes were upregulated when plants were exposed to gold salts 
(KAuCl4) forming a bulk of AuNPs in their root and shoot tissues. Among differen-
tially expressed genes, 70 genes were upregulated up to twofold in root (Fig. 4.1; 
Table 4.1). The classification of upregulated genes based on metal responses indi-
cates that 12.46% genes were associated with cation binding. The expression of 
ferric reduction oxidase 5 (FRO5) was highest (17.53-fold) among upregulated 
genes (Fig. 4.1; Table 4.1). The induced loci encode different types of transporters 
such as copper transporter, nitrate transporter, ABC transporter, heavy-metal-asso-
ciated protein (HMA), zinc (Zn) transporter, malate transporter and phosphate 
transporter. These genes are responsible for uptake of essential elements and nutri-
ents such as Fe, Cu, Zn, NO3 and PO4.

Silver: Silver nanoparticles (AgNPs) occupy a major part of the commercially 
utilized nanoparticles. They are available as coated and uncoated forms. Their inter-
action when studied by supplying 0.01 to 100 mg/L to Arabidopsis demonstrated 
dose-dependent effects (Wang et al. 2013). Like gold nanoparticles, lower concen-
trations of AgNPs enhanced growth while the higher concentrations were found 
inhibitory. Parameters of growth like size of rosette leaves, root length and shoot 
weight exhibited the same distinct patterns across the different concentrations 
tested. Smaller nanoparticles were found to be more toxic in this investigation. The 
results obtained were comparable to those of AgNO3 that produced AgNPs inside 
plant tissues, largely in leaves. In a similar study conducted with AgNPs and Ag+, 
more or less similar patterns in the growth parameters were observed in the concen-
trations treated (Kaveh et al. 2013). Silver concentration was found higher in plants 
exposed to AgNO3 attesting the higher permeability of silver ions than their parti-
cles. AgNPs and Ag+ were inhibitory to root growth and were of the same toxic 
responses (Baghkheirati and Lee 2015). In another study, a comparison between the 
effects of AgNPs and Ag+ demonstrated higher interferences of AgNPs in growth, 
reproduction and metabolism (Ke et al. 2018). Shoot and root growth were inhib-
ited. Reduction in chlorophyll and the production of anthocyanin in leaves indicated 
stress. Decrease in reproductive efficiency was observed which was marked by the 
reduction in bolting height, bud number, number of pods, pod length and their bio-
mass. Notwithstanding that sugar, phenylpropanoid and amino acid pathways were 
affected by both AgNPs and Ag+, enhancement of galactose metabolism and the 
reduction in the levels of amino acids valine, serine and aspartate were characteris-
tic to AgNPs. Stretching of the vegetative growth is another effect induced which 
resulted in shortening of the reproductive phase followed by a poor regeneration 
capacity of the seeds (Geisler-Lee et al. 2014). Particles were found accumulated 
inside the root cells, vascular tissues, cotyledons and stomata at different days after 
the treatment. Toxicity affected meristematic cells at the root tips preventing the 
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Fig. 4.1 Plant gene set enrichment analysis of significantly upregulated genes when Arabidopsis 
seedlings were exposed to 10  ppm KAuCl4 (Source: Tiwari et  al. (2016): Scientific Reports, 
6:21733, DOI: https://doi.org/10.1038/srep21733)
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growth of primary and lateral roots. Localization using isotopic labelling and single 
particle Inductively Coupled Plasma (ICP) analysis detected the particles in roots 
and their transport to the other parts (Nath et al. 2018). On analysis using single-cell 
ICP, the particles were found predominantly at the middle lamella and cell walls of 
the root and a smaller portion found translocated to other parts of the plant; however 
those detected inside the cells were aggregated (Bao et al. 2016). Exposure of seed-
lings to 0.2–1 mg/L AgNPs for a maximum period of 72 hrs resulted in detecting 
silver inside the plant tissues with the help of ICP analysis (Nair and Chung 2014a). 
Since toxicity has been reported in other plant and animal systems, AgNP usage 
cannot be considered to be safe. Changes in physiological parameters like reduction 
in chlorophyll content, increase in anthocyanin, etc. were observed when seedlings 
were exposed to the above concentrations of AgNPs for 14 days (Nair and Chung 
2014b) as observed in an earlier study (Wang et al. 2013). Increase in lipid peroxi-
dation, Reactive Oxygen Species (ROS) production and change in mitochondrial 
membrane potential were recorded in roots of the seedlings exposed. Shape of the 
particles also influences the responses in plants (Syu et al. 2014). Spherical particles 
induced anthocyanin production and high level of Super Oxide Dismutase (SOD) 
indicating their inhibitory nature. Whereas decahedral particles promoted root 
growth and were recognized as the one produced the lowest level of SOD. Expression 
of proteins associated with ROS accumulation and cell proliferation were found 
common in all types. Stress induced by AgNPs in plants when compared to that of 
cold, salt, drought and heat stresses were found different and milder (Baghkheirati 
and Lee 2015). ROS generation was found common in all. The stress induced by 

Table 4.1 Comparison of microarray data by quantitative RT-PCR (Source: Tiwari et al. (2016): 
Scientific Reports, 6:21733, DOI: https://doi.org/10.1038/srep21733)

Locus ID Annotation Microarray

qRT-PCR
10 ppm 
Au

25 ppm 
Au

AT5G23990 FRO5 17.54 7.269 1.855
AT2G46830 CCA1 3.88 4.645 0.472
AT1G63950 HMA3 3.833 26.459 0.025
AT3G28345 ABC transporter B family member 3.102 2.215 0.526
AT5G14570 High affinity nitrate transporter 3.4 2.250 2.406
AT3G46900 COPT2 4.22 4.835 1.192
AT1G01060 LHY 3.59 2.978 1.638
AT3G12320 Light-inducible and clock-regulated 3, LNK3 4.81 8.889 0.498
AT1G33730 CYP76C5 3.77 1.685 2.308
AT5G17300 RVE1 2.919 2.689 1.986
AT5G24380 YSL2 3 1.332 0.386
AT3G09600 Myb 2.37 2.087 2.288
AT4G10530 Subtilase family protein −6.85 0.073 0.450
AT5G49770 Leucine-rich repeat receptor-like protein 

kinase
−2.79 0.183 0.385

AT2G44840 ERF13 −2.01 0.179 1.116
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AgNPs was observed to be having highest similarity with cold stress compared to 
the others. AgNPs above 300 mg/L were found to be interfering with potassium 
(K+) efflux and calcium (Ca2+) influx impairing the transport through plasma mem-
brane (Sosan et al. 2016). This study also noticed reduction of root growth, photo-
synthesis rate and the formation of ROS as reported in several other studies 
conducted in Arabidopsis. Oxidation of apoplastic L-ascorbic acid was also observed 
and annotated as an effect of AgNPs.

Significant upregulation of the genes involved in glutathione (GSH) biosynthesis 
on AgNP- exposure clearly demonstrated the toxic interferences of AgNPs in plants 
(Nair and Chung 2014b). Gene expression patterns in response to AgNPs were 
found similar to those in response to fungal infection and anion transport. The two 
major categories of genes responded were of oxidative stress and cell proliferation. 
An overlap in gene expression pattern was visible in response to AgNO3 and AgNPs 
(Kaveh et  al. 2013). Cell cycle regulating genes AtPCNA1 and AtPCNA2 were 
upregulated up to 72 hrs and observed to be downregulated after that. DNA mis-
match repair genes AtMSH2, AtMSH3, AtMSH6 and AtMSH7 showed downregula-
tion in the plants exposed (Nair and Chung 2014a, b, c). Gene expression results 
also revealed the prominent role of systemic signalling in toxic responses exhibited 
by the plant. Most of the comparative studies using AgNPs and Ag + performed for 
distinguishing their effects separately concluded that the toxic effects of AgNPs are 
because of the Ag+ ions released from the particles. However, in a study using equiv-
alent concentrations of the two, both were found producing similar effects denying 
the chances for Ag+ ions to interfere (Zhang et al. 2019). Both induced ROS accu-
mulation, reduction in efficiency of photosynthesis, and showed similarity in gene 
expression pattern. Genes associated with photosynthesis, oxidative stress, signal 
perception and response, etc. were found differentially expressed. Genes involved 
in the synthesis of Glucosinolates, the group of secondary metabolites were identi-
fied as specifically regulated by AgNPs, designating the triggering of defence 
mechanisms.

Nanoparticles are often used for delivery of other molecules that surface-bond 
with the particles, and their individual effects have to be differentiated from those 
of the combinations. Such an evaluation conducted for the conjugate of herbicide 
Imazethapyr with AgNPs demonstrates enhancement of the toxicity (Wen et  al. 
2016). AgNPs alone at 25 μM and 50 μM enhanced plant growth, but decreased 
chlorophyll content. However, the treatment did not increase the free amino acids as 
observed in the responses associated with heavy metal exposure. When leaves of the 
AgNP-treated plants were examined, amino acid content increase was noticed, and 
it was later confirmed due to the release of Ag+ ions from the AgNPs. Outer surface 
of the roots was covered with AgNPs and their concentration was much less inside 
attesting their formation in conjunction with the Ag+ moved inside. As observed 
in several other studies, ROS was not detected upon staining in the AgNP-treated 
group, but increased activities of detoxifying enzymes SOD and Catalase (CAT) 
were recorded. Toxicity observed was higher in the experimental group subjected 
to the herbicide alone and was still higher with the AgNP-herbicide conjugate. 
Inhibition of geotropic root growth was observed in response to high concentration 
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of AgNP exposure (300 ng/L) and was identified to be because of the inhibition 
in auxin synthesis (Sun et al. 2017). Since expression of the concerned receptors 
was found downregulated and AFB4, a negative regulator of auxin signalling, as 
 upregulated, the chances for blockade of auxin signalling were predicted. It might 
be occurring through the physical blockade created by the nanoparticles lodged at 
the intercellular spaces and inside the cells. The conjugate of herbicide Diclofop-
methyl with AgNPs when used in Arabidopsis showed less inhibitory effects than 
AgNPs used alone (Li et  al. 2018). Growth inhibition, increase in anthocyanin, 
accumulation of H2O2 and decrease in the rate of photosynthesis were observed 
in the experimental group with AgNP alone. However, the conjugate had reduced 
values in these parameters, which is presumed to occur due to the low stability of 
the Ag+ ions released from the AgNPs. When particles of two sizes (10 and 60 nm) 
were exposed to the plants, most of them found aggregated on root surface and a 
very small percentage distributed inside (Wang et al. 2019).

Copper: Copper oxide nanoparticles (CuONPs) are not directly being utilized 
for applications related to agriculture. However, they have several other industrial 
applications because of their catalytic activity. Most of the studies conducted in 
Arabidopsis to assess the interaction of CuONPs were carried out along with 
Cu+  for differentiating individual effects. Since the release of metal ions from 
nanoparticles observed in the case of few others, studying the two in parallel and 
comparing the effects can identify the specific effects of CuONPs. These particles 
are observed to be inhibiting growth, effected by reduction in biomass and inhibi-
tion of root growth (Tang et al. 2016; Wang et al. 2016a, b; Yuan et al. 2016; Landa 
et al. 2017; Zhao et al. 2018). On the contrary, the particles were found less toxic 
than Cu+ in a similar investigation done in Arabidopsis (Ke et al. 2017). Loss of 
root gravitropism also has reported in a study conducted only with CuONPs (Nair 
and Chung 2014c). CuONPs were mainly found accumulated on the root surface 
and cell walls (Yuan et  al. 2016) and induced changes in anatomy of the root, 
mainly manifested as lignin deposition, increase in width of cells and swelling at 
the root elongation zone (Wang et al. 2016a, b). Cells at root tips died due to the 
toxicity (Nair and Chung 2014c; Tang et al. 2016). A small portion of the particles 
were localized in aerial parts (Soria et al. 2019), which induced vacuole shrinkage 
and cell death (Yuan et al. 2016). Major physiological changes were generation of 
reactive oxygen species (Nair and Chung 2014c; Tang et  al. 2016; Wang et  al. 
2016a, b; Yuan et al. 2016) and increase in anthocyanin (Nair and Chung 2014c; 
Ke et al. 2017). Increase in saturated fatty acids and decrease in unsaturated fatty 
acids lead to collapse of membranes (Yuan et al. 2016). CuONPs triggered the dif-
ferential expression of a subset of genes regulating cell division and stress 
response. SOD, CAT and Peroxidase (PRX) were expressed in accordance with 
the ROS generated (Nair and Chung 2014c; Tang et al. 2016; Wang et al. 2016a, 
b; Landa et al. 2017). Auxin responsive genes (Wang et al. 2016a, b) and lignin 
biosynthesis related genes (Tang et  al. 2016) were found upregulated. Stress 
induction and response was found triggered because of the changes in genes 
involved in proline biosynthesis and sulphur assimilation (Nair and Chung 2014c), 
heat shock proteins, methionine synthesis (Tang et al. 2016), metallo chaperonins 
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and water deficiency response (Landa et al. 2017). Metabolite profiling identified 
the increase in isothiocyanates,  scopoletin and jasmonates which are functioning 
in defence signalling and response (Soria et al. 2019).

Zinc: Zinc oxide nanoparticles (ZnONPs) are extensively used in cosmetics, 
especially because of its UV-reflective nature. Responses in Arabidopsis have been 
studied after supplementing into soil and artificial media of liquid and solid nature 
at different concentrations. Majority of the works reported reduction in growth 
expressed as low percentage of seed germination and the reduction in biomass con-
tributed by the decrease in number of leaves, rosette size and the length of primary 
and the lateral roots (Lee et al. 2010; Landa et al. 2012; Landa et al. 2015; Wang 
et al. 2016a, b; Nair and Chung 2017; Vankova et al. 2017; Yang et al. 2018). But 
these interferences are reported to be not due to their internalization, rather than the 
adsorption on to root surface. Anthocyanin induction and reduction in chlorophyll 
content were two visible changes induced, which are characterized as stress indica-
tors (Wang et al. 2016a, b; Vankova et al. 2017). However, a lateral increase in the 
level of carotenoids was also noticed along with that (Wang et  al. 2016a, b). 
Reduction in the rate of photosynthesis, transpiration and conductance of leaf sto-
mata were few other notable physiological changes observed. Increase in the con-
centration of Zn was experienced in tissues, which in turn affected the nutrient 
homeostasis resulting in reduction of total concentrations of K, S and Cu (Nair & 
Chung, 2017). Hormonal changes including increase of cytokinin in roots, ABA in 
leaves and apex, reduction of Zeatin and IAA in apex, etc. have been induced by 
ZnONPs (Vankova et al. 2017). This hormonal imbalance was accompanied with 
the reduction of jasmonic acid and jasmonate isoleucine in apex. Gene expression 
changes observed were somewhat similar to the other types of nanoparticles dis-
cussed earlier. Genes related to stress response, especially oxidative stress response, 
signal transduction, hypoxia, detoxification, wound response and defence, metal ion 
transport and homeostasis were found expressed in excess (Landa et al. 2012; Landa 
et al. 2015; Wang et al. 2016a, b; Nair and Chung 2017). Reduction of the rate of 
photosynthesis observed in few studies were later proved as due to the downregula-
tion of genes involved in chlorophyll synthesis, photosystem I and electron trans-
port (Landa et al. 2012; Wang et al. 2016a, b). Growth inhibition observed especially 
at the apices was also effected by the downregulation of the genes functioning in 
microtubule synthesis and protein translation in addition to the above-mentioned 
ones (Landa et  al. 2012). ZnONPs also increased the frequency of homologous 
recombination and induced epigenetic changes which was tested and confirmed 
using transgenic Arabidopsis (Yang et al. 2018). Since entry of ZnONPs into the 
plant cells is prevented, it cannot be considered that the particles can induce the 
wide variety of responses we have seen (Nath et al. 2018). Based on the results of 
the studies conducted along with Zn+ ions, it can be concluded that the responses are 
of the Zn+ ions liberated into the growth media from the particles (Yang et al. 2018). 
However, it has been shown that the adsorption of the particles to root surface can 
induce signal transduction pathways which can trigger an array of changes in the 
plant (Landa et al. 2012 & Landa et al. 2015).
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Iron: Iron oxide nanoparticles (FeONPs) are used in drug delivery, magnetic 
resonance imaging, groundwater treatments, photocatalytic reactions,  environmental 
remediation, etc. Interaction with Arabidopsis demonstrated inhibitory effects at 
high concentrations expressing morphologically as reduction in growth rate 
(Marusenko et al. 2013; Bombin et al. 2015). As observed in the case of some other 
nanoparticles, lower concentrations produced promotive effects (Kim et al. 2014). 
Native particles were not observed to be transported into the plant, but their charged 
counterparts were found distributed in roots and different parts of the shoot includ-
ing stem, leaves, flowers and seeds (Bombin et al. 2015). Reduction in chlorophyll 
(Marusenko et al. 2013), pollen viability, pollen tube length and number of seeds 
(Bombin et al. 2015) was also observed. Growth promotion at lower concentrations 
is observed to be happening in different ways. H2O2 formed on FeONP exposure 
induces loosening of cell wall, resulting in reduction in cell wall thickening, reori-
entation of microfibrils and increased incidence of endocytosis (Kim et al. 2014). 
Cell wall loosening has also increased leaf surface area (Kim et al. 2015). Increase 
in the activity of the plasma membrane H+ ATPase activity due to the reduction of 
apoplastic pH increased stomatal opening facilitating increased intake of CO2 with-
out encountering excess water loss (Kim et al. 2015). Notwithstanding that A. thali-
ana offers the possibility of an in-depth investigation, especially for understanding 
the interactions at genetic level, none of the studies have attempted that.

Carbon: Carbon nanomaterials are available in different forms as fullerenes, 
nano-onions, nano-cones, nano-horns, carbon dots, carbon nanotubes, nano-beads, 
nano-fibres, nano-diamonds, and graphene. They are different in structure, size and 
shape and hence find applications in diverse fields like electronics, optics, nano-
medicine, biosensors, renewable energy production, environmental remediation and 
as carriers for delivering molecules, metals, atoms, etc. Their responses in 
Arabidopsis have not been investigated in detail so far. Those that were studied in 
the plant are of carbon nanotubes (CNTs) examined at the cellular level. Single-
walled carbon nanotubes (SWCNTs) were observed to be entering protoplasts and 
mesophyll cells (Shen et al. 2010; Yuan et al. 2012). They induce ROS, chromatin 
condensation and DNA breakage and result in cell death. ROS evolution confirmed 
by staining and expression analyses of the concerned genes is assumed to be induc-
ing apoptosis (Shen et  al. 2010). Multiwalled nanotubes (MWCNTs) also have 
somewhat similar effects, denoted by the reduction in cell viability, chlorophyll 
content, etc. (Lin et al. 2009). Both SWCNTs and MWCNTs form aggregates in 
media and inside the cells. Smaller aggregates of MWCNTs were found more inhib-
itory in effect than the larger ones (Lin et al. 2009).

Cerium: Cerium dioxide nanoparticles (CeO2NPs) are used as a polishing 
material, additive in glass and ceramic, fuel cell material, in agricultural products 
and automotive industry. Their interaction with Arabidopsis has been investigated 
to some extent. CeO2NPs at high concentrations inhibit growth, observed as redox 
ion in biomass of shoot and root (Yang et  al. 2017). However, concentrations 
below 500  mg/L showed increase in biomass (Tumburu et  al. 2017; Wu et  al. 
2018). Particles were found distributed in leaves and even inside chloroplast (Wu 
et al. 2017; Yang et al. 2017; Wu et al. 2018). Negatively charged particles enter 
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easily through their interaction with the positively charged plasma membrane  
(Wu et al. 2017 & Wu et al. 2018). Increase in H2O2, MDA and the associated 
reduction in chlorophyll with respect to CeO2NPs treatment designates toxicity 
development in the plant (Yang et al. 2017). On the other hand, negatively charged 
CeO2NPs have opposite effects. They are capable of scavenging free radicals and 
thereby support to survive under stress (Wu et al. 2017 & Wu et al. 2018). These 
particles induce upregulation of the genes involved in transcription, ageing, H2O2 
regulation, cell cycle, stress responsive genes in shoot which is accompanied by 
downregulation of auxin stimulus and cell wall modification (Tumburu et  al. 
2017). In roots, genes functioning in transcription, phenyl propanoid metabolism, 
seed maturation, and response to GA were upregulated and those of cell wall for-
mation, syncytium formation, cell signalling, cell cycle and polysaccharide catab-
olism were downregulated. In essence, CeO2NPs are identified as toxic. 
Experiments conducted with bulk CeO2 along with CeO2NPs proved the ineffec-
tiveness of CeO2 ions in inducing toxic changes equivalent to the CeO2NPs (Yang 
et al. 2017). Hence it cannot be assumed that the Ce ions released from disintegrat-
ing nanoparticles in suspension are responsible for the changes.

Titanium: Titanium dioxide is the ingredient imparting white tint to almost all 
products used in industry, medicine, cosmetics, etc. Their range of applications 
widened as the size of the particles narrowed down. As a result, titanium dioxide 
nanoparticles (TiO2NPs) emerged as the one produced in the largest quantity world-
wide and has resulted in its release in large amount into the environment. Arabidopsis 
has been used to characterize the effects in plants brought about by the particles. 
Almost all studies done up to date are carried out either in solid or liquid growth 
media. Conjugation with the dye alizarin deduced their entry into almost all parts 
of the plant body (Kurepa et al. 2010). Lower concentrations promoted growth evi-
denced as increase in germination rate and biomass (García-Sánchez et al. 2015; 
Liu et al. 2017). Whereas the effect was opposite in higher concentrations bringing 
about reduction in biomass and yield (Liu et  al. 2017). Prominent physiological 
impacts noticed were increase in chlorophyll and total protein at lower concentra-
tions and their reversal upon treatment with higher concentrations. Higher concen-
trations elevated the activity of antioxidant enzymes SOD, CAT, POD and APX 
depicting oxidative stress (Liu et al. 2017). Reduction in chlorophyll, increase in 
oxygen and vitamin E production were also observed in case of higher concentra-
tions. Chlorophyll breakdown results in phytol formation, which is being utilized 
for vitamin E production by Vte5 gene product (Szymańska et al. 2016). Experiments 
with Alizarin conjugated particles identified that the particles disrupt microtubule 
network of the cell, which was characterized by the reduction in alpha tubulin, beta 
tubulin and ubiquitin with a corresponding increase in ubiquinated proteins (Wang 
et al. 2011). Increase in light absorption, fluorescence quantum yield of chloroplast, 
electron transfer, photolysis, oxygen evolution and hill reaction on exposure to low 
concentrations enhance the efficiency of photosynthesis and hence can be sug-
gested for enhancement of the process of carbohydrate fixation (Ze et al. 2011). 
Expression profiling techniques have identified the genes functioning in light 
absorption, photosynthesis (Ze et  al. 2011; Tumburu et  al. 2015, 2017), nutrient 
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transport (García-Sánchez et al. 2015; Tumburu et al. 2017), root development and 
growth (García-Sánchez et al. 2015; Tumburu et al. 2015, 2017), stress response 
and  hormone response (Tumburu et  al. 2015, 2017) gets differentially regulated 
during exposure to TiO2NPs. Gene expression changes accompanied with morpho-
logical and physiological changes were upregulation of tocochromanol biosynthe-
sis gene which utilizes phytol formed during the degradation of chlorophyll 
(Szymańska et  al. 2016), downregulation of GST and GR with a corresponding 
increase in the activities of SOD, CAT, POD and Ascorbate Peroxidase (APX) in 
roots (Liu et al. 2017). Overall, TiO2NPs enhance the light capturing capability and 
increase the efficiency of photosynthesis and hence beneficial to plants. However, 
we cannot conclude as beneficial in all respects because of the demonstration of 
breakdown of chlorophyll and the rupture of microtubule network associated.

Quantum Dots: These particles are mostly employed in electronic industry 
because of their electrical and luminescence properties. Some of them are also used 
for labelling or staining applications in biology. They are prepared as binary com-
pounds such as lead sulphide, lead selenide, cadmium selenide, cadmium sulphide, 
cadmium telluride, iridium arsenide and iridium phosphite. Even though they are 
identified as toxic to animal system because of their small size, photolytic activity, 
high surface reactivity and mechanical stability, very few of them have been investi-
gated for phytotoxicity, especially in Arabidopsis. Exposure of the plant to cadmium 
quantum dots formed in combination with selenium, sulphur and zinc produced dif-
ferential responses according to the concentration, type of treatment and its duration. 
Cadmium sulphide quantum dots (CdS QDs) in high concentration inhibited seed 
germination and root growth (Marmiroli et  al. 2014; 2020). Inhibition of the root 
growth was preceded by swelling and bursting which is assumed to be due to the 
clogging of the vasculature due to aggregation of the particles. Appearance of chloro-
sis, necrotic regions, increased wax deposition and reduction in stomatal and trichome 
density on leaves clearly indicated toxicity. Overall reduction in respiration was 
noticed. Increase in the biosynthesis of phenolic compounds, glutathione, antioxidant 
activity and lipid peroxidation indicated evolution of ROS. Predominant increase in 
the expression of genes associated with heat shock, temperature stress regulation, 
ROS metabolism and ion transport reinforced the assumption. Comparison of the 
effects with that of CdSO4 helped to differentiate the specific effects of CdS QDs 
(Marmiroli et al. 2014, 2020). For understanding the role of surface charge in uptake 
and transport, cadmium selenide QDs (CdSe QDs) were coated with charged mole-
cules and supplied to plant through liquid growth medium (Koo et  al. 2015a, b). 
Charged particles observed to be moving fast through the vascular tissue and getting 
distributed into almost all parts of the plant. On the other hand, much of the neutral 
QDs formed aggregates and found lodged at short distances. Finally, anionic particles 
were localized in the apoplast and the cationic ones intracellular. Anionic particles 
induced chlorosis and their cationic counterparts produced browning of the leaves. 
Hence experimental evidences indicate that surface properties have determinant role 
in the uptake and transport of QDs. Experiments with CdSe QDs coupled with sali-
cylic acid binding moiety were found successful in internalization and proved the 
utility of modifying surface properties for intracellular targeting (Liu et al. 2015). 
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Zinc selenide QDs (ZnSe QDs) when used at two different concentrations (100 & 
250 μM) exhibited different responses (Kolackova et al. 2019). Increase in gallic acid, 
phytochelatin, phenols, H2O2 scavenging and antioxidant activity were induced by the 
lower dose, and the higher one was characterized by a reduction in membrane lipid-
emic compounds, H2O2 scavenging, and antioxidant activity. Expression of genes in 
phytochelatin biosynthesis found upregulated in case of 100 μM and the genes in 
glutathione synthesis and ROS scavenging in 250 μM group. Overall, quantum dots 
at higher concentrations are inhibitory to plant growth and development.

2  Conclusion and the Future Perspectives

Seed germination and the changes in growth pattern of root and shoot are considered 
for the assessment of the effects due to exposure to nanomaterials. The parameters 
used are not reliable because of the lack of phenotypes for most of the changes occur-
ring at molecular level. Results vary depending upon concentration, size, shape, sur-
face charge and the chemical composition of the nanomaterials tested. Hence, it is 
important to carry out nanoparticle testing with the parameters for assessing changes 
in physiology at molecular level. Nanomaterials at low concentrations show growth 
promotion. In case of FeONPs, the changes associated with growth enhancement 
were persuaded by the H2O2 generated inside. H2O2 induces loosening of cell wall and 
reduction of cell wall thickening, reorientation of microfibrils and increased incidence 
of endocytosis (Kim et al. 2014). Cell wall loosening also results in an increased leaf 
surface area (Kim et al. 2015). Reduction in apoplastic pH increases the activity of the 
plasma membrane H + ATPase activity which, in turn, augment stomatal opening 
facilitating increased intake of CO2 without encountering excess water loss (Kim et al. 
2015). Growth enhancement can also happen through the improvement of the effi-
ciency of carbohydrate fixation as observed in case of TiO2NPs (Ze et al. 2011). Thus, 
the mode of operation of growth enhancement is different in case of different nanoma-
terials and demands more extensive studies needed to figure out the details. On the 
contrary, exposure to high concentration of nanoparticles induces stress characterized 
by the production of anthocyanin and inhibition of chlorophyll biosynthesis (Nair and 
Chung 2014b; Wang et al. 2016a, b; Vankova et al. 2017). Stress signalling is also 
mediated through ROS (Baghkheirati and Lee 2015; Wang et al. 2016a, b; Landa et al. 
2017; Liu et al. 2017). Chlorophyll degradation is activated by the ROS developed as 
byproducts inside the chloroplast (Rogers and Munné-Bosch 2016). ROS can also 
damage a large variety of cellular biomolecules, including carbohydrates, nucleic 
acids, lipids, proteins, etc., and alter their functions. Antioxidant enzymes at this point 
prevent the burst in ROS level and prevent sudden cell death. This is accompanied 
with the changes in the GSSG/GSH and MDA pool (Hasanuzzaman et  al. 2019). 
Anthocyanin having antioxidant activity is also produced in excess to act against ROS 
(Zhang et al. 2012). Changes in gene expressions are known in case of some nanoma-
terials which facilitate to monitor the effects at molecular level and to establish the 
link between the pathways of signal perception and response.
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Nanomaterials can enter the plant body through different routes because of their 
presence in air, water and soil. In majority of the studies, the nanomaterials tested 
have been applied into the growth medium owing to their absorption through the 
root system. Uptake through aerial parts, mainly through openings like stomata 
need to be considered and application methods including foliar spray should be 
examined (Kolackova et al. 2019). As the mode of translocation will be different in 
this case, its impact with respect to the root to shoot translocation should be com-
pared. Arabidopsis being a plant with small, slender vasculature, the possibilities for 
in vivo localization or accumulation remain unexplored for majority of nanomateri-
als. Another important limitation of the studies conducted so far is the short period 
of exposure, mostly done for 2–3 weeks. That kind of an experimental set-up cannot 
mimic the actual conditions prevalent in any ecosystems. The short life cycle of 
Arabidopsis is ideal for characterizing the responses at different stages of growth 
and few studies have explored these possibilities (Ke et al. 2018). The type of nano-
materials and their volume released into the environment is different according to 
their cost of production and usage. For instance, the production of TiO2NPs is higher 
with respect to AuNPs. Accordingly, we can expect a higher percentage of TiO2NPs 
in the environment than the latter. Stability of nanomaterials in the environment 
should also be verified. They can interact with other chemical moieties in air, water 
and soil and get transformed to higher reactive or toxic forms. This can also happen 
once they are inside the plant. Many nanomaterials form aggregates in plants and it 
will be interesting to know whether the conditions for aggregate formation are 
induced by plant molecules to prevent their movement and reactivity. The important 
advantages of Arabidopsis as an experimental plant are the availability of its 
sequenced genome and of gene overexpression and mutant lines. Nevertheless, gene 
expression studies at the transcriptomic level have been conducted in response to 
nanomaterial exposure; few attempts have been made to testify the effects using 
gene overexpression and mutant lines (Yang et  al. 2018). Hence, we can expect 
more realistic studies in Arabidopsis to characterize the effect of nanomaterials 
in future.
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1  Introduction and Background

Nanostructured materials have been widely used in different applications including 
energy storage, catalysis, agriculture systems, and biomedicine. Nanomaterials 
(NMs) are an anomalous class of compounds that are known for their high toxicity 
when exposed to living organisms. The investigation of the behavior of toxic nano-
materials for human exposure (e.g., nanoparticles, nanoflakes, and nanorods) has 
attracted much attention in recent years due to the fact that there is no quantitative 
evaluation to address its effects on human health and the environment. The anoma-
lous behavior of nanomaterials such as nanoparticles (NP) is originated by the fact 
that these materials have strained surfaces, and generally have an oxidized layer of 
atoms at the surface (Zhang et al. 2014; Strasser et al. 2010; Casaletto et al. 2006). 
NMs have both natural and anthropogenic sources (Griffin et al. 2018; Rogers 2016; 
Jeevanandam et al. 2018; Currie and Silica in Plants 2007; Hough et al. 2008). NPs 
are commonly found in the environment from natural sources, for example, nanopar-
ticles such as SiO2, and Fe3O4 are commonly found in soils and plants (Griffin et al. 
2018; Rogers 2016; Jeevanandam et  al. 2018; Currie and Silica in Plants 2007; 
Hough et al. 2008). However, concerns of toxicity can raise awareness when using 
nanoparticles of anthropogenic origins in consumer products (Vance et  al. 2015; 
Fröhlich and Roblegg 2012; Calzolai et al. 2012; Tulve et al. 2015). For example, 
currently there are more than 1800 consumer products based on NPs used in the 
market (Vance et al. 2015). Some of the applications of these products are intended 
for direct use in human health such as skin protection or treatment; for example, 
new cosmetics are being produced compounds based on NPs such as zinc oxide 
(ZnO) nanoparticles used in sunscreens (Vance et al. 2015; Fröhlich and Roblegg 
2012; Calzolai et al. 2012; Tulve et al. 2015). Health drinks, antibacterial, antimi-
crobial products are also being produced from noncompounds containing metallic 
NPs such as silver and copper (Vance et  al. 2015; Fröhlich and Roblegg 2012; 
Calzolai et al. 2012; Tulve et al. 2015). A further example of the invasive application 
of NPs in consumer products is the generation of clothing impregnated with metal-
lic NPs in the fabric in order to reduce the odor-producing bacteria (Tulve et al. 
2015). However, the actual human and environmental health effects of NPs are not 
well understood. The literature on the toxicity of NPs is lacking and in some cases 
contradictory in nature. As time progresses, the risk of exposure to anthropogenic 
synthesized nanoparticles has been constantly increasing and may have unknown 
possible health effects. The toxic effect of these nanomaterials with respect to the 
effects on human health has not been systematically investigated.

Based on the interaction studies of a large number of species, the main toxicity 
effects or routs of toxicity can be summarized as in Fig. 5.1.

Most of the investigations reported in this area discuss the toxicity effects of NPs 
on living organisms, which have been focused for the most part on bacterial studies. 
However, studies have been reported on the toxicity of NPs in eukaryotic and com-
plex organisms such as algae and multicellular aquatic organisms, but a clear mech-
anism and the mode of nanomaterial actions are lacking. The generation of ROS 
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species has been shown to occur in natural waters using photoactive nanoparticles; 
the generation of ROS has been shown to occur in algal cells (Li et al. 2003). The 
generation of ROS species produced from photoactive NPs can be exemplified in 
Table 5.1. The generation of radical species including ROS is the process that occurs 
in natural water systems in the presence of sunlight. Interestingly, the reactive spe-
cies generated from these chemical reactions may be amplified in the presence of 

Route of toxicity of NPs 

NPs generate radical 
species, which are 
destructive to the cells

NPs adhere to cell surface 
of algae and weigh them 
down basically smothering 
them

Cell wall/membrane 
degradation 
Mitochondrial impairment 
DNA
Oxidative Stress

NPs dissolve forming 
free toxic ions

Fig. 5.1 Diagrammatic summary of the toxic effects of various NPs on cells and organisms found 
in the literature

Table 5.1 Common radical species generated in natural waters using sunlight and common 
compounds found in natural waters and the possible influence of photoactive NPs on radical 
generation (Stumm and Morgan 1996; Parke and Sapota 1996; Nosaka and Generation 2017; 
Sharma et al. 2019)

Name
Chemical 
Formula Possible RXN

Singlet oxygen 1O2 Light interaction with DO, catalyzed with NPs
Super oxide O2

●− Deprotonation of OH2● photolysis of metal complex in 
solution, photolytic product of Fenton like rxn of TiO2 NPs

Hydrogen 
peroxyl

OH2
● Found developed from atmosphere, protonation of the 

superoxide radical
Hydroxyl 
radical

Oh● Photolysis of hydroxo or Fenton type reaction, surface 
oxidation on TiO2 NPs,
NO3

−, NO2
−, ozone decomposition, photolysis of peroxide

Organic peroxyl 
radical

ROO● DO photolysis, electron transfer from surface of 
semiconductor NPs such as TiO2 and ZnO

RXN is short for reaction
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NPs. Radical species are also formed within cells of living organisms and there are 
mechanisms in place to reduce the damage from the generation of the ROS and 
other radial species. However, an overproduction of radical species in cells can 
overwhelm the defense mechanisms causing cellular damage and death.

The enhancement of the generation of radical species using photoactive NPs has 
been well documented in the literature (Parke and Sapota 1996; Nosaka and 
Generation 2017; Sharma et  al. 2019). The application of NPs in photocatalytic 
destruction of organic chemicals has also been achieved through applying the abil-
ity of NPs to generate ROS species or through the electron transfers from the NPs 
(Deng et al. 2015; Le et al. 2015; Haldorai et al. 2014; Kumar et al. 2014).

In the studies on bacterial species, results show a high correlation between 
nanoparticles and their differential toxicity to different bacterial strains (Prabhu and 
Poulose 2012; Hwang et al. 2008; Durán et al. 2010; Fabrega et al. 2009; Greulich 
et al. 2012; Durán et al. 2016). Perhaps, the best example of NP toxicity in the litera-
ture is Ag-NP toxicity on E. coli as well as other common bacteria (Prabhu and 
Poulose 2012; Hwang et al. 2008; Durán et al. 2010; Fabrega et al. 2009; Greulich 
et al. 2012; Durán et al. 2016). These studies have shown that Ag in the NP form is 
typically more toxic than the dissolved Ag+ ion. Bacterial studies have focused on 
the bactericidal effects of metallic nanoparticles such as silver NPs. Silver nanopar-
ticles have shown to be toxic to both gram-negative and gram-positive bacteria. It is 
interesting that nanoparticles affect both the gram-positive and -negative bacteria, 
and NPs have been shown to transport across the cell walls of bacteria. Figs. 5.2 and 
5.3 show E. coli and Bacillus subtilis after treatment of sodium citrate (control 
group), citrate-stabilized Ag NPs, and silver ions, respectively (the TEM size bars 
represent 500 nm). As can be seen in the NP-treated bacteria, the cells look very 
different from both the AgNO3-treated and citrate-treated bacteria. The cell walls/
cell membranes of the Ag NP-treated cells are difficult to see and are ill-defined.

The oxidative and reductive dissolution of NPs is well discussed in the literature 
(Schnippering et al. 2008; Misra et al. 2012; Wang et al. 2013; Ho et al. 2010). The 
dissolution of NPs in solution is especially well documented in metal oxide NPs, 
where the average size of NPs has been shown to change with time due to the reac-
tion with dissolved species (Schnippering et al. 2008; Misra et al. 2012; Wang et al. 
2013; Ho et al. 2010). The redox-based dissolution of NPs is due to the transfer of 
electrons from the surface of the NP to the dissolve species, which can be either 
organic or ionic in nature. Note that dissolution of metal oxides in solution has been 
well documented for different naturally occurring minerals such as hematite and 
magnetite as well as Iron (oxy)hydroxides (Sulzberger and Laubscher 1995; Borghi 
et al. 1991; Postma 1993). For example, the dissolution of NPs in solution has been 
shown to be enhanced in the presence of light generating ionic species, which may 
be more toxic to particular organisms in the water column (Shibata et  al. 2004; 
Dasari et al. 2013).

However, there is a problem with determining the concentration of NPs in solution 
and making it comparable to the dissolved ion concentration. To further explore the 
differences, one must look at the traditional understanding of colloids in solution. A 
colloid has been traditionally defined as a particle ranging in size from 0.1 to 1000 nm, 
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Fig. 5.2 TEM images of 
cells from E. Coli treated 
with sodium citrate (a), 
Citrate stabilized Ag NPs 
(b), and cells treated with 
Ag ions (c) in a LB growth 
medium
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Fig. 5.3 TEM images of 
cells from Bacillus subtilis 
treated with sodium citrate 
(a), Citrate stabilized Ag 
NPs (b), and cells treated 
with Ag ions (c) in a LB 
growth medium
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which is suspended in a medium, such as a solid in liquid (Gregory 2005). Interestingly, 
colloids have charged surfaces depending on their composition (e.g., structure and 
morphology) and can either be positive or negative (McDonogh et al. 1984; Zhong 
et al. 2004; Fafarman et al. 2011). Alternatively, using surfactants, NPs can have zero 
charge and very low dispersibility in water. The toxicity of chemical compounds can 
be linked to a few different factors; however, toxicity can be linked to dose, availabil-
ity, and duration of exposure (Zhong et al. 2004; Fafarman et al. 2011).

2  Effect of Surfactant on Toxicity

Surfactants can play a vital role in the toxicity of nanoparticle and dispersion within 
the environment and subsequently within organisms. The earlier works on the syn-
thesis of nanoparticles have reported the use of reducing agents such as citric acid, 
ascorbic acid, and sodium borohydride (Wuithschick et  al. 2015; Kimling et  al. 
2006; Song et al. 2009). These reducing agents have been used to generate poly-
dispersed mixtures of nanoparticles, and in some cases the reducing agents become 
surface coating agents. The geometry of nanoparticles can also affect their disper-
sion in a solution. Fig. 5.4 exhibits formation of geometrically regular nanoparticles 
using citrate. However, these geometries extend past the metallic NPs into the metal 
oxide as well as metal sulfide NPs (Grzelczak et al. 2008; Lim et al. 2007; Kitchens 
et al. 2005; Scarabelli et al. 2013; Rodriguez et al. 1996; Luis & Liz-Marzán 2002; 
Personick et al. 2011).

However, more recently the shift in nanoscience has been for the addition of 
surfactants to a solution to control the geometry of the resulting nanoparticle 
(Grzelczak et al. 2008; Lim et al. 2007; Kitchens et al. 2005; Scarabelli et al. 2013; 
Rodriguez et al. 1996; Luis & Liz-Marzán 2002; Personick et al. 2011). The desire 
to control the shape of nanoparticles can be related to the desired function of the 
nanoparticles. Nevertheless, the use of surfactants has one major drawback to their 
use, which is the coating of the nanoparticle surface with a chemical that may inhibit 
the way the particle interacts with the environment. Examples of a surface coated 
Au-NP with cetyltrimethylammonium bromide (CTAB) surfactant and citrate are 
shown in Fig. 5.5. The CTAB-extracted nanoparticles show a definite layer around 
the edge and the citrate-stabilized nanoparticle show a halo effect around the edge 
of the particle.

Fig. 5.4 Regular platonic geometric-shaped nanoparticles generated without surfactants in 
solution
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The development of surfactant-stabilized NPs has raised the following interest-
ing question: What causes the toxicity of nanoparticles? In addition, the develop-
ment of “biological methods” of NP synthesis for better biocompatibility of NPs 
raises even more questions that need to be answered about NP toxicity, the distribu-
tion of NPs in organisms, and the toxicity of the surfactant used for nanoparticle 
stabilization. As surfactants coat NPs, their ability to cross the cellular membrane 
increases, which may change the toxicity of the NP, or may cause carcinogenic 
effects. In addition, NP toxicity may be related to the stress of the organism and 
inability for the immune system to respond to pathogens.

The various nanomaterials currently synthesized or developed for human health-
related applications include metal oxide nanoparticles, metallic nanoparticles, 
organic nanoparticles, nanofibers, and carbon nanoparticles. Moreover, there are 
many questions about NP toxicity and the validity of the toxicity, some particles 
show toxic effects in one organism but do not show the same in another organism. 
Current literature shows that the toxicity of NPs has been linked to the oxidation 
ability of the NPs, the ability to generate radical species such as the ROS and reac-
tive nitrogen species (RNS) (Parke and Sapota 1996; Kimura et al. 2005; Hurst and 
Lymar 1997). Another important question about NP toxicity is the toxicity due to 
the NP itself or to dissolved ions in solution, or the generation of secondary species. 
NP toxicity has also been linked in some cases to the ability to attach to the cell 
walls in some organisms (Chwalibog et al. 2010; Hajipour et al. 2012). The focus of 
this book chapter is to highlight the toxicity of metal and metal oxide nanoparticles 
in different biological systems. The discussion of studies that have focused primar-
ily on the accumulation or purely on the uptake of NPs by organisms is beyond the 
scope of this work.

3  Methodologies of Study

Perhaps one of the most important and yet least uniform parts of nanotoxicity stud-
ies is the methodology used in the synthesis (e.g., predicting and measuring toxic-
ity). There are two basic ways to observe NP toxicity in biological systems: (1) 
using chemical techniques of analysis or (2) biological/cellular techniques. Each set 
of techniques has advantages and disadvantages when used to observe NP toxicity. 

Fig. 5.5 Examples of 
surfactants surrounding 
and encapsulating 
nanoparticles after 
synthesis
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Testing the toxicity of NPs can be broken down into in vitro and/or in vivo testing. 
The results of toxicity testing performed in vivo and in vitro do not necessarily align 
with each other. However, this may be due to the fact that there is no direct effect 
(rather, in direct effect) of NP toxicity on the organismal development or behavior. 
In fact, some of the earlier studies on NP-plant interactions have shown positive 
effects of NPs on plant growth (Gardea-Torresdey et  al. 2002; Rico et  al. 2014; 
Arora et al. 2012; Kumar et al. 2013). For example, the treatment of Medicago sp. 
with potassium tetrachloroaurate salt resulted in the generation of gold NPs inside 
the live plants (Gardea-Torresdey et al. 2002). However, the treated plants showed 
enhanced growth when compared to the control plants. Similarly, this effect was 
shown in wheat and Arabidopsis thaliana (Rico et  al. 2014; Arora et  al. 2012; 
Kumar et al. 2013). Alternatively, the generation of reactive oxygen species (ROS) 
and other radical species have been shown to be important in investigating the toxic-
ity of some NP species. Perhaps the dissolved ions, stabilizing agents, and second-
ary generated ROS are more toxic than the NPs are to the organism (Lee et al. 2009; 
Bozich et al. 2014; Yasun et al. 2015).

4  Chemical and Physical Methods to Observe NPs 
in Biological Systems

Taking a broad overview of the characterization methods used for NPs, one can 
summarize them as follows: dynamic light scattering (DLS), UV-Vis, X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM), atomic force microscopy 
(AFM), selected area electron diffraction (SAED), atomic emission spectroscopy 
(AES), electron energy loss spectroscopy (EELS), and X-ray photoemission spec-
troscopy (XPS). These techniques are utilized for the characterization of the NPs 
themselves, at the same time also used for the evaluation of changes in NPs after 
uptake. In addition, ICP-MS, ICP-AES, fluorescence spectroscopy, flow cytometry, 
and Neutron activation analysis (NAA) have been used to determine NPs uptake as 
well (Jansa and Huo 2012; Pauksch et al. 2014; Govindaraju et al. 2008; Sun et al. 
2005; Raffi et al. 2008; Akhtar et al. 2012; Asharani et al. 2008; Tetard et al. 2008; 
Kerkmann et al. 2004; Saif et al. 2008; Absar et al. 2005; Hu et al. 2007; Abdel-
Mohsen et al. 2013; Heike et al. 2014; Merrifield et al. 2018).

As technology advances, the ability to evaluate the effects of NPs on organisms 
also gets refined. In recent years, there have been tremendous instrumental advances 
specifically in the area of Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) 
for NP analysis (Heike et al. 2014; Merrifield et al. 2018; Love et al. 2012; Marquis 
et al. 2009). The development of the Single Particle (SP) ICP-MS has given investi-
gators the ability to characterize true NP solution concentrations. Furthermore, as 
SP-ICP-MS is available, it can be utilized to detect the difference between NPs and 
dissolved ions (Heike et al. 2014; Merrifield et al. 2018). In addition, the improve-
ment in TEM techniques has also allowed for better imaging of NPs within cells 
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(Love et al. 2012; Marquis et al. 2009). As well as TEM technology has advanced 
the ability to image and determine the phase of NPs in cells. The attachment of 
Selected SAED to TEM may allow, in the future, capturing the diffraction analysis 
of NPs in individual cells.

Fluorescence spectroscopy has also been utilized for the quantitative and qualita-
tive determination of NPs in cells (Love et al. 2012; Marquis et al. 2009). The down-
side of the fluorescence microscopy method is the limitation of the quantification of 
the NPs that depends on the fluorescence properties of the NPs. The limitation can 
further exasperate by adding a fluorescence molecule to the particle, which may 
alter the uptake and NP behavior. To overcome this problem, spinning disk confocal 
microscopy was developed and has been used to monitor the movement of quantum 
dots within cells (Love et al. 2012; Marquis et al. 2009).

One of the most important issue to address NP toxicity is the reproducibility of 
the data reported on the same material by different research groups. The reproduc-
ibility problems sometimes can be related to the intrinsic properties of the NPs. For 
example, the attachment of a surfactant to a NP surface will change the global 
behavior of the NP such as the point of zero charge (PZC), and the interaction with 
the cellular walls and lipid membrane in cells (Love et  al. 2012; Marquis et  al. 
2009). In addition, the surfactants can also change the agglomeration of the nanopar-
ticles in solution, which can directly affect the transport of the NPs. Surfactants are 
commonly used as a stabilizer during the synthesis of the NPs to generate specific 
size range and geometrical shape.

5  Biochemical Assays for the Determination of NPs

Warheit et al. have developed a base set of toxicity tests using ultrafine TiO2 NPs 
(Warheit et al. 2007). The crystal size, chemical composition, and surface reactivity 
of the NPs were determined using different experimental techniques such as hazard 
tests: pulmonary assay, skin irritation, skin sensitization, oral toxicity, and eye irrita-
tion. Additional genotoxicity and aquatic screening experiments were also per-
formed on the NPs to study their NPs behavior in organisms. However, when strictly 
discussing methodologies from the biochemical/ molecular biological point of view, 
one delves into cellular assays, which have been developed to assess the vitality of 
cells. Cellular assays include, but are not limited to, the assays of the following: 
metabolic activity, hemolysis, apoptosis and necrosis, exocytosis, cell proliferation, 
oxidative stress, immunogenicity, gene expression, and DNA damage (Love et al. 
2012; Marquis et al. 2009).

Proliferation can be determined using assays through assessing different cell 
properties and/or processes including metabolic shifts, DNA synthesis, and the abil-
ity to form colonies. Metabolic processes and properties are assessed using either 
MMT, XXT, or WST-1 assays; membrane integrity can be measured using dye 
uptake such as Alamar blue or Thymidine incorporation. Necrosis can be deter-
mined using LDH to determine cellular material leakage or uptake of dyes such as 

J. G. Parsons et al.



133

trypan blue, neutral red, and propidium iodide. Apoptosis can be assayed through 
the uptake and transport of Annexin-V and DNA laddering among other techniques. 
The determination of the mechanisms or mode of action of NPs is generally done 
using DNA damage assays such as the studying of the fragmentation, and breakage 
of DNA (Love et  al. 2012; Marquis et  al. 2009). This can be assessed through 
Comet, CSE, and TUNEL (which can be utilized to study cellular apoptosis) tech-
niques (Love et al. 2012; Marquis et al. 2009). The other major mechanism of NP 
toxicity, oxidative stress is determined through the determination of ROS, lipid per-
oxidation, lipid hydroperoxides, depletion of antioxidants, SOD activity, and the 
expression of SOD. These cellular properties are usually determined using the inter-
action with dyes, or fluorescence probes, or the formation of stable radical species 
(Love et al. 2012; Marquis et al. 2009).

For in vivo studies of whole organisms, more techniques become available to 
investigators, which allow for the determination of the effects of “long-term” expo-
sure to NPs. The in vivo studies allow for the determination of EC50 or LD50 for 
treatment of animal with NPs. Furthermore, in vivo studies allow for the determina-
tion of the movement of NPs in an organism between organisms and allow for the 
determination of the toxicity of a given NP and the route of exposure through the 
three common routs of exposure inhalation, dermal contact, or through ingestion. 
To determine the effects of NPs on living organisms, researchers have utilized stud-
ies such as histopathology/histology to observe morphology changes in the organs 
of the test animal. Hematology and serum chemistry were used to investigate at the 
composition of blood and serum as well as the changes occurring after treatment 
with NPs. The distribution of the nanoparticles in the body is another aspect that has 
been studied, which can be achieved using X-ray or MRI imaging as well as the 
extraction of the organs and determination of the effects of the NPs. All the tech-
niques utilized previously allow for a better or clearer picture of the distribution and 
transport of NPS in living organisms. These studies also provide valuable informa-
tion of the effect of biological systems on the toxicity of NPs.

6  Metal Oxide NP Toxicity: Case Studies

6.1  TiO2 NP Toxicity

The toxicity of TiO2 NPs has been investigated extensively in many different organ-
isms including algae, plants human cells, and fish as outlined in the following sec-
tions. The interest in TiO2 NP toxicity has been developed through its use and the 
application in consumer products such as sunscreens (Vance et al. 2015). TiO2 is 
found in three different crystal structures, anatase, brookite, and rutile, of which, 
rutile is the most thermodynamically stable form, followed by anatase, and then 
brookite. In sunscreens, there are commonly two forms of TiO2 present in the ana-
tase and the rutile forms and are added for their UV absorption properties. Due to 
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the low solubility of TiO2, the toxicity of the NPs appears to be a function of the NPs 
and not to solubilized ions in solution. The commonly observed toxic effects of TiO2 
NPs on the different organisms are summarized below in Table 5.2.

7  TiO2 Toxicity in the Treatment of Algae

Algae, particularly microalgae, are simple organisms that are abundantly found in 
lakes, rivers, or on lands. The toxicity of nanoparticles in these organisms can be 
studied where the whole organism can be exposed to nanoparticles in the growth 
medium. When considering the toxicity of nanoparticles to algal species, it is a 
whole organism treatment being studied, whose treatment with TiO2 NPs appear to 
induce oxidative stress in the organisms and subsequently affect cell viability. 
Multiple studies on the toxicity of TiO2 NPs have been performed and are summa-
rized in the following examples extracted from the literature.

Chen et al. investigated the toxic effects of TiO2 NP on unicellular green alga 
Chlamydomonas reinhardtii (Chen et al. 2012). The authors investigated TiO2 
NPs with an average size range of 21 nm at varying concentrations from 0.1 mg/L 
to 100 mg/L. The exposure of the algae to the TiO2 showed inhibition of photo-
synthetic efficiency and cellular growth. However, the amount of chlorophyll (a) 
in the algae was not different than in the control samples but the carotenoids and 
chlorophyll (b) were observed to increase with increasing concentration. The 
authors also showed that as the concentration of TiO2 NPs was increased, the 
cells were damaged while the chloroplasts were degraded, and other organelles 
were reduced. It was noted that the TiO2 NPs were found inside the cells, coating 
the cell walls, and coating the cellular membranes. Along the same lines, Aruoja 
et  al. investigated the toxicity of TiO2 nanoparticles on a microalgae 
Pseudokirchneriella subcapitata (Aruoja et al. 2009). The authors showed that 
bulk TiO2 had an EC50 of 35.9 mg Ti/l whereas the TiO2 NP had an EC50 equal to 
5.83 mg Ti/L (Aruoja et al. 2009). The data showed almost a sixfold increase in 
the EC50 for the NP compared with the bulk crystal phase. The authors also 
showed that the TiO2 NPs formed characteristic aggregates that entrapped the 
algal cells. It was suggested that the toxicity of the TiO2 NPs occurred through 
either the generation of reactive oxygen species (ROS), the inactivation of the 
cells through a combination of TiO2 and visible light, or through the destruction 

Table 5.2 Commonly observed toxic effects in the treatment of multiple types of live organisms 
and cells with of TiO2 NPs

Effect/impairment of biological process Organisms

Oxidative stress/ROS Algae, plankton/ diatoms, fish, human epithelial 
cells

Immune response Bivalve, fish
Viability Algae, fish, human epithelial cells
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of the cellular surface. However, the toxicity of the TiO2 NPs was caused by the 
generation of the ROS-mediated toxicity through the hydroxyl radical species 
(Aruoja et al. 2009). Lee and An studied TiO2 NP toxicity on green algae using 
irradiation from UV-A and UV-B light sources, visible light, as well as without 
irradiation (Lee and An 2013). The authors investigated the toxic effects of 
21 nm TiO2 NPs on the green alga Pseudokirchneriella subcapitata, which is 
found in fresh water. It was found that as the concentration of NPs was increased, 
the algal growth rate was observed to decrease. These effects were not observed 
in the pre-irradiation conditions and attributed to the effects of the photo cata-
lytic ability of the TiO2 NPs. Under visible light, the TiO2 nanoparticles showed 
EC50 of 2.53 under visible light; however, under UV-A light, the EC50 increased 
slightly to 3.00 and was 2.95 using UV-B irradiation (Lee and An 2013). The 
authors tied the toxic effects of the TiO2 nanoparticles to the formation of the 
superoxide ion by the TiO2 which caused observed effects in the algae. Sadiq 
et al. have investigated the toxic effects of TiO2 anatase NPs on Scenedesmus sp. 
and Chlorella sp. microalgal species (Sadiq et al. 2011). Inhibition of the growth 
for both microalgal species was observed. The alga species were treated with 
concentrations of 3–196  mg/L.  The observed EC50 at 72  h were 16.12 for 
Chlorella sp. and 21.2 mg/L for Scenedesum sp. Through FTIR analysis of the 
samples, the authors observed the attachment of the nanoparticles to the cellular 
membrane during the study. Photocatalytic TiO2 Degausa P-25 (a mixture of 
anatase and rutile) mixtures have also been studied for their toxic effects on the 
marine algae Pseudokirchneriella subcapitata (Sadiq et al. 2011). The authors 
investigated dose response experiments, where lipid peroxidation, chlorophyll A 
concentration, as well as direct cell counts were measured for toxicity. The study 
showed an EC50 of 6.5 particles per cell, and it was discovered that the critical 
particle size ranged from 4 to 30  nm for detrimental effects to be observed. 
Further analysis of the samples by the authors using SEM showed agglomeration 
of the NPs on the surface of the cells in layers. Metzler et al. also indicated the 
NPs showing lipid peroxidation in conjunction with the surface coverage may 
have been the cause of the negative effects of the NPs (Metzler et al. 2011). Fu 
et al. investigated the effects of TiO2 nanoparticle on ROS production and inhibi-
tion of growth in freshwater algae (Fu et  al. 2015). The authors used 
Pseudokirchneriella subcapitata (new name, Raphidocelis subcapitata) as the 
algal species and exposed these algae to TiO2 NPs with UV irradiation for 3 h 
with and without a UV filter. The effects of TiO2 NPs on algae pre-exposed to 
UV light were also investigated. The data showed that exposure to TiO2 NPs 
with and without UV filters decreased algal growth. It was also determined that 
the EC50 were 8.7 and 6.3 mg/L for the algae exposed to UV with and without 
filters, respectively (Fu et al. 2015). Finally, it was concluded from the study that 
the exposure to the TiO2 NPs the ROS species were not directly involved in the 
sublethal effects in the algae. Moreover, Li et al. studied the effects of TiO2 on 
alga1 species and the production of ROS species (Li et al. 2015). In that work, 
two algal species Karenia brevis and Skeletonema costatum were used where the 
algal species were exposed to TiO2 NPs with diameters in the range of 5–10 nm 
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in the anatase phase. The authors observed that the TiO2 NPs were transported 
inside the cells. The growth of both algal species was inhibited with an EC50 of 
10.69 and 7.37 for Karenia brevis and Skeletonema costatum after 72 h treat-
ment, respectively. The effects on the algal species were attributed to the oxida-
tive stress caused by ROS generation inside the algal cells. Inhibition of electron 
transport showed the ROS generation site was the chloroplast for the K. brevis 
(Li et al. 2015). Clement et al. investigated the toxicity of anatase and rutile TiO2 
NPs on caldocerans, algae, and rotifers (Clément et  al. 2013). The authors 
exposed the organisms to TiO2 nanoparticles with crystallite sizes of 15, 32, and 
25  nm as determined using XRD. The authors also exposed the organisms to 
microparticles of anatase and rutile. The treatments consisted of exposing the 
organisms to 100 mg/L of a specific material for up to 72 hrs (Clément et  al. 
2013). Chlorella vulgaris at a TiO2 concentration of 100 mg/L 25 nm anatase 
and 1 um rutile with the average of 5.7% and 4.53% were observed, respectively. 
With D. magna, the authors performed tests at 48 and 72 h after exposure. Acute 
toxicity was observed and was directly related to the increase in particle concen-
trations (Clément et al. 2013). As the exposure time was extended to 72 h, it was 
determined that the EC50 was 1.30 mg/L, which was observed for the 15 nm ana-
tase NPs. EC50 were greater when concentrations of 100  mg/L of the other 
nanoparticles were tested. More importantly, the anatase form was more toxic 
than the rutile form of the particles (Clément et al. 2013).

8  TiO2 Toxicity in the Treatment of Diatoms

Similar to other algae, plankton and diatoms show toxicity to TiO2 exposures. As 
diatoms are single-celled algae, they are also treated as a whole organism in the 
environmental toxicity assays. As in other forms of organisms, TiO2 NPs induce 
oxidative stress in diatoms affecting their survival and growth. Clement et  al. 
extended his nanotoxicity study to include Phaeodactylum tricornutum (Clément 
et al. 2013). All forms of TiO2 used for exposure caused toxicity in this diatom, 
except the nanoparticles and microparticles. From the EC50 values, it was indicated 
that the 15 nm nanoparticles were more toxic than the other nanoparticles. In fact, 
the nanoparticles were toxic to the diatoms as is K2Cr2O7, a well-known carcinogen. 
The authors also investigated Brachionus plicatilis, a rotifer species, and demon-
strated that the micro-particles were much less toxic than K2Cr2O7 while the 15 nm 
Anatase NPs were the most toxic (Clément et al. 2013). Plankton Daphnia magna 
were studied by Dabrunz et al. for the toxic effects of TiO2 NPs (Dabrunz et al. 
2011). The authors studied the plankton stressed with TiO2 NPs with an approxi-
mate diameter of ~100 nm. It was found that concentrations of 3.8 and 0.73 ppm 
lead to toxic effects in the plankton (Dabrunz et al. 2011). It was also reported that 
increasing the particle size to ~200 nm, the toxicity was greatly reduced. A mecha-
nism of action for the toxicity of the nanoparticles was proposed, which required the 
development of a surface coating of the TiO2 NPs over the outside of the plankton, 

J. G. Parsons et al.



137

which lead to a molting disruption. Additionally, the treatment of the plankton with 
2 ppm of TiO2 NPs lead to the development of the surface coating; however after 
36  h, the coating was not present in the treated samples (Dabrunz et  al. 2011). 
However, after 96  h of treatment with surface coating, the mortality rate of the 
plankton was found to be 90%. In a similar study by Zhu et al., the toxicity and 
bioaccumulation of TiO2 NPs in Daphnia magna was investigated (Zhu et al. 2010). 
A minimal toxicity of the nanoparticles was observed within 48  h of treatment. 
However, upon longer treatment, internalization of the nanoparticle was occurred 
while increased toxicity was observed. Mansfield et al. investigated the toxicity of 
TiO2 NPs in D. magna under natural light (Mansfield et al. 2015). The D. magna 
were exposed to anatase phase of the TiO2 NPs at concentrations of 20 and 200 ppm. 
The authors showed that under varying UV irradiation, the LC50 of the TiO2 NPs 
was 778 ppb in the 50% irradiation samples. Whereas in the 100% UV irradiation 
samples, the LC50 was 139 ppb (Mansfield et al. 2015).

9  TiO2 Toxicity in the Treatment of Bivalves

Moving into more complex organisms, studies have been performed on the toxicity 
of bivalve species using TiO2 NPs. The environment for the treatment of bivalves is 
more complex than algae and plankton/diatom treatments. The sediment introduces 
a secondary medium aside from the treatment of the organisms with suspended NPs 
in solution. There are transport questions on the movement of NPs through the sedi-
ments. However, ultimately oxidative stress appears to be one of the larger mecha-
nisms involved in the interaction of TiO2 and bivalves. The effects of TiO2 on bivalve 
species are summarized in the following section. Marisa et  al. investigated the 
effects of TiO2 NPs on clam Ruditapes philippinarum (Marisa et  al. 2015). The 
authors investigated the effect of a mixture of anatase and rutile (70:30) with a focus 
on studying the hemocyte phagocytic activity. The authors showed that the effect on 
the hemocyte function was mediated by the internalization of the nanoparticles 
within the hemocytes. The TEM images taken of treated cells with the NPs were 
noted to be on the cell wall as well as inside the cell (Marisa et al. 2015). Along the 
same lines, Shi et al. investigated the effects of TiO2 NPs on a commercial clam 
Tegillarca granosa (Shi et al. 2017). The authors exposed the clams to environmen-
tally relevant concentrations of TiO2 (no phase specified) at 10–100 ug/L.  The 
authors also exposed the clams for 30 days where they studied the expression of 
genes, the immune-related molecules expressed in the clams after treatment. The 
clams showed a highly downregulated immune-related response, which indicates 
the TiO2 NPs suppressed the immune system of the clams. Furthermore, the gene 
expression suggested pattern recognition receptors may be receptors for NPs in 
marine invertebrates. The authors also showed data suggesting LMS reduction, 
phagocytosis degrease, and NO production increases and lysosome release, the 
reduction of ROS production, and increase in HM in other marine organisms after 
TiO2 treatment.

5 Metal Oxide Nanoparticle Toxicity in Aquatic Organisms: An Overview of Methods…



138

10  TiO2 Toxicity in the Treatment of Fish

The effects of TiO2 NPs on zebrafish have been investigated from different aspects, 
which include the toxicity, but also behavioral changes observed (Chakraborty 
et al. 2016). TiO2 NPs have been shown to induce pre-mature hatching and have 
been found to be toxic to zebrafish embryos, which was determined to be concen-
tration dependent. Exposure of zebrafish embryos to TiO2 NPs has been shown to 
cause death (Chakraborty et al. 2016). Further studies with TiO2 NPs and zebra 
fish have shown neurotoxicity. In fish studies, the translocation of TiO2 NPs to 
different cell types and organs begins to be noticed. The treatment of zebrafish 
with TiO2 NPs shows the enhanced expression of particular genes and the sup-
pression of other genes resulting in brain damage. Stressing of the zebra fish has 
also shown to reduce the reproductive rates of both male and female fish and 
embryo development (Chakraborty et al. 2016). Chen et al. investigated the effects 
of TiO2 NPs on the behavioral of zebrafish (Danio rerio) (Chen et al. 2011). The 
authors exposed embryos of zebrafish to P25 TiO2 NPs, which is a well-known 
photocatalytic nanomaterial and is a mixture of the anatase and rutile TiO2 phases. 
The TiO2 NP were found to range in size from 25 to 70 nm. The authors noted that 
there were no changes in the survivability, hatchability, or morphology in the lar-
vae at low concentrations. However, the mobility and the percentage of time inac-
tive were lower in the 0.1, 0.5, and 1.0 treatments but were unchanged in 5 and 
10  mg/L treatments (Chen et  al. 2011). However, it was not indicated that the 
changes in behavior were due to physiological damage from the exposure to the 
TiO2 NPs. It was also observed that the behavioral changes may be due to increase 
in antioxidant enzymes. The enzymes included in the discussion were superoxide 
dismutase, catalase, and peroxidase, which has been shown in other fish species 
exposed to TiO2 NPs (Chen et al. 2011). Lammel and Struve have investigated the 
toxicity of TiO2 NP on rainbow trout cell lines (Lammel and Sturve 2018). The 
authors investigated cell lines from liver and gills. In that work, TiO2 nanoparti-
cles with 21 nm diameter were used in the P25 mixture, which as previously men-
tioned, it is a photocatalytic mixture of the anatase and rutile phases of TiO2. The 
cells were treated with NP concentrations from 1 to 100 ug/mL (or 1–100 ppm) 
for a 72 h period. The authors noted that there was a little cytotoxicity from the 
TiO2 NPs after the 72  h exposure (Lammel and Sturve 2018). However, the 
nanoparticles were present as agglomerates in the intracellular vesicles of the 
liver and gill cells. Furthermore, the TiO2 adsorbed to the plasma membrane were 
internalized in the cells (Marisa et al. 2015). Zhu et al. investigated the toxicity of 
TiO2 NPs on zebrafish (Zhu et al. 2010). The zebrafish was exposed to nanoscale 
non-stabilized TiO2 in the anatase phase with an average diameter of less than 
20 nm. The studies were performed for 96 h using concentration of 1–500 mg/L. The 
zebrafish embryos had a hatching rate of approximately 100% even at concentra-
tions of 500 mg/L. The TiO2 NPs did not appear to have adverse effects on the 
zebrafish in the study (Zhu et al. 2010). In another study, Yang et al. investigated 
the toxicity of TiO2 NPs on developing zebrafish (Yang et al. 2013). The authors 
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examined the impact of humic acid with TiO2 NPs on the growth and development 
of zebrafish embryos under simulated sunlight (Yang et  al. 2013). P25 TiO2 
nanoparticles (3:1 anatase: rutile) with an average diameter of 21 nm were used in 
that study. The authors employed the TIO2 NPs as the control sample to investi-
gate the effects of the HA/TiO2 NP treatment, which were TiO2 NPs with concen-
trations of 0–1000 mg/L and HA 0–30 mg/L. The authors showed significantly 
decreased survival rate at 5 dpf as the concentration of the TiO2 NPs and HA was 
increased as inherent toxicity without simulated sunlight (Yang et  al. 2013). 
Similarly, in the presence of simulated sunlight, the survivability of the fish was 
reduced. However, the concentration showed to have a larger effect. Without sim-
ulated sunlight, there were approximately 50% of the embryos survived at 
1000 ppm with HA and TiO2 treatment and approximately an 80% survival rate 
was observed with the TiO2 alone; however, under simulated sunlight, there were 
no survivors above 500 mg/L with and without the HA treatment. In developing 
zebrafish, the presence of the HA and TiO2 showed increased oxidative stress in 
the fish. It was determined through lipid peroxidation that increased oxidation 
damage and DNA damage was present in the fish with simulated sunlight (Yang 
et al. 2013). Jovanovic et al. investigated the effects of TiO2 on Fathead minnows 
(pimephales promelas) (Jovanovic et al. 2015). However, the authors investigated 
the stress with respect to the fish’s ability to respond to pathogens. The TiO2 NPs 
were observed to accumulate in the kidney, followed by the spleen, then the liver. 
The concentration in the liver was approximately equivalent to the concentration 
of NPs found in the whole fish. Additionally, It was observed that minnows treated 
at 2 ng/g and 10 ug/g (based on body weight) exposure to the TiO2 NPs followed 
by exposure to the pathogens either aeromonas hydrophila or Edwardsiella ictal-
uri showed inhibited response in the immune system and increased mortality. 
Further study of the minnows injected with the TiO2 NPs showed histopathology 
(Jovanovic et al. 2015). There appeared to be an interplay between the histopa-
thology and the immune systems of organisms treated with NPs. Reeves et  al. 
investigated the hydroxy radicals generated from TiO2 on cytotoxicity and oxida-
tive damage to DNA in fish (Reeves et al. 2008). The authors used 5 nm anatase 
NPs at concentrations from 0.1 to 100 ug/mL (ppm) with and without UV irradia-
tion using goldfish cell. The authors observed that all dose levels showed signifi-
cant increase in oxidative damage to DNA (Reeves et al. 2008). The analysis of 
the data showed there was no dose-dependent response in the oxidative damage to 
the nanoparticles at low concentrations of NPs. For the goldfish cells exposed to 
the TiO2 NPs for 24 h in the absence of UV irradiation, a small decrease in cell 
viability was observed (~80% viability). When the cells were treated with 
1000 ppm TiO2 nanoparticles and were subsequently co-exposed to UVA irradia-
tion, the cell viability decreased to ~40%. The authors concluded that with and 
without photosensitization with UVA light, TiO2 NPs were potentially genotoxic 
to fish cells. In addition, the authors concluded that the major cause of toxicity 
was the generation of the hydroxyl radical (Reeves et al. 2008).
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11  TiO2 Toxicity in the Treatment of Mammals 
and Mammalian Cells

The treatment of mammals and cell lines show mixed results with TiO2 NP toxicity. 
Ultimately, the toxicity manifests itself largely at the level of oxidative stress affect-
ing cellular viability, similar to the other organisms mentioned earlier treated with 
TiO2 NPs. Similar to the fish TiO2 NP toxicity studies, the potential for translocation 
of nanomaterials to different organs exists, which may cause multisystem toxicity 
within the organism. However, for the most part, the observed effects on the mam-
mals, excluding cell lines, appear to have an initial effect, which reduces with the 
exposure time. Wu et al. have investigated the toxicity and penetration of TiO2 NPs 
in hairless mice and porcine skin after dermal exposure (Wu et  al. 2009). The 
authors investigated Anatase NPs with sizes of 4 and 10 nm, rutile NPs with sizes of 
25, 60, and 90 nm, and Degaus P25 (anatase/rutile mixture 70:30), a commercial 
photocatalytic material. The TiO2 NPs were tested for their ability to transport 
across porcine skin in vitro and in vivo. The in vitro studies showed not penetration 
of the TiO2 NPs inside the tissue. On the other hand, the in vivo studies indicated 
that TiO2 NPs were in the stratum corneum, stratum granulosum, prickle cell layer, 
and basal cell layer; however, there was no deep penetration into the dermis (Wu 
et al. 2009). The author’s study on the hairless mice showed that mice treated with 
the 10 nm, 25 nm, and P25 NPs had decreased weight after treatment. The liver and 
spleen coefficients were also significantly higher. The nanoparticles were found to 
accumulate in liver, spleen, and heart, but no transport was observed into the blood. 
In addition, the particles were observed in the liver; the bile ducts close to the 
nanoparticle aggregates were shown to be swollen indicating tissue damage (Wu 
et al. 2009). The effects of TiO2 NPs after intraperitoneal injection to mice were 
investigated by Chen et al. (Chen et al. 2009). The mice were injected with TiO2 
NPS at concentrations ranging from 324 to 2592 mg/kg using the anatase phase of 
TiO2, which they were synthesized utilizing a sol gel method. The average grain size 
of the NPs was approximately 3.6 nm. TiO2 NPs were observed to be accumulated 
in the spleen after 24 h treatment. The authors observed a dose-dependent relation-
ship as the concentration of the TiO2 NPs was increased the accumulation of the 
NPs in organs increased. The spleen concentrations of the TiO2 NPs decreased as 
time progressed. As the time increased, the lung, kidney, and liver showed the pres-
ence of TiO2 NPs. The authors concluded that some of the NPs were excreted from 
the kidney and the toxicity of the NPs to the liver than kidney. The study also showed 
that TiO2 NPs could transport to different tissues after injection. All the organs that 
contained TiO2 NPs showed adverse effects to some degree but were minor in the 
extent of damage (Chen et al. 2009). Warheit et al. investigated the effects of TiO2 
NPs on pulmonary instillation in rats to determine if toxicity was a function of NP 
size (Warheit et al. 2006). The authors used rutile NPs with an average diameter of 
300 nm, anatase nano-rods (up to 233 nm long), and nanodots which were in the 
anatase phase. The rats were treated intratracheally with TiO2 NPs dispersed in 
phosphate-buffered saline (PBS) solution. Exposure to the nanoparticles produced a 
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trainset short-lived pulmonary inflammation response within the first 24 h of treat-
ment. However, the NPs administered at a high dosage of 5 mg/kg did not induce 
any long-lasting effects in the rats (Warheit et al. 2006). Gerloff et al. have investi-
gated the toxicity of TiO2 mixed anatase/rutile phase on Caco-2 cells from human 
intestine (Gerloff et al. 2012). The authors noted that TiO2 has been a common food 
additive for many years. The authors studied pure anatase, and a mixture of anatase/
rutile from various vendors. The average crystallite size was determined to range 
from 6.7 nm up to 215 nm. It was concluded from the study that specific surface 
area and crystallinity of the NPs was important for the toxicity to the intestinal cells. 
However, it was noted that there was no correlation or evidence for the TiO2 
nanoparticles playing a role in the ROS-mediated stress of the Caco-2 cells (Gerloff 
et al. 2012). Hsiao and Huan studied the effects of TiO2 on human lung epithelial 
cells (Hsiao and Huang 2011). The authors purchased phase pure anatase nanopar-
ticles and anatase/rutile mixed phase nanoparticles and subjected to treatments of 
the TiO2 NPs from 50 to 1.56 μg/mL from time intervals of 12, 24, or 72 hrs. The 
authors followed the cell morphology and performed MMT assay for cell viability, 
followed the production of IL-8 for the concentration treatments. This exposure 
caused a decrease in toxicity as the average grain size of the nanoparticles increased 
for 12 and 72 h treatments. The amorphous particles induced more pro-inflamma-
tory factor in human cells than the larger NPs. It was also noted that the anatase 
phase of the TiO2 NP induced a higher cytotoxicity to the cells. The authors also 
indicted that point of zero charge (PZC) plays a role in the transport of the nanopar-
ticles across the cells and plays a role in the toxic effects of the nanoparticles 
(Gerloff et al. 2012). Jeng and Swanson, on the other hand, studied the toxicity of 
metal oxide NPs on mammalian cells from mouse (Jeng and Swanson 2006). The 
authors studied TiO2 among other metal oxide NPs with a mean size range from 50 
to 70 nm. The authors used the MMT assay to investigate the cell viability of TiO2 
where no effect was observed on cell viability. Furthermore, it was shown that TiO2 
did not affect the mitochondrial function of the cells. The authors concluded that the 
TiO2 NPs were only lightly toxic to the cells (Jeng and Swanson 2006). Karlsson 
et al. exposed human epithelial cells to TiO2 NPs with an average diameter of 63 nm, 
which showed no reduced cell viability (Karlsson et al. 2008). These nanoparticles 
showed the ability to damage DNA. The TiO2 NPS showed an increase in the ROS 
species generated within the cells over the concentrations in the control cells 
(Karlsson et al. 2008).

12  ZnO NP Toxicity

ZnO NPs have been investigated for their toxic effects in different biological sys-
tems. Like TiO2 NPs ZnO NPs are a commercially important Type of NP. One of the 
common uses of ZnO has been traditionally in high SPF sunscreens. The applica-
tion of ZnO in sunscreens especially with NPs raises several questions about the 
toxicity, considering the direct dermal application of sunscreen. Also, the high use 

5 Metal Oxide Nanoparticle Toxicity in Aquatic Organisms: An Overview of Methods…



142

of sunscreens in and around aquatic environments raises questions about the envi-
ronmental transfer and potentially elevated concentrations of ZnO NPs. Unlike TiO2 
NPS ZnO NPs can be dissolved at physiological pHs and the Zn2+ ions are able to 
cause similar toxic effects as the NPs. The toxicity of ZnO NPs becomes a question 
of the solubility and organismal response to dissolve Zn2+ ions in solution as well as 
the ZnO NPs effects. The most commonly observed toxicity effects of ZnO NPs on 
the different organisms are summarized in Table 5.3 and in the following sections.

13  ZnO Toxicity in the Treatment of Algae

The toxicity of ZnO NPs is similar to that of TiO2 NP in algal species, specifically 
with respect to the increase in ROS generation and decrease in cell viability. 
However, unlike TiO2, NPs ZnO NPs are soluble and can form ions. The formation 
of Zn2+ ions in solution complicates the study of ZnO toxicity. Zn2+ ions can be toxic 
in high enough concentration, and thus the question becomes: is the observed toxic-
ity caused by the ZnO or the Zn2+ ion. Bhuvaneshwari et al. have investigated the 
cytotoxicity of ZnO NPs on Scenedesmus obliquus under low concentration, 
VU-light, as well as dark and visible light conditions (Bhuvaneshwari et al. 2015). 
The authors used ZnO NPs with sizes less than 100 nm and a second set of ZnO NPs 
with an average size of 40 nm. The authors used three concentrations of 0.25, 0.5, 
and 1.0 mg/L and used a 72 h treatment, with either UV-C, visible light, or dark 
conditions. Subsequent to treatment, the authors determined the following: oxida-
tive stress, cellular membrane integrity, total organic carbon (TOC), and the surface 
interaction of the NPs with the cells. As well, the authors investigated the internal-
ization and uptake of the NPs. The authors showed that cell viability had decreased 
for both NPs under all illumination techniques and increased with increasing con-
centration of the ZnO NPs. Under UV-C irradiation the amount of ROS species 
generated were increased, as well as the membrane integrity decreased with increas-
ing concentration. The internalization of the NPs into the algal cells was also 
observed (Bhuvaneshwari et al. 2015). Ji et al. studied the toxicity of ZnO NPs on 
the green algae Chlorella sp. (Ji et al. 2011). The authors observed a nano-Zn parti-
cles-led inhibition of algal growth with a 6-day EC50 of 20 mg/L. The authors used 
20 nm ZnO particles and showed that as the concentration of the NP increased, the 
toxicity was increased. It was also noted that the amount of dissolved Zn in  solution 

Table 5.3 Major commonly observed toxic effects in the treatment of multiple types of live 
organisms and cells with of ZnO NPs

Effect/impairment of biological process Organisms

Oxidative stress/ROS Algae, bivalves, fish, mammals/ mammalian 
cells

Immune response Fish, mammals/ mammalian cells
Viability Algae, fish, mammalian cells
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increased with an increase in the concentration. The data suggested that the toxicity 
of the ZnO was caused by the NP dissolution (Bhuvaneshwari et al. 2015). Manzo 
et al. investigated the toxic effects of ZnO nanoparticles on a marine alga Dunaliella 
tertiolecta (Manzo et al. 2013). The authors used ZnO nanoparticles uncoated with 
an average diameter of 100 nm, as well the authors used ZnCl2 to assay the Zn2+ ion 
toxicity. It was reported that the dissolution of the ZnO was almost complete after 
24 h of exposure. The data from the study showed an EC50 of 1.94 for the ZnO NPs, 
and EC50 of 3.57 for bulk ZnO NPs, and an EC50 of 0.65 for the ZnCl2. The authors 
concluded that the ZnO was more toxic than the ionic form (Ji et al. 2011). Peng 
et al. have investigated the toxicity of and the effect of morphology of ZnO NPs on 
marine algae (Peng et  al. 2011). In that work, spherical NPs, nanoplatelets (2-D 
structures), and nanoneedles/nanorods were investigated (Peng et  al. 2011). The 
algae T. pseudonana and P. tricornutum were exposed to 10-80 mg/mL of the ZnO 
NPs for up to 72 h. It was observed that the dissolution of the NPs occurred within 
hours of exposing the ZnO NPs to the growth medium releasing Zn2+ ions. The 
growth of both the T. pseudonana and C. gracilis occurred and was thought to be a 
result of the NP dissolution due to the acute toxicity of the Zn2+ to the organisms. 
However, the P. tricornutum growth was not as greatly affected by the Zn2+ ions and 
observed effects could be correlated to particle concertation and morphology (Peng 
et al. 2011). The 1-D structures showed greater toxicity than the 3-d morphologies. 
The study suggested that both the ZnO and Zn2+ were the cause of the toxicity in the 
algae(Peng et al. 2011). Miller et al. have studied the effects of ZnO nanoparticle on 
marine phytoplankton S. marinoi, T. pseudonana, D. tertiolecta, and I. galbana 
(Miller et al. 2010). The authors used zincite nanoparticles with an average diameter 
of 20-30 nm and exposure concentrations of 10–1000 ug/L for 96 h. The growth of 
the phytoplankton was significantly reduced after exposure to the ZnO NPs. More 
importantly, the ZnO NPs were quickly dissolved in the saltwater medium 32% of 
the NPs mass and was dissolved in the first 12 h and still observed to be dissolving 
at the 96 h time period.

14  ZnO Toxicity in the Treatment of Bivalves and Aquatic 
Organisms

Similar effects with respect to the toxicity have been observed within bivalve spe-
cies that have been studied as have been observed in algal and plankton species. 
Similarities in toxicity have been observed even though bivalve spices are some-
what more complex than algal and plankton species. In addition, the route of expo-
sure requiring the movement of the particle through a sediment is also different. 
Buffet et al. have studied the effects of ZnO NPs on clams and ragworms (Buffet 
et al. 2012). The authors exposed the organisms to 3 mg/kg concentrations based on 
the sediment, which they considered to be an environmental relevant concentration. 
The NPs were sized between 21 and 34 nm with a positive surface charge from 
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diethylene glycol. The organisms were treated under three difference conditions, 
seawater alone, DEG alone, and ZnO NPs in sediment (3 mg/kg). It was concluded 
that there were no consistent changes in biochemical markers (Buffet et al. 2012). 
The effects appeared to be related to the DGE presence on the NPs while the behav-
ior of burrowing for the DEG-treated and ZnO-treated NPs were not significantly 
different. The authors noted that ZnO NP toxicity was generally attributed to the 
presence of Zn2+ ions; however it was difficult to differentiate between the natural 
background Zn2+ and that accumulated from the NPs and NP dissolution (Buffet 
et al. 2012). Ali et al. observed the oxidative stress and genotoxic effect of ZnO NPs 
in a freshwater snail (Ali et al. 2012). The authors exposed the freshwater snails to 
ZnO NPs with an average diameter of 50 nm for 96 h at below lethal concentrations. 
It was reported that at 32  ppm, a reduction of glutathione was observed with 
increases in the malondialdehyde level and catalyze levels in the digestive glands. 
The authors also observed significant DNA damage with the organisms treated for 
24 and 96  h. The authors concluded that the ZnO NPs induced genotoxicity in 
digestive gland due to induced oxidative stress (Ali et al. 2012).

15  ZnO Toxicity in the Treatment of Fish

Similar to fish studies with TiO2 NPs, ZnO NPs have shown to be toxic. Again, the 
pertinent question is whether the observed toxicity is due to the interaction of NPs 
or Zn2+ ions. It is also observed in fish like algae, ZnO NPs caused oxidative stress 
as well as immune system impairment and affected viability. Zhu et al. investigated 
the effects of ZnO NPs on zebrafish (Zhu et al. 2008). The authors treated the fish 
with ZnO NPs (20 nm) and Bulk ZnO particles at concentrations from 1 to 50 for up 
to 96  h. At the 96th hour of treatment, the zebrafish survival rate dropped from 
approximately 98% in the controls to 0  in the 50-ppm treatment. Similar results 
were observed in the Bulk studies. As the ZnO concentrations were increased, the 
survivability of the zebrafish decreased. Similar results were observed for the hatch-
ing rate with a decrease of 0% for the 50 ppm treated fish. The EC50 for both the 
Bulk ZnO and NP ZnO were approximately 2. It was noted that the tissue ulceration 
when the hatched zebrafish embryos after 72  h treatment sand increased with 
increasing particle concentration (Zhu et  al. 2008). Zhao et  al. studied the acute 
effects of ZnO NPs exposure on the development of toxicity, oxidative stress, and 
DNA damage in zebrafish (Zhao et al. 2013). The authors suspended ZnO less than 
100  nm NPs in zebrafish culture media with concertation variation from 1 to 
100 ppm. The authors analyzed the concertation of free zinc in solution after treat-
ment and prepared Zn solutions from ZnSO4 to determine the toxic effects of the 
Zn2+ ions. The results of the study showed the embryo hatch was significantly slow 
and malformation increased at 96 h of exposure (Zhao et al. 2013). The ZnO NPs 
also induced DNA damage through ROS generation. In addition, the activities of 
defense enzymes were changed while MDA concentration in the larvae were 
increased. It was also indicated that the Zn2+ ions were less responsible for the 
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 damage than the ZnO NPs. The data from the study also showed mRNA was  
damaged, which can be used to encode response enzymes and responses for oxida-
tive stress (Zhao et al. 2013).

16  ZnO Toxicity in the Treatment of Mammals 
and Mammalian Cells

ZnO NPs have been shown to be toxic to mammals and mammal cells. However, the 
toxic effects of the ZnO NPs seem to correlate strongly to the concentration of free 
Zn2+ ions. In addition, in in vivo studies using mice or other mammalian models, 
one begins to see multisystem effects with the treatment of whole organisms with 
ZnO NPs. In addition, some studies begin to show secondary effects or causal 
effects due to direct effect on a different cellular system. Song et al. have investi-
gated the role of Zn2+ in ZnO NP toxicity in mouse macrophage Ana-1 (Song et al. 
2010). The authors focused on the toxicity from the generation and damage caused 
by ROS. The study focused on nanoparticles of four different sizes: one set of par-
ticles was on the order of microns in size, the second set was less than 100 nm, the 
third set were 30 nm, and the fourth set were 10–30 nm in diameter. The cells were 
treated with NP concentrations of 2.5–100  ppm for 24  h. In that work, a dose-
dependent toxic effect was observed (Song et al. 2010). In addition, there was no 
effect observed due to the size of the nanoparticles. But a Zn2+ concentration of 
10 ppm induced a 50% death which was close to the NP toxicity. The cellular viabil-
ity and membrane integrity were observed to have high correlation with the concen-
trations of the Zn2+ in the supernatant of the culture. Finally, the authors concluded 
that ROS may be generated by the ZnO and dissolved Zn2+ but had a minor role in 
cytotoxicity but was a cytotoxic response to ZnO NP and Zn2+ (Song et al. 2010). 
Roy et al. investigated the therapeutic effects of ZnO NPs in balb/c mice (Roy et al. 
2014). Concentrations of 1–12  mg/mL of the ZnO NPs with average diameters 
below 50 nm were used in the study with a treatment time of 30 days. The ZnO NPs 
effectively boosted the immune response leading to inflammatory response, which 
was determined by the expression of Cox2, MMP, and PGE2. The authors con-
cluded that the ZnO NPs could be potentially utilized in therapeutics (Roy et al. 
2014). Esmaeillou et  al. investigated the oral toxicity of ZnO NPs in adult mice 
(Esmaeillou et al. 2013). The authors used 20–30 nm ZnO NPs and were given to 
the mice using oral gavage at a concentration of 333.33 mg/kg/day. Loss of appetite, 
ever lethargy, and vomiting in some mice were observed over the exposure period. 
Within 3  days of treatment, one mouse was deceased. The authors performed a 
series of biochemical assays and showed lower HDL and LDL in the treated mice 
but the triglycerides in the serum were increased. The results of the assays also 
showed potential liver and kidney damage in the mice. The authors also showed that 
lung damage was induced by the ZnO NPs. ZnO NPs (50-70 nm) have shown to be 
toxic in mammalian cells (Esmaeillou et  al. 2013). Jeng and Swanson showed 
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nanoparticle-exposed Neuro-2A cells exposed to doses of 100  ppm changed in  
morphology, and size, as well became detached (Hsiao and Huang 2011). 
Furthermore, the mitochondrial function degreased at treatments from 50 to 
100 ppm. The authors also noted that the cellular membrane integrity was affected 
as indicated by LDL leakage. Apoptosis occurred at under ZnO NP treatment and 
cells became necrotic with the increase in concentrations. Buerki-Thurnherr et al. 
have investigated the mechanisms of ZnO NP toxicity using Jurkat cell or human T 
cells (Buerki-Thurnherr et al. 2013). The authors used four different ZnO materials 
in the study, which included commercially available 10 nm ZnO NP, a mandelic 
modified 18.3 nm ZnO, a 29 nm ZnO NP with Silica shell, and lab made methoxy-
coated NPs 8 nm. In that study, it was determined the toxicity induced in the T cells 
by the NPs was due to the dissolution of the ZnO NPs. The presence of the Zn2+ ions 
in the growth media, which resulted in the storage of the zincosomes and the expres-
sion of MTs was upregulated. Above the threshold concentration, apoptosis occurred 
and eventually cellular death. Interestingly, the authors noted that ROS were not a 
major contributor to the studied mechanism (Buerki-Thurnherr et al. 2013). Hsiao 
and Huang have studied the toxicity of ZnO NPs on lung cells (Hsiao and Huang 
2011). This study was designed to test a common premise that the physiochemical 
properties of NPs are critical players in the toxicity of NPs. The authors prepared 
rod-shaped, spherical, and sphere-like ZnO NPs. The sphere ZnO NPs had diameter 
of approximately 5 nm and lengths of 16-48 nm. Whereas the spherical NPs had 
diameters in the range of 5–10 nm. The sphere like NPS had sizes from 36 to 60 and 
50 to 122 nm. The cells were treated with 1.56-50 ppm concentrations for times of 
12, 24, and 72 hrs. The authors demonstrated convincingly that the nanorods were 
more toxic than the nanospheres with EC50 values of 8.5 and 12.1 ug/mL, respec-
tively. The shape appeared to control the toxicity of the NPs when size and surface 
area were comparable. The authors concluded that both size and shape of the ZnO 
NPs influence the mitochondrial activity and chemokine productivity (Hsiao and 
Huang 2011). Karlsson exposed epithelial cells to 100 nm ZnO NPs which showed 
a decrease in the cell viability of 38% (Jeng and Swanson 2006). The ZnO showed 
almost no damage to the DNA of the cells. The ZnO NPs showed increase in the 
ROS generation in the cells after treatment compared to the control cells (Jeng and 
Swanson 2006).

17  CuO NP Toxicity

Numerous studies were reported on the toxicity of CuO NPs, which are perhaps the 
third most studied NPs for their toxicity. Copper oxide NPs find commercial use in 
products such as antifouling paints, antimicrobials, and cosmetics (Khan et al. 2019; 
Grigore et al. 2016; Adeleye et al. 2016; Khashan et al. 2016). These commercial and 
personal care applications have the potential to increase the presence of CuO NPs in 
the environment and human exposure. Like ZnO NPs, CuO NPs can readily go 
through dissolution at physiological pHs and cause increased copper  concentrations 
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in cells. Elevated copper concentrations in humans have been linked to several differ-
ent health conditions. The copper-related health conditions due to elevated copper 
concentrations can be summarized as follows: liver damage, gastrointestinal symp-
toms, and at extremely high concentration death (Institute of Medicine 1998; National 
Research Council Committee on Copper in Drinking Water 2000). It should also be 
noted that copper ions are essential to the healthy growth and development of organ-
isms. However, the toxicity of CuO NPs may be a combination of the dissolved cop-
per species and the NPs, or caused by either, as in nano zinc treatments. Mixed 
results have been observed when authors attempt to determine CuO NP toxicity. The 
most commonly observed toxic effects observed across the different organisms are 
summarized in Table 5.4.

18  CuO Toxicity in the Treatment of Algae

Similarly, effects with respect to the toxicity of ZnO NPs have been observed with 
CuO NPs. Ultimately, oxidative stress and cellular viability are the most common 
toxic effects of CuO NPs in algal species. Similar to ZnO NPs, CuO NPs are some-
what soluble in aqueous solution releasing Cu2+ ion, which are toxic to some algal 
species. In fact, CuSO4 is a well-known algicide, which generates free Cu2+ ions in 
solution. Thus, the study of CuO NP toxicity is more than likely a combination of 
the particles and the dissolved ions in solution. Melegari et al. have investigated the 
toxicity of CuO NPs on Chlamydomonas reinhardtii a green algal species (Melegari 
et al. 2013). The authors treated the algal species with 20–30 nm CuO NPs, which 
were approximately spherical in shape. The study used NP concentrations of 
0.1–1000 ppm CuO NPs with treatment times up to 72 h. It was reported that the 
NPs induced an increase in the reactive species within the algae as well as lipid 
peroxidation of cellular membranes. The study also showed that the NPs were able 
to transport across the cell wall and were internalized within the cells. The toxic 
effects of the NPs were noticed after 72  h of treatment with a concentration of 
0.1 mg/L. Aruoja et al. investigated the effects of CuO NPs Pseudokirchneriella 
subcapitata, a microalga (Aruoja et al. 2009). The authors used a CuO NP with an 
average size of 30  nm for a treatment period of 72  hrs., with concentration of 
100 ppm. The authors determined that the EC50 for the CuO NPs was 0.71 mg/L, 

Table 5.4 Major commonly observed toxic effects in the treatment of multiple types of live 
organisms and cells with of CuO NPs

Effect/ Impairment of Biological Process Organisms

Oxidative stress/ROS Algae, plankton, bivalves, fish, mammalian 
cells

Immune system downregulation Bivalves,
Viability Algae, plankton, bivalves, fish, mammalian 

cells
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which was much more toxic than the comparable CuO bulk EC50 of 11.55 mg. The 
data showed a decrease in the cell growth and complete inhibition of growth at 
6.4 mg Cu/L using the CuO NPs. In addition, it was concluded that the bioavail-
ability of the CuO in the NPs was much higher than the bulk phase (Aruoja et al. 
2009). Suppi et al. investigated CuO NP toxicity to algae (Suppi et al. 2015). The 
authors used CuO NPs with average diameters of 30 nm and treatment concentra-
tion of up to 100 ppm. The results showed minimum biocidal effects starting at CuO 
10 ppm NP (Suppi et al. 2015). Cheloni et al. investigated the effects of CuO NPs 
on Chlamydomonas reinhardtii using different irradiation compositions (Cheloni 
et al. 2016). The authors studied natural light, UV B, and light from an incubator 
which is a mixture of UV A, UV B, and visible light. The microalgae were treated 
with CuO NPs with a size range of 30-50 nm for up to 24 hrs. at two concentrations 
of 8 ug/mL and 0.8 mg/mL. It was found that the hydrodynamic diameter of the 
NPS changes from 800  nm to 600  nm within 2  h of dispersing and remained  
constant thereafter. The light was observed to affect the algal the cells, under incu-
bator light the cells showed a 1.7% growth inhibition at 0.8 ppm CuO, the 8 ug/L, 
the 0.8 mg/L treatment showed a 67.7% growth inhibition. As well under the natural 
sunlight, the 8 ug/L treatment showed a 2.3% growth inhibition whereas the 
0.8 mg/L treatment showed approximately 6% growth inhibition. Under the UV B 
irradiation, the inhibition increased further for the 8 ug/L CuO NP treatment and 
showed approximately 82% inhibition of growth and the 0.8 mg/L treatment showed 
approximately 94% growth inhibition. Similarly, it was also noted that as the algae 
were treated with the CuO NPs with increasing concentration and changing light 
condition, the membrane permeability was altered with increasing Cu concentration 
especially under UV B. The authors concluded that the UV B in conjunction with 
the UV B irradiation had a synergistic effect on the algae growth and health (Cheloni 
et al. 2016). Sankar et al. have investigated the effect of larger particles 270 nm on 
Microcystis aeruginosa to investigate the growth inhibition of bloom formation 
(Sankar et al. 2014). The algal species were treated with CuO NP concentrations 
from 12.5 to 50 mg/L for up to 96 h. The authors showed that cell density in the 
growth media decreased with treatment time and with increasing concentration of 
the CuO NPs. At 50 ppm of the CuO NPs an inhibition rate of approximately 90% 
was observed. All NP treatments showed a decrease in the chlorophyll A and B as 
well as the total amount of carotenoids produced by the algae. The authors con-
cluded that the CuO NPs were potentially a biocide to the algae to prevent the for-
mation of algal blooms (Sankar et al. 2014).

19  CuO Toxicity in the Treatment of Plankton

Similar to algae species, plankton are affected by the toxicity of CuO NPs in solu-
tion. The major toxic effect observed in plankton species appears to be the genera-
tion of ROS species causing a decrease in the cellular viability. Heinlaan et  al. 
investigated the effects of CuO NPs with an average dimeter of 30 nm on Daphnia 
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magna and T. platyurus (Heinlaan et al. 2008). The authors treated the plankton and 
showed a EC50 of approximately 165 mg/L and 95 for D. magna and T. platyurus, 
respectively. The EC50 of the CuO NPs were much higher values than those observed 
for free Cu ions from CuSO4. The T. platyurus was more sensitive to the CuO NPs 
than the D. magna; the authors also showed that the NPs did not have to enter the 
cells of the organisms to cause toxicity (Heinlaan et  al. 2008). In another study, 
Heinlaan et  al. investigated the effects of CuO NPs with an average dimeter of 
30–60 nm on Daphnia magna (Heinlaan et al. 2011). The authors investigated the 
changes to the midgut of the organism using TEM analysis. At 48 h of treatment, the 
authors showed an EC50 of 175 mg/L for the CuO NPs. The concertation of solubi-
lized copper in solution from the CuO NPs was 0.05 mg/L and the determined EC50 
was similar to that observed for free copper ions. The authors noted that in the pres-
ence of CuO NPs in the midgut lumen, internalization of the CuO NPs was not 
evident. In addition, the CuO nPs after 48 hrs were no longer in the peritrophic 
membrane but had moved to the midgut epithelium microvilli (Heinlaan et  al. 
2011). Mwaanga et al. investigated the effects of CuO NPs with an average dimeter 
of less than 50 nm on Daphnia magna (Mwaanga et al. 2014). The authors exposed 
5-day-old D. magna for 72 h to sublethal concentrations of CuO NPs. The authors 
also investigated the effects of hard water and the presence of natural organic matter 
(NOM). From the treated organisms, the authors investigated several biochemical 
processes including glutathione activity, glutathione oxidation, thiol compounds, 
and metallothionein. The glutathione synthase enzyme was inactivated by the CuO 
NPs; the metallothionine was increased as well as the oxidation of the glutathione. 
The data suggests that the CuO NPs induced oxidative stress in the organisms. The 
authors also showed some dissolution of the CuO NPs in solution and concluded the 
toxicity observed was due to both the dissolved ion and the CuO NPs (Mwaanga 
et al. 2014). Similar results were observed by the authors when investigating the 
toxicity of CuO NPs on Thamnocephalus platyurus using CuO NPs with an average 
diameter of 30 nm (Mortimer et  al. 2010). Mortimer et  al. have investigated the 
effects of CuO NPs on Tetrahymena thermophila (Mortimer et  al. 2010). The 
authors utilized CuO NPs with average diameters of 30 nm. The organisms were 
treated with Cu2+ ions, CuO NPs, and CuO in the bulk form. The concentrations 
used for the treatments for the CuO NPs ranged from 31.25 to 500  mg/L.  The 
authors showed an EC50 of approximately 128 mg/L for the CuO NPs on the organ-
isms. The toxic effects of the CuO NPs were not observed to be time dependent.

20  CuO Toxicity in the Treatment of Bivalves

CuO NP toxicity observed in bivalve species has been shown to be induced by 
the generation of ROS species inside the organisms as has been observed with 
other nanoparticles in bivalve species. However, the differentiation between Cu2+ 
ion toxicity and CuO NP toxicity is difficult, which is due to the similar effects. 
Buffet et al. also investigated the effects of CuO on Scrobicularia plana using 
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200 nm CuO particles (Buffet et al. 2011). In the same study, Buffet et al. studied 
the effects of CuO NPs on Hediste diversicolor treated with approximately 
200 nm CuO NPs. The authors were attempting to observe the effects of CuO 
NPs on behavior and biochemical response to the CuO NPs. The authors treated 
both organisms with CuO NPs with concentrations that was equivalent to10 ug/L 
of dissolved Cu2+ ions. In addition, the authors also treated both organisms with 
dissolved Cu2+ ions for comparative purposes at a concentration of 10 ug/L. The 
defense mechanisms for both organisms being exposed to Cu2+ and CuO NPs 
were elevated compared to controls, which included CAT, GST, SOD, and 
MTLP. However, the LDH concentrations were only elevated in the N. diversi-
color. The exposure to the Cu2+ ions had a negative effect on the burrowing 
behavior whereas the CuO NPs did not appear to affect the behavior (Mwaanga 
et al. 2014). Pradhan et al. investigated the effects of CuO NP with diameters 
ranging from 30 to 50  nm on Allogamus ligonifer (Pradhan et  al. 2012). The 
insects were treated at the highest level of 75 mg/L using either contaminated 
food or through contaminated water. The treatment of the organisms showed a 
higher copper accumulation in the larvae bodies than the nontreated organisms. 
It was determined that the LC50 for the CuO NPs was 569 mg/L after 96 h of 
treatment. The insects treated with the CuO NPs showed decreased appetite and 
a decrease in the growth rate by approximately 46%. The author noted that the 
soluble fraction of Cu2+ was approximately 10% by body mass (Pradhan et al. 
2012). The accumulation of copper oxide NPs in the digestive glands of Mytilus 
galloprovincialis was investigated by Gomes et  al. (Gomes et  al. 2012). The 
authors used CuO NPs with an average size distribution of 30  ±  10  nm. The 
bivalves were treated with 10 ug/L of dissolved Cu2+ ion or CuO NPs for a 15-day 
period. The authors noted that both forms of Cu were effective at causing oxida-
tive stress in the digestive glands; the GPX activities from the exposure to both 
forms of copper were similar. However, an induction of metallothionein was 
observed only in the organisms exposed to Cu2+. The authors concluded that the 
digestive gland is susceptible to CuO NPs and the related oxidative stress and 
was the main tissue for their accumulation (Gomes et al. 2012). Along the same 
line, Hu et al. investigated the toxicity of CuO to Mytilus edulis (Hu et al. 2014). 
The authors used 100 nm CuO NPs and administered doses from 400 to 1000 ppb 
to the mussels. It was noted that copper was located in the gill tissue and small 
amounts in the digestive gland. The data from the study suggested decreased 
protein thiol and increased carbonylation (protein oxidation) (Hu et  al. 2014). 
The toxic effects of CuO NPs ranging in size from 40 to 100 nm on Exaiptasia 
pallida was investigated by Siddiqui et  al. (Siddiqui et  al. 2015). The authors 
exposed the E. pallida to both Cu2+ and CuO NPs at concentrations ranges of 
10–50 ppm and 50–100 mg/L, respectively. In addition, the treatment was per-
formed over 21 days. The Cu2+-exposed organisms showed higher concentrations 
of copper accumulation and concentration increased with both the dosage and 
the time of the treatment. However, overall the organisms treated with the CuO 
NPs showed higher levels of oxidative stress. The oxidative stress was examined 
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using standard enzyme tests for the determination of catalase, glutathione per-
oxidase, glutathione reductase, and carbonic anhydrase. The authors concluded 
that the behavior of the CuO NPs and Cu2+ had differences with respect to the 
magnitude of the effects on the organism (Siddiqui et al. 2015).

21  CuO Toxicity in the Treatment of Fish and Fish Cell 
Lines

CuO nanoparticles have shown mixed results in the treatment of different fish spe-
cies. Like the toxicity observed in different species with ZnO NPs, CuO NPs have 
the added complexity of the Cu ion toxicity. Oxidative stress appears to be common 
among different fish species treated with CuO NPs. There appears to be organ accu-
mulation of copper in the liver and kidney was observed after treatment with CuO 
NPs; the form of the copper is generally not specified in the organs. Diano rerio 
(zebrafish) embryos were investigated by Ganesan et  al. for the toxic effects of 
51 nm CuO NPs (Ganesan et al. 2016). The authors treated the embryos with con-
centrations of CuO NPs from 4 to 80 ppm for a total time of 48 h. The authors 
noticed a 2% death in the embryos at 5 ppm and the LC50 for the CuO NPs was 
determined to be 64  ppm; there was almost a linear increase in mortality with 
increasing concentration of the NPs. Similarly, the rate of hatching was observed to 
decrease with nearing CuO NP concentration. Furthermore, the concentration of the 
CuO NP increased, the heart rate was decreased in the embryos. As the concentra-
tion of the CuO NPs increased, the malformation in the embryos increased. The 
total protein in the fish was observed to increase as the concentration of CuO NPs 
increased; however, the AcHe and ATPase concentrations were observed to decrease 
with increasing NP concentrations. Overall indicators of oxidative stress were 
increased with increasing CuO NP treatment, which included ROS, lipid peroxida-
tion, PCC, and NO. The antioxidant responses to oxidative stress were observed to 
decrease with increasing CuO NP concentrations (Ganesan et al. 2016). Carassius 
auratus or goldfish were subjected to CuO NPs with an average diameter of 40 nm 
by Ates et al. to investigate the toxic effects through waterborne and dietary expo-
sure (Ates et al. 2015). The fish were exposed to concentrations of 1 and 10 ppm in 
either the diet or in the water. The intestine showed the highest levels of copper from 
the NP treatment from dietary and waterborne exposure. The organ with the next 
highest levels were the gills followed by the liver tissue. However, the concentration 
of copper in the heart, brain, and muscle was almost the same as the control sam-
ples. The high doses for treatment showed increased malondialdehyde concentra-
tions indicating oxidative stress (Ates et al. 2015). The authors concluded that the 
waterborne exposure exhibited much higher toxicity than observed through dietary 
exposure. Villarreal et  al. studied the toxic effects of 100  nm CuO NPs on 
Oreochromis mossambicus, a species of Tilapia (Villarreal et al. 2014). The authors 
used flame synthesized CuO NPs and exposed the fish to concentrations from 0.5 to 
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5 mg/L. The fish were studied under two different environments: a constant supply 
of fresh water and an increasing salinity. The fish exposed to the CuO NPs in the 
saltwater increased in the opercular ventilation. However, the fish exposed to fresh 
water showed a much smaller response. In addition, the authors noted that the CuO 
NPs showed effects on the reduced and oxidized glutathione ratios, changes in 
metal response genes. Furthermore, the organs with increased Cu included the gills 
and liver, indicating osmotic stress was induced by the CuO NPs (Ates et al. 2015). 
Isani et al. investigated the effects of 51 nm CuO NPs on Oncorhynchus mykiss, 
commonly known as rainbow trout (Isani et  al. 2013). The authors conducted a 
comparative study between Cu2+ ions and CuO NPs. The authors performed in vitro 
and in vivo studies. The in vitro experiment involved the treatment of red blood cells 
and treated at multiple CuO concentrations. The treatment concentrations used in 
the in vivo study were 1 ug/g body weight injected into the fish. Both the ionic form 
and NP form of the copper increased the hemolysis rate in a concentration-depen-
dent manner for the in vitro studies. The hemolysis was more marked in the cells 
treated with the Cu2+ ions when compared to the CuO NP treatments. The in vivo 
studies showed high concentrations of the Cu in the gills, kidney, and liver. The data 
also showed the concentration found in the organs was significantly higher in the 
ion-treated fish when compared to the NP-treated fish. The toxic effects of 30-40 nm 
CuO NPs on Oreochromis niloticus, a species of tilapia, were investigated by 
Abdel-Khalek et al. (Abdel-Khalek et al. 2016). The authors exposed the fish to 
CuO NPs does at 1/10 and 1/20 the LC50 determined at 96 h of treatment. The fish 
were exposed to both CuO NPs and bulk. The Cu tissue accumulation of the follow-
ing treatment was observed in decreasing order liver, kidney, gills, skin, muscle, 
which caused organ damage. The authors concluded that the CuO NPs were more 
toxic than the bulk phase. The NPs had a higher ability to be internalized into the 
cells compared to the bulk phase. As well the fish treated with the NPs showed 
intracellular osmotic disorders and increased in a determined blood parameter. Cells 
from Chinook salmon have been investigated for the toxic effects of CuO NPs with 
an average diameter of 50 nm, by Srikanth et al. (Srikanth et al. 2016). The authors 
exposed the CHES-214 cells from the Chinook salmon to CuO NPs at concentra-
tions from 5 ppm to 15 ppm. The cells at all concentrations showed increased oxida-
tive stress after treatment compared to the control cells. In addition, the protein 
carbonyl concentrations were increased, while the lipid peroxidation were increased. 
The reduced form of glutathione initially was observed to increase at the 5-ppm 
treatment and then decrease at 10 and 15 ppm, but all levels of glutathione were at 
increased levels compared to the control. Furthermore, the concentration of the oxi-
dized glutathione was observed to be lower than the control samples in the study. 
Both glutathione peroxidase and glutathione sulfo-transferase were increased at all 
treatments compared to the control samples. As well, all the responses to oxidative 
stress were at increased levels compared to the control samples. The authors also 
showed cellular abnormalities with respect to morphological changes. The study 
concluded that CuO NPs were cytotoxic in a concertation-dependent manner.
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22  CuO Toxicity in the Treatment of Mammalian Cells

In cell line studies, CuO NPs have been shown to reduce the cellular viability and 
induce oxidative stress. Karlsson et al. investigated the effects of CuO on human 
lung epithelial cell line A549 (Jeng and Swanson 2006). The authors studied the 
effects of 42 nm CuO nanoparticles at an 80-ppm concentration in solution for 18 h. 
The study showed a reduce viability of the cells of 96%. In addition, the CuO NPs 
showed high DNA damage within the cells. In addition, there was a significant 
increase in the ROS generation within the cells comparted to control treatments. 
The authors showed that the CuO NPs had an eightfold increase in the dose-response 
curve when compared to the treatment of the cells with the ionic form of Cu2+ 
from CuCl2.

23  Conclusion

The toxicity of metal oxide NPs can be generally summed up as an oxidative stress 
process in different species. However, it is not as simple as one mechanism being 
responsible for the toxicity. In some species such as diatoms, the molting process 
becomes inhibited causing imminent death. In addition, the behavior of different 
nanoparticles in solution also has an effect on the toxicity. For example, TiO2 is 
insoluble in water, but ZnO and CuO NPs are somewhat water soluble which gener-
ate the free metal ion in solution. In discussing the toxicity of ZnO and CuO NPs, 
the formation of the free ions in solution adds complicity to the question of NP 
toxicity and the causes. In addition, there does appear to be a link between the 
phases of the NPs that organisms are exposed to, which has been discussed in the 
case of TiO2 NP toxicity. For example, the toxicity of the anatase phase of TiO2 
appears to be higher and has more effects than the rutile phase of TiO2. The differ-
ence in the effect of anatase and rutile may be due to the relatively higher structural 
stability of rutile when compared to anatase. It is noteworthy that many of the TiO2 
NP toxicity studies have used the Degussa mixture of TiO2 (anatase and rutile 
phases in a ratio of about 3:1), which is a common photocatalytic commercial speci-
men of TiO2. In addition, the toxicity of NPs does appear to be aggravated in the 
presence of light. On perusal of literature, it appears that multiple levels of nanoma-
terial interactions contribute to specific toxicity phenotypes in an organism. In addi-
tion, toxic effects also arise from the stabilizing agents utilized in the synthesis and 
dispersion of NPs in solution. This review thus suggests using multiple levels of 
interaction studies to develop a full grasp of nanotoxicity.
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1  Metallic Nanoparticles: An Introduction

Nanomaterials have structures with at least one dimension at the “nanoscale” 
(<100 nm). Examples of these tiny materials include nanoparticles (NPs), nanow-
ires, and nano-films, which possess zero (0D), one (1D), and two dimensions (2D) 
outer of the “nanoscale,” respectively (Pokropivny and Skorokhod 2008). Owing to 
their greater surface/volume ratio, compared to the micro-scale materials, the NPs 
become more reactive and they can also achieve the functionality of their micro-
sized counterparts with lesser mass (Crane and Scott 2012; Masciangioli and 
Zhang 2003).

Nanomaterials are used in many applications including electronics, medicine, 
cosmetics, and agriculture, among others (Hong et al. 2013; Peters et al. 2016; 
Rao et al. 2006). Particularly, the metal oxide NPs have been gaining more atten-
tion in agriculture due to their potential to deliver macro and/or micronutrients. 
Thus, they can be used as nano-fertilizers (Sabir et al. 2014; White and Gardea-
Torresdey 2018). Some recent investigations have evaluated their functionality by 
chemically adding functional groups. The advantages of these modifications open 
possible biotechnological applications such as gene or chemical delivery inside 
plant cells (Mody et  al. 2010). Meanwhile, risks and concerns have also been 
expressed by researchers since NPs are accumulating in agricultural soils 
(Tourinho et al. 2012). Thus, it is necessary to gain knowledge about the impact 
of NPs on terrestrial plants.

In this chapter, we will first review the recent literature that describes the applica-
tion of metallic NPs on terrestrial plants, underlining their positive and negative 
effects on plants and microorganisms. This work includes the use of metallic NPs as 
nano-fertilizers and potential agents in the control of plant disease, and  management 
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of biotic and abiotic stress. We will outline how soil productivity is modulated by 
the interactions of NPs, microbiota, plants, and abiotic soil components. Further, the 
mechanistic responses of plant cells to NPs and NPs fate in plants will be examined 
in light of recent investigations based on spectroscopic and high-throughput 
technologies.

2  Positive Effects of Metallic NPs on Plant Physiology

The physiological responses of plants exposed to metallic NPs depend on different 
factors such as the concentration, size, and type of NPs, soil properties, and plant 
species (Reddy et al. 2016). The documented positive effects on plants include seed 
germination enhancement, macro and micronutrients uptake, and yield increase (de 
la Rosa et al. 2017). Details about researches evaluating the application of different 
metallic nanoparticles and their positive and negative effects on crops and microor-
ganisms are discussed below.

2.1  The Use of Nano-Fertilizers

Nano-fertilizers are nano-enabled chemicals that can deliver nutrients to plants by 
either encapsulating the nutrient with a subsequent release or delivering macro/
microelements from their own nano-structures (DeRosa et  al. 2010). Among the 
different nano-fertilizers, the ZnO NPs have shown more positive effects on crops. 
For instance, ZnO NPs at 500 mg L−1 increased up to 30% the root growth of soy-
bean (Glycine max) seedlings (López-Moreno et al. 2010). Similarly, the highest 
shoot dry weight in chickpea (Cicer arietinum L var. HC-1) was obtained when ZnO 
NPs was foliarly applied to the plants at 1.5 mg L−1 (Burman et al. 2013). Also, the 
foliar application of ZnO NPs increased leaf mineral concentration and improved 
the fruit physical/chemical properties in pomegranates (Punica granatum cv. 
Ardestani) (Davarpanah et al. 2016). Therefore, ZnO NPs have been suggested as a 
potential nano-fertilizer for crops (Burman et al. 2013; Peralta-videa et al. 2014). 
However, more researches evaluating the nano-fertilizers effects on crops yield are 
still needed.

The usage of other NPs such as Fe NPs has also shown positive effects on plants. 
When soybean (Glycine Max (L.) Merr.) plants were treated with Fe NPs at a con-
centration equal or greater than 500 mg L−1 (500 mg L−1, 1000 mg L−1, 2000 mg L−1), 
the root elongation was increased (Alidoust and Isoda 2013). Also, the citrate-
coated Fe2O3 NPs enhanced the photosynthetic parameters and the dry weight yield 
of the plants in comparison to the control. Similarly, the usage of Au NPs showed 
positive effects on the germination index and the root elongation of both cucumber 
and lettuce seedlings (Barrena et al. 2009). Recently, colloidal Au NPs were applied 
on 6-year-old ginseng plants and it was demonstrated that Au NPs improved the 
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synthesis of ginsenosides, an active compound in red ginseng, which enhanced the 
anti-inflammatory ability of the treated plants (Kang et al. 2016). Furthermore, the 
TiO2 NPs, which are among the most produced NPs, have been investigated to eval-
uate their effects on plant physiology. In a study conducted in basil (Ocimum basi-
licum), it was demonstrated that the shoot growth was increased when plants were 
exposed to hydrophobic TiO2 NPs at 750 mg kg−1 in soil (Tan et al. 2018a). Several 
other studies testing TiO2 NPs at concentrations below 0.6% have shown positive 
effects on spinach. For example, TiO2 NPs promoted the photosynthetic rate reac-
tion (Gao et al. 2006), which correlated with an increment of the Hill reaction activ-
ity in chloroplasts (Hong et al. 2005). Also, it was reported that TiO2 NPs enhanced 
the expression of Rubisco activase mRNA, which promotes photosynthesis in spin-
ach (Linglan et al. 2008).

2.2  Plant Disease Control

Plant disease is becoming a major worldwide concern for agriculture. The synthetic 
products to control pathogenic agents that affect plants have been widely used, and 
thus accumulated in the environment. Unfortunately, they affect the fate of biologi-
cal systems. An alternative currently being explored is their substitution by silver 
nanoparticles (Ag NPs), which have demonstrated antimicrobial properties at much 
lesser concentrations (Prabhu and Poulose 2012). Thus far, several investigations 
have shown that the antifungal activity of Ag NPs on plant pathogenic fungi depends 
on the NP concentration used and in the plant species (Gajbhiye et al. 2009; Jo et al. 
2009; Kim et al. 2012; Lamsal et al. 2011). According to an in vitro study, it was 
proposed that the released Ag+ from silver nanoparticles affects the bacteria cell by 
either attaching to the cysteine-containing proteins of the cell membrane or by pen-
etrating the cell and interacting with sulfur and phosphorus-containing compounds 
such as DNA (Morones et al. 2005; Ocsoy et al. 2013). Additionally, the Ag NPs 
have also been proven to suppress other pathogenic diseases like the powdery mil-
dew that affects cucumber and pumpkin (Lamsal et al. 2011). With the aim to fulfill 
the antimicrobial effect, Ag NPs have been prepared with various sizes, shapes, 
surface-coatings, or conjugations with other materials. For example, the double-
stranded DNA-Ag NPs composites, synthesized on graphene oxide, showed a sig-
nificant reduction in the viability of bacteria (Xanthomonas perforans) at in vitro 
and in greenhouse experiments, at the 16 ppm and 100 mg L−1 doses, respectively, 
compared to the controls (Ocsoy et al. 2013).

Besides silver, other metallic nanoparticles have also controlled pathogen and 
fungal diseases in both in vitro and in vivo experiments. For instance, the use of Zn 
NPs at 500 mg L−1 significantly reduced the growth of Fusarium graminearum in 
agar media (Dimkpa et al. 2013). In another experiment, Zn NPs at doses above 
~250 mg L−1 significantly inhibited the growth of Botrytis cinerea and Penicillium 
expansum in plating assays (He et al. 2011). Similarly, Cu-based nanoparticles have 
shown antimicrobial activity against different fungi with higher inhibition rates 
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compared to commercial fungicides (Kanhed et al. 2014). Meanwhile, magnesium 
oxide nanoparticles (MgO NPs) have displayed an increased antibacterial activity as 
the particle size decreases (Huang et al. 2005). Remarkably, in field studies, some 
metallic nanoparticles have exhibited similar capabilities to control bacterial growth 
as in in vitro. For example, in a greenhouse experiment using TiO2 NPs, the disease 
infection in cucumber caused by Pseudomonas lachrymans and Psilocybe cubensis 
was significantly reduced by NPs as they formed a powerful bactericidal film on the 
leaves surfaces (Cui et al. 2009). Similarly, tomatoes infected with Xanthomonas 
perforans showed significantly decreased bacterial spots than controls after they 
were foliar sprayed with TiO2/Zn NPs at 500–800 mg L−1 (Paret et al. 2013).

2.3  Enhancement of Abiotic Stress

Abiotic stressors such as cold, salinity, or drought, among others, cause severe 
impairments to the physiology of plants. It has been documented that one of the 
major causes of crop losses worldwide is triggered by abiotic stresses (Sunkar et al. 
2007; Tuteja 2010). In addition to their fertilizing and disease prevention properties 
in plants, metallic NPs have also shown favorable effects against abiotic stressors; 
they have also been investigated as potential “protectant” to help plants to overcome 
the negative effects caused by abiotic pressures.

Previous research described that flooding decreased the normal growth of Crocus 
sativus but Ag NPs alleviated this negative effect as they allowed plants to overcome 
the growth deficit (Rezvani et al. 2012). In another study, the water insufficiency 
that led to a decrease of seed number production in wheat was overcome when the 
plants were foliarly sprayed with TiO2 (0.01%, 0.02%, 0.03%) (Jaberzadeh et al. 
2013). Moreover, lower concentrations of TiO2 (<0.02%) increased the biomass 
compared to the control groups. Therefore, it was recommended by the authors to 
use TiO2 NPs as a strategy to get over physiological impairments caused by water-
deficient conditions.

Among the different abiotic stressors, salt stress has been suggested as one of the 
most significant affecting global agriculture production (Zhu 2001). Interestingly, 
some metallic NPs have relieved the negative impacts caused by salt stress. In a 
study with lentil (Lens culinaris), the germination rate and seedling growth were 
reduced by salinity while these affectations were reversed by using Si NPs 
(Sabaghnia and Janmohammasi 2015). A recent research performed in five sunflow-
ers cultivars showed that salinity decreased shoot and root dry weight, leaf area, and 
plant height; however, after foliar exposure to Zn NPs at a concentration of 2 g L−1, 
the leaf area and shoot dry weight were increased compared to the bulk ZnO and to 
the control treatments (Torabian et al. 2016).
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3  Negative Effects of Metallic NPs to Plant Physiology

The application of metallic nanoparticles in agriculture, in the form of nano-fertil-
izers or nano-agents to control plant disorders, will also increase the exposure of 
microorganisms, plants, and other higher organisms including humans to NPs. 
Thus, while exploring the favorable applications of metallic nanoparticles, it is also 
necessary to consider their negative effects. Herein, studies showing direct and indi-
rect adverse effects of metallic nanoparticles on fungi, plants, and even animal mod-
els are described.

Some NPs can penetrate the plasma membrane in a, thus far, undescribed mecha-
nism. Once inside the cell, they can be attached to different organelles and trigger 
several biochemical responses. Mainly, they cause toxicity by their chemical com-
position, their size, or by their high surface reactivity (Navarro et  al. 2008). For 
example, the toxicity of TiO2 NPs showed size-dependent effects on the green algae 
Desmodesmus subspicatus; the greater the particle size, the lesser the toxicity 
(Hund-Rinke and Simon 2006). Meanwhile, in a study conducted to evaluate the 
effect of the ZnO NPs suspension and their soluble fraction (supernatant), it was 
found that the NP-free supernatant did not show any toxicity. Contrarily, ZnO NPs 
suspension caused physiological affectations to radish, rape, and ryegrass (Lin and 
Xing 2007). These latter results suggest that the toxicity was produced by NPs 
rather than the released Zn2+. The NPs can also affect the nutrients absorption by 
releasing into the cells “similar” ions with different biological roles or by interfering 
with macro/micronutrient cell absorption. In addition, they may elicit the enhance-
ment of the reactive oxygen species (ROS) production. For instance, the Ag+ 
released from Ag NPs triggered the generation of ROS in yeast, Escherichia coli, 
and Staphylococcus aureus (Kim et  al. 2007). Other photocatalytic NPs such as 
TiO2 have shown the capacity to increase the ROS production in bacteria after UV 
exposure (Adams et al. 2006).

The toxicity of Ag NPs on Arabidopsis thaliana was evaluated in comparison 
with silver ions at 3 mg L−1 of both Ag NPs and Ag+ ions (Qian et al. 2013). The Ag 
NPs had higher inhibitory effects in root elongation than silver ions, and silver NPs 
accumulated in leaves, which could damage the thylakoid membrane structure, as 
proposed by the authors. Moreover, in the same study, the expression of antioxidant 
and aquaporin genes in the plants was altered by Ag NPs. Another molecular study 
was conducted in radish (Raphanus sativus), perennial ryegrass (Lolium perenne), 
and annual ryegrass (Lolium rigidum) seedlings by evaluating the DNA damage 
under CuO NPs treatments (Atha et al. 2012). The seeds were germinated in CuO 
NPs or bulk CuO suspensions at the concentration of 10, 100, 500, and 1000 mg L−1, 
and in Cu2+ solution at 1, 10, and 50 mg L−1. The results showed that all Cu treat-
ments reduced the plant growth and caused DNA lesions; however, the CuO NPs 
caused more oxidative damage than bulk CuO and Cu2+. In another study, the cilan-
tro (Coriandrum sativum L.) plants were used to assess the toxicity of CeO2 NPs at 
0, 62.5, 125, 250, and 500 mg kg−1 in a full life cycle (Morales et al. 2013). The 
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study evidenced that nutritional properties of cilantro were reduced and that Ce was 
accumulated in almost all tissues when the plants were treated with CeO2 NPs at 
500 mg kg−1.

4  The Influence of External Factors in NPs-Plant 
Interactions

Due to the exponential use of NPs and their unknown toxicity to the plants, many 
recent types of investigations have been conducted to evaluate their effects on ter-
restrial plants. As previously mentioned, the NPs have a larger area/volume ratio in 
comparison to their bulk counterparts, which make them sufficiently reactive to 
undergo transformations in both biological and environmental systems (Louie et al. 
2014). In addition to the NPs, the performance of plants can be affected by multiple 
factors such as the type of soil, the microbial diversity, and the plant variety/species, 
among others (Cota-Ruiz et al. 2018a). This section summarizes the physiological 
effects as enumerated above.

4.1  Soils and Metallic NPs

Soils are becoming a major destination site for NPs (Priester et al. 2017; Reddy 
et al. 2016), as the application of metal-based nanomaterials dominates the indus-
trial products. Once the metallic NPs end up in soils, they are subjected to chemical, 
physical, and biological transformations and can also interact with other macromol-
ecules (Fig. 6.1) (Amde et al. 2017). The main component of soil that affects the 
structure (and thus the “reactivity”) of the metallic NPs is the natural organic matter 
(NOM). The NOM derives from the slow decomposition of living organisms includ-
ing microbes. Their components can promote the aggregation and/or disaggregation 
of the metallic NPs (Yu et al. 2018). The aggregation phenomenon can occur as 
homo-aggregation (between the same NPs) or as hetero-aggregation (between the 
interaction of NPs with different NPs and/or particles). Often, the aggregation 
increases the NPs sedimentation rate, reducing their mobility into the ecosystems. 
On the other hand, when metallic NPs are not aggregated, their solubility in the 
water column is habitually increased, which promotes their bioavailability (Del 
Real et al. 2016; Joo and Zhao 2017). Additionally, the aggregation process can be 
affected by physical and chemical parameters such as temperature, pH, and ionic 
strength, among others. For instance, a previous report demonstrated that the aggre-
gation of CeO NPs increased as the pH and ionic strength (IS) were augmented, 
from 6.0 to 9.0 and from ~2 to 40 mM, respectively (Van Hoecke et al. 2011).

The most abundant components of the NOMs are the humic acids (HA) and ful-
vic acids (FA). These compounds, also referred to as humic substances, are generally 
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hydrophobic organic acids whose functional groups are phenolic and/or carboxylic 
substituents (Ritchie and Michael Perdue 2003). These functional groups are the 
most significant sites that determine their binding properties (Masini et al. 1998). 
One of the most studied metallic NP, with respect to NPs and humic substances 
interactions, has been the TiO2 NP.  Zhou et  al. (2013) evaluated the adsorption 
behavior of different TiO2 NPs to HA substances, as a function of size, crystal struc-
ture, and shape of TiO2 molecules, demonstrating that TiO2 NPs are poorly adsorbed 
by HA substances, probably due to their great amount of TiO2 negative charges at 
the evaluated pH that was 8.0. Indeed, by lowering the pH at 5.7, in a matrix-sand 
containing HA, Chen et al. (2012) proved that the absorption of TiO2 NPs is greatly 
increased by HA substances, which occur likely by electrostatic interactions. In 
another study conducted to evaluate the interaction of metallic oxide NPs with HA, 
it was observed that the TiO2, Al2O3, and ZnO NPs were adsorbed by HA molecules 
at pH 5.0, and it was also noted that the adsorption was reduced while the pH aug-
mented (Yang et al. 2009). With the use of Fourier transform infrared (FTIR), the 
previous study demonstrated that the COOH was involved in binding to ZnO NPs; 
the phenolic OH from HA was the ligand for TiO2 NPs; and both, the COOH and 
the phenolic and aliphatic OH from HA were the ligands that interacted with Al2O3 
NPs. In another study using CeO2 NPs, it was shown that the pH also significantly 
affected the NOM-NP adsorption, being higher at pH 6.0 than pH 9.0 (Van Hoecke 
et al. 2011). These studies point out that acidic soils tend to adsorb metallic NPs to 
a greater extent in comparison to the neutral or basic soils. Presumably, the proton-
ation/deprotonation of the specific functional groups is affected by changing the pH 
which leads to the electrostatic interaction between the metal oxide NPs and the 
ionizable groups from humic substances (Jayalath et al. 2018).

Fig. 6.1 Schematic representation of the chemical, physical, and biological transformations that 
NPs may suffer once they are incorporated in soils. The modified compounds will interact with 
terrestrial plants, microorganisms, and the rest of non-living substances influencing the physiology 
of the plants in a very assorted fashion. (Modified from Amde et al. (2017))
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4.2  The Role of Microorganisms

The microorganisms play a pivotal role not only in the dynamics of nutrients in soils 
but also in the decomposition of waste and in promoting plant health (Lead et al. 
2008). Clearly, the incorporation of metallic NPs into the soils will modify the 
microorganisms’ biological activity. The scientific evidence has shown that metallic 
NPs reduce the activity of microbial enzymes involved in primordial processes such 
as cellular respiration and biogeochemical cycles (Hegde et al. 2016; Simonin and 
Richaume 2015). Thus, the measurement of the activity of enzymes such as the 
β-glucosidase and urease, as well as dehydrogenases, is a good predictor to describe 
the magnitude of the biological-soil processes perturbations caused by NPs (Chen 
et al. 2014). However, the studies dealing with the effects of metallic NPs on micro-
organisms metabolism are increasing gradually, they are still limited. Moreover, 
most investigations have been conducted to evaluate the antimicrobial role of metal 
NPs on human pathogenic microorganisms (Guzman et al. 2012; Ruparelia et al. 
2008; Salem et  al. 2015). Concerning environmentally relevant microorganisms, 
many studies have been conducted generally to evaluate the effect of a single NP on 
a particular microorganism species, which differ from the natural scenario due to 
the presence of different metallic nanomaterials and the complex abundance of 
microbial communities on soils.

Some recent studies have explored the effects of metallic NPs on soil microbial 
communities. The Ag NPs are among the most studied NPs regarding microbial 
toxicity. They exhibit a marked antimicrobial capacity due to their larger surface 
area that allows an increased-contact with microorganisms. Indeed, it has been 
reported that the use of Ag ions does not cause significant impairments on the physi-
ology of soil microorganisms in comparison to their Ag NPs counterparts (Colman 
et al. 2013). The Ag NPs affect microbial growth since they can either be attached 
to the cell membrane causing malfunctions in its activity, or they can penetrate cells 
interfering with primordial metabolic cell processes such as the cell division or the 
respiratory chain (Kim et al. 2007; Rai et al. 2009). Also, Ag NPs inhibit the activity 
of enzymes of microorganisms involved in key pathways such as nutrient cycles and 
energy metabolism (Shin et al. 2012).

In addition to silver NPs, other metallic NPs such as CuO, ZnO, and NiO also 
cause damage to microorganisms (Baek and An 2011; Shen et al. 2015), even at 
lower doses in comparison to the carbon-based nanoparticles (Simonin and 
Richaume 2015). For instance, CuO NPs displayed in vitro inhibitory effects on the 
growth of both gram-positive and gram-negative bacteria, and this impairment 
increased as particle sizes decreased (Azam et al. 2012). In another study, the reduc-
tion of dehydrogenases activity and acid phosphatases enzymes was recorded in 
soils treated with 1000 mg kg−1 of Zn NPs (García-Gómez et al. 2015). Additionally, 
a recent study reported that nickel oxide nanoparticles (NiO NPs) inhibited the 
growth of Klebsiella pneumoniae (gram-negative) and Staphylococcus aureus 
(gram-positive) in agar medium (Anitha et al. 2018). A study conducted by Xu et al. 
(2015) reported that applications of CuO NPs and TiO2 NPs affected the enzyme 
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activity and biomass of microorganisms inhabiting paddy fields soils. Moreover, in 
a study using high-throughput sequencing, it was found that the abundance of essen-
tial representative groups of bacteria such as Actinobacteria, Cyanobacteria, 
Acidobacteria, and Nitrospirae was reduced with increasing concentrations of Ag 
NPs (from 10 to 100 mg kg−1 soil) (Wang et al. 2017). Interestingly, the authors also 
found that other groups such as Proteobacteria and Planctomycetes were increased.

The microorganisms also have the capability to synthesize NPs using metabolic 
pathways that involve redox reactions. For example, in some bacteria, the oxidation 
of Fe (II) leads to the production of FeO NPs (Nowack and Bucheli 2007). The 
synthesis of NPs can occur in an extra- or intracellular manner; in both cases, the 
enzymes are the main factors catalyzing this process (Singh et al. 2016). Interestingly, 
different species of bacteria such as Pseudomonas and Lactobacillus have the capa-
bility to produce Ag NPs, and can also accumulate them within the periplasmic 
space, as it occurs with Bacillus sp. (Narayanan and Sakthivel 2010). The latter 
scenario suggests that the antimicrobial properties that several NPs exhibit on bac-
teria is dependent on the type and on the concentration of NPs, as well as on the 
target microorganism.

Previous reports have shown that NPs can form complexes with heavy metals 
(Tang et al. 2014). Thus, the incorporation of NPs to heavy metal contaminated soils 
will modify in an unknown manner the biochemical responses of the microorgan-
isms inhabiting those soils. Among several possible scenarios, a positive one would 
be if hetero-aggregates are large enough to cross cell membranes, resulting in no 
uptake of such substances by microorganisms (Louie et al. 2014). However, on the 
other hand, the chemistry of hetero-aggregates could modify the soil environment 
conditions reducing the availability of nutrients and consequently lowering the sur-
vival possibilities of key soil microorganisms. Also, the incorporation of NPs into 
soils affects root nodules in leguminous plants which could severally affect their 
growth (Holden et al. 2018). So far, to the best of the authors knowledge, no studies 
have been performed to evaluate the interaction of humic substances, heavy metals, 
soil microorganisms, and metallic NPs in the soil. However, an appreciable volume 
of literature has been reviewed recently (Adeleye et al. 2016; Hua et al. 2012; Tang 
et al. 2014), where the interaction of heavy metals, humic substances, and/or NPs in 
water columns was analyzed and summarized. Additionally, the use of humic adsor-
bent nanofibers can be suitable to remove heavy metals or dyes (Ayyildiz et  al. 
2017). Interestingly, the use of nanocomposites (Fe3O4/montmorillonite/humic 
acid) has been proved to be efficient in the removal of Cr(vi) in water environments 
(Lu et al. 2018). Moreover, modified TiO2 semiconductors have shown potential to 
adsorb organic pollutants and to modify the oxidation state of heavy metals (Yan 
et al. 2017).
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4.3  The Effect of NPs on Plants: A Mechanistic Approach

The mechanistic responses of the plant cell under NPs stress are mainly driven by 
biomolecules such as proteins, lipids, and nucleic acids, among others. Hitherto, the 
researches exploring the molecular effects of NPs on cells have been more focused 
on studying the response in mammalian cells than in bacteria or plants. Owing to the 
importance of terrestrial crops as a main reservoir of the food chain and due to the 
accumulation of NPs in soils, recent investigators have turned their attention to 
assessing the molecular responses of plant cells triggered by NP exposures. To 
understand the cell performance, the gene expression studies have become a very 
useful approach (Van Aken 2015). Thus, in this section, we explore the responses of 
plant cells exposed to NPs at the gene-level regulation.

Most of the studies regarding transcript quantification in plants treated with NPs 
have been performed in A. thaliana. A recent transcriptomic study exposed A. thali-
ana plants to Al2O3 NPs (10 mg L−1) for 10 days. The results evidenced that the 
genes involved in the antioxidant defense mechanisms were not changed by NPs, 
but were differentially affected by ionic exposure (Jin et al. 2017). Also, the RNA-
Seq analysis showed that ionic treatments greatly affected the expression of more 
transcription factors in comparison to Al2O3 NPs. Interestingly, the authors found 
that the increased root growth under Al2O3 NPs treatment was associated with an 
upregulation of genes involved in nutrient uptake and in root development. In 
another study, García-Sánchez et  al. (2015) used microarrays to investigate the 
effect of 0.2 mg L−1 Ag NPs and 20 mg L−1 TiO2 NPs in A. thaliana hydroponically 
cultivated. The results showed that the transcriptional changes (i.e., early defense 
signaling genes) were comparable to the responses observed when the plants were 
cultivated with a pathogen or under salt stress conditions. In a similar microarray 
study, A. thaliana plants were exposed for 7 days to 4 mg L−1 of ionic, bulk, and 
nano Zn compounds (Landa et al. 2015). The results indicated that all Zn forms 
upregulated genes involved in salt stress, water deprivation, and osmotic stress; 
however, the ionic form had higher effects on these gene responses. In another gene 
expression study, it was shown that 4-week-old A. thaliana plants treated with ZnSe 
QDs (100 and 250  μM) had no apparent toxicity and overexpressed the genes 
involved in antioxidant responses (Kolackova et al. 2019). Interestingly, the applied 
NPs doses inhibited the growth of Agrobacterium tumefaciens, the species known 
to cause the crown gall disease in plants. In agreement with these results, young 
A. thaliana plants incubated with CuO NPs (0–20 mg L−1) exhibited an upregulation 
of the genes involved in the oxidative stress responses and in the glutathione biosyn-
thesis (Nair and Chung 2014). Likewise, the gene that codifies for the Heat Shock 
Protein 70 (HSP70) in A. thaliana was upregulated when the plants were treated 
with 500 mg L−1 of CeO, CuO, and/or La2O3 (Pagano et al. 2016).

In other species, the upregulation of antioxidant or heavy metal-responsive genes 
has also been registered in response to NPs treatments. For instance, the exposure of 
cucumber plants to 25 mg of the nano-fungicide Cu(OH)2 resulted in a significant 
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upregulation of the superoxide dismutase (SOD), glutathione peroxidases, monode-
hydroascorbate reductase, and peroxidase (Zhao et al. 2017). The induction of anti-
oxidant genes by CuO NPs have similarly been reported in soybean (Glycine max 
L.) (Nair and Chung 2014a), and in green pea (Pisum sativum L.) (Nair and Chung 
2015), both treated at 100–400 mg L−1 of the NPs, and also in Oryza sativa exposed 
to 25–1000 mg L−1 (Da Costa and Sharma 2016). Additionally, Ag NPs augmented 
the mRNA content of Cu/Zn SOD in roots of mung bean (Vigna radiata L.) sprouts 
exposed to 10–20 mg L−1 of Ag NPs (Nair and Chung 2015a). Moreover, Cu(OH)2 
nanowires upregulated the expression of SOD in alfalfa seedlings at 25 mg kg−1, and 
also the ionic compounds derived from CuSO4 and Cu(NO3)2 (at 75  mg  L−1) 
increased the content of metallothionein transcripts (Cota-Ruiz et  al. 2018b), an 
enzyme involved in metal detoxification.

The exposure of plants to NPs and their released ions cause overproduction of 
free radicals such as hydroxyl radicals (•OH) and non-radical molecules as hydro-
gen peroxide (H2O2) (Zuverza-Mena et al. 2017). These molecules, also known as 
ROS, may cause disruptions to biomolecules such as proteins or DNA. From the 
examples shown above, it has been proposed that plant cells counteract the produc-
tion of ROS by activating a signaling cascade that promotes the activation of anti-
oxidant genes (Zhao et al. 2017) (Fig. 6.2). The antioxidant enzymes, as the final 
products of these stimulated genes, also increase their activities under metallic NPs 
stress to control the excess of ROS production (Rico et  al. 2013; Sharma et  al. 
2012). Indeed, the enzymes represent the earliest line of defense to fight ROS. Thus, 
the transcriptional and enzyme activations exemplify a coordinated set of defense 
mechanisms against ROS (Fig. 6.2). Additionally, the evidence suggests that ionic 
forms at “higher” concentrations (more than 50 mg kg−1/mg L−1) cause more dam-
ages to plant cells as they can affect their physiology, resulting in a reduction of 
growth and biomass production (Bandyopadhyay et al. 2015; Bradfield et al. 2017). 
On the other hand, a substantial number of consensus in literature suggests that 
lower doses of NPs may promote beneficial effects in cells since they can activate 
the genes involved in the production of growth factors, nutrient uptake, and gluta-
thione biosynthesis, among others (Jasim et al. 2017; Reddy et al. 2016) (Fig. 6.2).

5  Spectroscopic Techniques to Explore Plant-NP 
Interactions

To understand the interaction of nanoparticles with crops, the closely related micros-
copy and spectroscopy techniques have been very useful to elucidate physiological 
and biochemical plant responses under metallic NPs stress (Fig. 6.3). These analyti-
cal techniques give both quantitative and qualitative results, which depend on sev-
eral factors such as the instrumental sensitivity, the use of accurate standards, and 
the sample preparation, among others. This section briefly describes the conven-
tional techniques used to characterize NPs and their derivatives, and those 
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approaches that are gaining momentum; as well as presents some examples of 
investigations conducted to gain deeper knowledge about metallic NP-Plant 
interactions.

5.1  Microscopy Sample Characterization

Microscopy techniques are those used to obtain images of plant tissues and/or NPs 
(Fig. 6.3). Among microscopy instruments, electron microscopes such as scanning 
electron microscopes (SEM) and transmission electron microscopes (TEM) are the 
most commonly used. These microscopes are useful in the characterization of plant 
tissue morphology. While SEM is suitable for surface analysis, TEM allows higher 
magnification and sample penetration depth. On the other hand, the energy disper-
sive spectroscopy (EDS), which consists of an attachment to electron microscopes, 
deciphers sample surface elemental composition. Under proper imaging conditions, 

Fig. 6.2 The diagram shows some possible molecular perturbations in plant cells in response to 
NP exposure or the released ions. The NPs or the ionic compounds elicit the production of ROS 
that are immediately counteracted by the action of the antioxidant enzyme system. Additionally, a 
downstream signaling cascade is activated resulting in the upregulation of genes involved in 
defense machinery against ROS. The cells when exposed to low amounts of NPs or the released 
ions, the genes involved in nutrient uptake or growth regulators and other beneficial processes are 
stimulated. (Adapted and modified from Van Aken (2015) and Zhao et al. (2017))
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NPs can be observed clustering in certain cellular regions, as has been previously 
reported by Dai et al. (2018) who identified CuO in cells by using EDS. The EDS is 
appropriate for heavy metals; however, lower atomic weight elements, down to 
boron, can be determined with the use of higher sensitive detectors. One of the limi-
tations in the use of EDS is that it does not distinguish the particulate state of the 
analyzed elements or compounds. Under certain circumstances, the presence of NPs 
within the sample can be confirmed by using specific dyes/fluorophores, which 
attach to NPs and emit a signal when excited at the specific wavelength (Zhao 
et al. 2012).

The confocal microscopy techniques have proven suitable to elucidate the effects 
of NPs in plant tissue. For instance, NPs can affect the production of nitric oxide 
(NO), which is a small signaling molecule involved in root growth and root hair 
development. The effect of NP on NO accumulation can be appropriately examined 
by the use of dye 4-amino-5-methylamino-20 and 70-difluorofluorescein diacetate 
(DAF-FM DA) to tag NO before observation under a confocal microscope. In a 
previous study when alfalfa (Medicago sativa) seedlings were given treatments of 
different nano, bulk, and ionic Cu forms, the use of DAF-FM DA dye coupled with 
confocal microscopy was suitable as it demonstrated that NO accumulation in seed-
lings was reduced at the treatment of 75 ppm of all Cu forms. This finding was 
consistent with reductions in root growth (Cota-Ruiz et al. 2018b) as observed. The 
fluorescein isothiocyanate (FITC) dye has been previously used in fluorescent con-
focal microscopy experiments to monitor compounds uptake and translocation in 
plant tissues. For example, when evaluating Zea mays crops incubated with 

Fig. 6.3 Representation of conventional and emerging methodologies used to understand the 
interactions between plants and NPs. The physiological and biochemical responses of plants are in 
bold and italics and the corresponding techniques to assess them are in regular font, followed by 
the consistent section number
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 FITC-treated CeO2 NPs, it was determined that Ce was accumulated in the cell 
walls, which suggested an apoplastic pathway for CeO2 uptake (Zhao et al. 2012). 
In the latter experiment, the use of micro X-ray fluorescence (μ-XRF) and micro 
X-ray absorption near edge structure (μ-XANES) was essential to confirm that Ce 
accumulation inside cells was in the same oxidation state as the NPs. Although the 
confocal microscopy is very useful to determine target compounds inside cells, it 
has to be coupled with other techniques to confirm the chemical species. In a recent 
work with sweet potato, two-photon microscopy demonstrated that both the nano 
and the bulk CuO can be detected (Bonilla-Bird et al. 2018). The advantage of using 
two-photon over confocal microscopy is that two-photon microscopy has a lower 
energy emission source and does not require samples to be fluorescently tagged, 
which minimizes sample damage and preparation.

5.2  Spectroscopy Sample Characterization

5.2.1  Synchrotron Techniques

Microscopy alone is not sufficient to fully understand NP and plant interactions. 
Therefore, the use of additional spectroscopy techniques is convenient to comple-
ment microscopy studies. Plants may be subjected to NP exposure either through 
direct interaction in the soil or via foliar contact. Thus, localizing NPs is crucial to 
determine NP transport pathways in plants. The localization and speciation of NPs 
in plants can be evaluated using synchrotron techniques. These techniques are char-
acterized by the use of powerful X-rays as their radiation source, which is generated 
from the high-energy electrons that circulate within the synchrotron. Various syn-
chrotron techniques involve the use of X-ray diffraction, X-ray absorption spectros-
copy, and photoelectron spectroscopy, among others. Particularly, for NP localization 
and speciation, μ-XRF and μ-XANES can be used in conjunction (Fig. 6.3). While 
μ-XRF is useful for NP localization, μ-XANES is used to determine chemical spe-
cies of NP in plants (Castillo-Michel et al. 2017; Hernandez-Viezcas et al. 2013; 
Servin et al. 2012; Zhao et al. 2012). The performance of these studies, however, is 
limited to synchrotron facilities. When mapping and evaluating the speciation of 
CeO2 and ZnO NPs in soybean grown in soil amended with these NPs, it was deter-
mined under μ-XRF that low amounts of Ce were translocated to the pod, while Zn 
was found in the outer pod. Additionally, μ-XANES confirmed that Ce was stored 
in the pods as CeO2 NPs while Zn signals resembled Zn-citrate spectra, suggesting 
Zn-O ligation and biotransformation of this NP (Hernandez-Viezcas et al. 2013). In 
a separate study conducted with TiO2 NPs in cucumber, it was concluded under 
μ-XRF that Ti was translocated from roots to leaves, while μ-XANES verified the 
presence of Ti as TiO2 NPs, indicating that biotransformation of the NPs did not 
occur (Servin et al. 2012).
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5.2.2  Inductively Coupled Plasma Techniques

Inductively coupled plasma optical emission spectroscopy (ICP-OES) and induc-
tively coupled plasma mass spectrometry (ICP-MS) can be used to detect and quan-
tify several elements and to localize NPs, respectively (Fig.  6.3). Although both 
techniques are sensitive, the benefits of ICP-MS over the ICP-OES is the lower 
detection limit (ppt-ppb) that the former can achieve in comparison to the ICP-OES 
(ppb-ppm).

The ICP techniques have been broadly used to analyze elements in plant tissues 
such as root, leaves, shoot, and fruit, among others. For instance, in a study con-
ducted with kidney beans (Phaseolus vulgaris), the ICP-OES technique was conclu-
sive to determine the acquisition of Zn when the plants were exposed to different Zn 
compounds (Medina-Velo et al. 2017). In this experiment, the plants were grown for 
45 days in soils containing commercially coated ZnO (Zn-COTE and Zn-COTE 
HP1), amphiphilic uncoated ZnO NP, hydrophobic ZnO coated with triethoxy-
caprylylsilane, bulk ZnO, and ionic ZnCl2 compounds. When the plants were 
exposed to 125 ppm of Z-COTE, Zn increased by 203%, 139%, and 76% in nod-
ules, stems, and leaves, respectively. At the same concentration, Zn-COTE HP1 
caused an increase of Zn by 89%, 97%, and 103% in roots, stems, and leaves, 
respectively. The aforementioned investigation was followed by a transgenerational 
evaluation of the effect of ZnO nanomaterials, where it was determined that Z-COTE 
at 500 ppm and Z-COTE HP1 at 125 and 500 ppm reduced Ni in second-generation 
seeds by 60%, 41%, and 74%, respectively (Medina-Velo et al. 2018).

An emerging technique for metal-based NP sample analysis is the ICP-MS with 
single particle (SP) capability (Lee et al. 2014), which has the capacity of quantify-
ing and sizing NPs (Fig. 6.3). Certain NPs are considered to occur environmentally 
at very low concentrations ranging from parts per trillion (ng L−1) to parts per billion 
(μg L−1). Thus, method development and sample preparation are critical for proper 
nanoparticle evaluation. A normal ICP-MS can analyze these concentrations. More 
than the detection limit, the ICP-MS with SP capability can differentiate the ionic 
species from a nanoparticle, and define the size of the nanoparticle. For this latter 
determination, it is important to note that a reference nanoparticle standard of 
known size is necessary to perform accurate determinations. Although nanoparticle 
size may be visualized via microscopy techniques, ICP-MS with SP capability facil-
itates the direct work with liquid samples and is useful to analyze complex biologi-
cal matrices such as plant tissues (Dan et al. 2016). However, when analyzing plant 
tissues, the extraction of NPs without altering their properties is necessary. In a 
previous study in hydroponically grown plants (cucumber, tomato, soybean, and 
pumpkin) exposed to CeO2 NPs, the shoots were evaluated to explore CeO2 bio-
transformation using SP-ICP-MS (Dan et al. 2016). The authors detected a signal 
from both particulate and dissolved Ce, inferring that CeO2 was bio-transformed to 
other Ce species; however, the composition of the particulate was not identified.
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5.2.3  UV-VIS/FTIR Spectroscopy

Despite emerging tools such as “omics” are being tested in the determination of 
NP-plants interactions, certain conventional techniques are still commonly 
employed. Among them, the UV-vis spectrophotometric techniques are being used 
for the quantification of a huge number of metabolites and biomolecules in plants 
(Fig. 6.3). For instance, by first extracting the chlorophyll from leaves, the chloro-
phyll a and b content can be evaluated by measuring their absorbance from 645 to 
664 nm (Apodaca et al. 2017; Tamez et al. 2018; Tan et al. 2018b). Since NPs may 
elicit the production of ROS within cells, the enzymes involved in the oxygen 
homeostasis are commonly evaluated using UV-vis techniques. Enzymes evaluated 
as stress indicators include catalase, polyphenol oxidase, ascorbic peroxidase, and 
superoxide dismutase, among others (Adisa et al. 2018; Apodaca et al. 2017; Tamez 
et al. 2018).

Analysis FTIR spectroscopy though not a new technique has been reliably appro-
priated for the elucidation of structural properties of macromolecules (Fig.  6.3). 
Based on the distinct IR absorption or transmittance of plants exposed to NPs, con-
formation changes in macromolecules can be identified. Since every functional 
group has its unique absorption/transmittance wavenumber, the specific spectral 
regions are evaluated. For instance, the 3000–2800  cm−1, 1700–1500  cm−1, and 
1300–1180 cm−1 regions have been extensively used for lipids, proteins, and lignin, 
respectively. To appropriately compare the relative intensities of all spectra, data 
must be previously normalized (Zuverza-Mena et al. 2016).

5.3  Sample Separation and Mass Spectrometry for Sample 
Characterization

Plant metabolism constitutes all chemical processes occurring within each plant cell 
to maintain them alive. The metabolites are the products of all of these chemical 
processes. Plant exposure to different environments such as those imparted by NPs 
may elicit different plant responses resulting in the generation of diverse metabo-
lites. Separation techniques including liquid chromatography (LC) and gas chroma-
tography (GC), especially when accompanied by an MS detector, can be very useful 
to distinguish the production of different metabolites (Fig. 6.3). Separation is cru-
cial for the evaluation of substances because of plants posse hundreds of them. In a 
study with the foliar irrigation of Ag compounds on cucumber (Cucumis sativus), 
the plant oxidative stress responses were measured by the method of GC-MS. Overall, 
268 metabolites were identified in plant leaves under this investigation. It was deter-
mined that there was an upregulation of phenolic and phytol compounds in response 
to Ag NP exposure, the former enhancing the antioxidant defense while the later 
downregulating photosynthesis, respectively (Zhang et al. 2018). Furthermore, the 
metabolic effects of foliar Cu nano-pesticide application were evaluated in lettuce 
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(Lactuca sativa), where it was determined that nCu(OH)2 disturbed the tricarbox-
ylic (TCA) cycle and reduced the antioxidant levels of cis-caffeic acid, chlorogenic 
acid, and dehydroascorbic acid (Zhao et al. 2016). The authors discussed that the 
decrease of antioxidants compared to controls was attributed to oxidative stress 
damage caused by the NPs. GC-MS techniques can also be used for the evaluation 
of essential oils in plants. In a study of basil (Ocimum sanctum) with the foliar spray 
of various Cu compounds, the Cu(OH)2 nanowire treatment reduced the essential 
eugenol and 2-methylundecanal oils by 57% and 71%, respectively, in comparison 
to their respective controls (Tan et al. 2018b).

In summary, instrumental analysis is restricted by sample preparation. When 
investigating NP-plant interactions, sample matrices become very complex and thus 
proper sample preparation needs to be attended prior to instrumental analysis. 
Additionally, it is useful to analyze the substances of interest with several instru-
mental techniques to fully comprehend NP and plant interactions.

6  Conclusions and Remarks

The metal oxide NPs have been extensively used in recent years, and a great propor-
tion of which incorporates into the environment, mainly in soils. Many recent inves-
tigations have explored the impact of metallic NPs on terrestrial plants, and diverse 
positive and negative outcomes have been reported. These responses depend on 
multiple factors; however, they are greatly determined by the type of NP, the nature 
of the soil, and the plant species. Interestingly, the field of nanotechnology has cre-
ated tangible options to increase agricultural productivity using nano-fertilizers and 
different nanomaterials to control plant disease. Furthermore, other promising 
options to guarantee food production are emerging by the use of agrochemical smart 
release NPs or by increasing stress tolerance in crops via NP-genetic material deliv-
ery. With the use of high-throughput technologies, it has been now suitable to assess 
the molecular, metabolic, and physiological responses of plant and microorganisms 
under NP exposure. Meanwhile, the use of spectroscopic techniques including the 
novel synchrotron approaches is very useful to monitor the uptake, fate, transport, 
and persistence of the NPs in plant systems. The upcoming research should take 
advantage of the new technologies to assess comprehensively the broad and positive 
effects of NPs on agricultural crops.
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1  Introduction

Despite the widely accepted notion that engineered nanoparticles (ENPs) can 
exhibit a range of deleterious ecotoxicological effects if released into the environ-
ment or accumulated by humans (Matranga and Corsi 2012; Maurer-Jones et al. 
2013), their application in agriculture is rapidly increasing (Huang et al. 2015; Liu 
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and Lal 2015; Shalaby et al. 2016; Wang et al. 2016). Thus, although many studies 
have outlined the potentially deleterious effects of ENPs on biota (including 
humans), in recent years many more studies are increasingly reporting the potential 
agricultural benefits (i.e. productivity, nutritional quality) of ENP-based amend-
ments (i.e. fertilisers, pesticides) (Liu and Lal 2015; Wang et al. 2016).

However, while research on the use of ENP-based agricultural amendments is 
increasing, far fewer studies have assessed the indirect or secondary effects of these 
materials in plant-soil systems. Recent studies have suggested that ENPs such as 
cerium oxide (nCeO2) and titanium dioxide (nTiO2) have the ability to significantly 
alter nutrient (N, P, Zn) and contaminant (As, Pb) phytoavailability in agricultural 
soils (Duncan and Owens 2019; Nikoo Jamal 2018). In addition, it has also been 
observed that a range of ENPs can alter the abundance and activity of various soil 
microbial communities (Ge et al. 2011). This has the potential to influence nutrient 
phytoavailability and pathogen loads in the soil, both of which can indirectly effect 
agricultural productivity. Finally, there is also evidence to suggest that certain ENPs 
(e.g. nCeO2/nTiO2) can stimulate photosynthesis (Owolade et al. 2008; Rico et al. 
2015; Zheng et al. 2005) and/or reduce oxidative stress (Xia et al. 2008) in plants 
and thus influence productivity.

Since research on ENP-based agricultural amendments is in its infancy, it is cur-
rently uncertain whether these amendments can specifically influence the growth of 
‘target’ crop species (e.g. wheat, rice, corn) or instead indiscreetly target all plant 
species in the environment (i.e. weeds, algae). In previous studies, rice (Oryza 
sativa) has responded favourably when exposed to nCeO2 and nTiO2 in terms of 
both overall productivity and the nutritional quality of the grain produced (Nikoo 
Jamal 2018). However, there was also visual evidence in these studies that nCeO2 
and nTiO2 increased the growth of the unicellular algae that coexist with rice in 
paddy environments. The conditions present in rice paddies, e.g. standing water, 
high temperatures, high nutrient loads and elongated day-length, are in fact ‘tailor-
made’ to facilitate algal growth (Roger and Kulasooriya 1980). Unicellular algae 
are thus ubiquitous in rice paddy environments (Choudhury and Kennedy 2004) and 
thus have the potential to both benefit and hinder rice production.

There are a number of symbiotic algae-rice processes that can assist the rice 
plant in resisting pathogen attack (Kim 2006) and also since many cyanobacteria 
species fix atmospheric N which can be utilised by plants, increase nutrient phy-
toavailability (Mandal et al. 1999). When paddies are drained to initiate the harvest 
of rice, the algal biomass is not removed and is largely returned intact to the soil 
(Gaydon et al. 2012) which means that nutrients accumulated by the algal biomass 
are potentially then available to the crop that follows rice in the sequence. The cap-
ture of fertiliser nutrients by algae during rice growth can also reduce nutrient losses 
to the environment and increase the overall use efficiency of fertiliser applications 
which is a major issue for rice cultivation worldwide (Cassman et al. 1996).

Overgrowths of algae in rice paddies can, however, have a deleterious effect on 
rice production as they can compete with rice for nutrients, light and oxygen (Roger 
and Kulasooriya 1980). This can result in decreased grain yield production as a 
result of nutrient deficiencies (Baligar et  al. 2001) and can also decrease the 
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 establishment rate (number of established plants/number of seeds sown) of rice 
plants as algal overgrowths can form a physical barrier at the soil-water interface 
which cannot be penetrated by the rice seedling (Grant et  al. 2006; Roger and 
Kulasooriya 1980). Rice growth, nutrient phytoavailability and algal growth are 
normally in equilibrium in most established farming systems; however, significant 
changes in the environment (e.g. high nutrient loads, high temperatures, low water 
level), which can also be induced by the accumulation of nCeO2 and nTiO2, have the 
potential to alter this equilibrium.

Thus, the current study investigates the potential impact of elevated concentra-
tions of either nCeO2 or nTiO2 on rice and unicellular algae communities in rice 
paddy microcosms by monitoring changes in growth and nutrient utilisation. The 
hypothesis is that the presence of nCeO2 and nTiO2 directly alters the equilibrium 
between algae and rice in soil microcosms, which facilitates the growth and accu-
mulation of nutrients by algae, thus indirectly reducing rice establishment, biomass 
production and the nutritional quality.

2  Materials and Methods

2.1  Rice Paddy Microcosm Experiments

A red chromosol collected from Halbury, South Australia, Australia (Table 7.1) was 
used in the paddy microcosms. Approximately 30 kg of the soil was air dried and 
sieved to <2 mm prior to fertilising with N and spiking with ENPs.

The dried soil stock was initially divided into 5 kg aliquots (n = 6). Three of these 
aliquots were fertilised with urea at a rate of 300 mg N kg−1 soil. Two of these 
N-fertilised aliquots were then spiked with either nCeO2 (15–30 nm) or nTiO2 (ana-
tase 15–30 nm) (Nanostructured and Amorphous Materials Inc., USA) at a concen-
tration of 50 mg ENP kg−1 soil. Both ENPs were applied to the soils as a fine mist 
after suspension in Milli-Q water. The third N-fertilised aliquot was retained as a 
no-ENP control. The remaining three 5 kg aliquots, having no added N input, were 
spiked with nCeO2 or nTiO2 at a concentration of 50 mg ENP kg−1 soil as described 
above, with the final aliquot being retained as a no-ENP, no-N control soil.

N and ENP spiked soils (500 g dry mass) were then transferred to clear plastic 
containers which had a diameter of 11.5  cm and a height of 9.5  cm for use as 
microcosms. Ten (n = 10) microcosms were prepared per treatment (n = 6), with 

Table 7.1 Selected physical and chemical characteristics of the Halbury soil used in microcosms

Type
Texture (sand/
silt/clay %)

pH (1:5 
H2O) C% N%

Mineral N 
(mg kg−1)

Total Ce 
(mg kg−1)

Total Ti 
(mg kg−1)

Chromosol 81/10/9 (sandy 
loam)

7.0 1.3 0.1 45 16 1470

N.B. mineral N and total Ce/Ti concentrations were determined before the application of urea and 
ENPs to soils

7 Cerium and Titanium Oxide Nanoparticles Increase Algal Growth and Nutrient…
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deionised water (300 mL) added to each microcosm to simulate paddy environments. 
Five pre-germinated seeds of the rice (Oryza sativa) cultivar Sherpa were planted in 
each pot. After the addition of water, all microcosms were weighed and water was 
added as required to maintain a constant water level over the six-week experiment 
(Fig. 7.1).

All microcosms were incubated in a temperature-controlled glasshouse at the 
University of South Australia, Mawson Lakes, South Australia (SA), Australia. The 
environmental conditions within the glasshouse included a temperature regime of 
27/17 ± 2 (°C) (day/night) and had a natural photoperiod (maximum day length 
approximately 13.5 h). After 6 weeks growth algal communities were harvested by 
hand and by centrifuging the overlying rice paddy water at 4500  g for 10  min 
(Heraeus Multifuge 3 S-R, Thermo Fisher, Australia). At this time, all established 
rice plants were also removed from the microcosm by hand.

2.2  Determination of N, Ce and Ti in Algal and Rice Tissue 
Samples

All harvested algal and rice tissues were oven dried at 70 °C for 48 h and ground to 
a fine powder using an IKEA A11 micromill (MEDOS, Australia). As insufficient 
algal and rice biomass was produced in individual microcosms, all elemental analy-
ses were performed on three pooled samples (n = 3) from each treatment.

A microwave assisted 2:1 (v/v) H2SO4:HNO3 was used to determine total Ce and 
Ti concentrations in vegetative tissues (Nikoo Jamal 2018). Dried and ground veg-
etative tissue (0.5 g) was weighed directly into 55 mL polytetrafluoroacetate (PTFE) 
digestion vessels (CEM, USA) and a 2:1 (v/v) H2SO4:HNO3 acid mixture (5 mL) 
added. The mixture was then heated in a microwave oven (MARS, CEM, USA) 
using a two-step time and temperature programme which consisted of ramping to 
200 °C over a 20 min period followed by a 45 min holding period at 200 °C. After 
digestion, samples were allowed to cool to room temperature and then diluted to 
10 mL with deionised water. Digests were stored in polyethylene vials in a cool 
room (~4 °C) until further analysis.

Fig. 7.1 Aerial photograph 
of the microcosms used in 
this study
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Total Ce and Ti concentrations were measured using an Inductively Coupled 
Plasma Mass Spectrometer (ICP-MS) using an Agilent 8800 Triple Quadrupole 
ICP-MS.  Experimental conditions for ICP-MS analysis were: plasma flow 
1.07 L min−1, sampling depth 8 mm, power 1550 W, pump rate 0.1 rps, and stabili-
sation delay 25  s. Sulphur oxide (S32O16) interferences on the major Ti isotope 
(m/z = 48) were removed, using an ammonia (NH3) reaction gas during ICP-MS 
analysis for Ti with Ti-NH3 clusters measured at m/z = 114 while Ce (m/z = 140) 
concentration were measured in the presence of Oxygen (O2) gas with Ce-O2 clus-
ters at m/z = 156.

Quantification was performed using external standards prepared by diluting 
appropriate volumes of a 1 mg mL−1 stock solutions of Ti4+ and Ce4+ high purity 
ICP-MS standards to create a seven-point calibration curve over a range of concen-
trations from 0.1 μg L−1 to 1 mg L−1, which was a wide enough range to include the 
estimated values of each sample. A 2% (v/v) HNO3 solution was used as an instru-
ment blank, and standard solutions having a concentration of 10 μg L−1 Ti (IV) and 
Ce (IV) were used for quality control checks (Continuous Check of Variation 
(CCV)) during ICP-MS analyses. For quality control a commercially available 
Certified Reference Materials (CRMs) – Bush Branches (NCS DC 73349) and one 
in-house wheat grain sample spiked with approximately 100 mg nTiO2 kg−1 grain 
(66.6 mg Ti kg−1 grain) were also used (Table 7.2).

Total N concentrations in plant tissues were measured using a TruMac Carbon/
Nitrogen Determinator (Trumac C/N, LECO Corporation, model 630–300-400). 
Oven dried soil or plant material (0.5 g) was weighed into a clean ceramic vial for 
combustion analysis. Ethylenediamine tetraacetic acid (EDTA) was included as a 
standard reference material together with blanks at a rate of 5% per batch. The mea-
sured N content (%) of the EDTA SRM was 9.56 ± 0.03% which was in good agree-
ment with the certified concentration (9.52–9.60%).

Table 7.2 Recoveries of Ce and Ti from the CRMs used in this study

CRM
Measured Ce 
(mg kg−1)

Certified Ce 
(mg kg−1)

% 
recovery

Measured Ti 
(mg kg−1)

Certified Ti 
(mg kg−1)

% 
recovery

Bush Branches 
(NCS DC 
73349) (n = 14)

1.7 ± 0.1 2.0 ± 0.1 85 ± 5 60 ± 12 95 ± 20 63 ± 13

nTiO2 spiked 
wheat grain 
(n = 15)

0.03 ± 0.04 N.D. N/A 55 ± 19 66 ± 6 83 ± 29

N.D. not determined, N/A not applicable

7 Cerium and Titanium Oxide Nanoparticles Increase Algal Growth and Nutrient…



198

2.3  Statistical Analyses

Factorial ANOVA procedures were used to determine the effect of ENP type, N 
fertiliser rate and the interaction between ENP type and N fertiliser rate on plant 
biomass (rice and algae), rice establishment rate and tissue N, Ce and Ti concentra-
tions. Differences between treatments were statistically significant when P < 0.05. 
All data was log-transformed to ensure data was normally distributed.

3  Results

3.1  Algal Biomass Production

Mean algal biomass (dry mass) ranged from <0.01 to 1.10 g microcosm−1 (Fig. 7.2). 
The interaction between ENP type and fertiliser N exposure significantly influenced 
algal biomass production (DF = 5; F = 22.22; P < 0.001). Algal biomass production 
was highest in microcosms treated with both ENPs and fertiliser N (≈ 1.00–1.10 g 
microcosm−1), which was significantly higher than biomass production in micro-
cosms that only received fertiliser N (≈ 0.67 g microcosm−1), which was in turn 
higher than biomass production in microcosms that did not receive fertiliser N 
(<0.13 g microcosm−1) (Fig. 7.2).
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Fig. 7.2 Mean algal biomass (g microcosm−1 (dry mass)) produced in microcosms treated with differ-
ent combinations of N fertiliser and ENPs. Values are means ± SD (n = 10)
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3.2  Accumulation of Nitrogen, Cerium and Titanium by Algae

Nitrogen: Algal tissue N concentrations ranged from 583 to 1198 mg N kg−1 tissue 
(dry mass) (Fig. 7.3a). Differences across treatments were statistically significant 
(DF = 5; F = 75.4; P < 0.001) with concentrations in all microcosms that received 
fertiliser N (≈ 1000–1200 mg N kg−1) higher than those in microcosms that did not 
receive fertiliser N (≈ 580–700 mg N kg−1) (Fig. 7.3a). The presence of nCeO2 and 
nTiO2 in microcosms resulted in a near twofold and threefold increase, respectively, 
in the total N removed from microcosms in N-fertilised microcosms (Fig. 7.3b). In 
non N-fertilised microcosms, however, there was little to no effect of ENPs on over-
all N removal (Fig. 7.3b).

Cerium: Algal Ce concentrations ranged from 33 to 138 mg Ce kg−1 tissue (dry 
mass) (Fig. 7.4a). Cerium concentrations in algae harvested from nCeO2 amended 
microcosms were significantly higher (DF = 3; F = 113.6; P < 0.001) than those in 
non-nCeO2 amended microcosms.

Titanium: Algal Ti concentrations ranged from 1643 to 1992 mg Ti kg−1 tissue 
(dry mass) (Fig. 7.4b). There was no significant differences in Ti concentrations 
present (DF = 3; F = 0.41; P = 0.83) across treatments.

3.3  Rice Establishment and Biomass Production

Establishment rates: Rice establishment rates significantly differed across treat-
ments as a result of both ENP (DF = 2; F = 28.50; P < 0.001) and fertiliser N treat-
ments (DF = 1; F = 32.00; P < 0.001) (Fig. 7.5a). Establishment rates in control and 
nTiO2 treated plants (60–65%) were significantly higher than those in nCeO2 treated 
plants (25%), while rates in microcosms that received fertiliser N (37%) were lower 
than rates in microcosms that did not receive fertiliser N (66%).
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Biomass production: Mean rice biomass production significantly differed as a 
result of exposure to different ENPs (DF = 2; F = 5.97; P = 0.005) (Fig. 7.5b). 
Biomass production in non-ENP exposed plants and nTiO2 exposed plants was sig-
nificantly higher than that of nCeO2 exposed plants.
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3.4  Accumulation of Nitrogen, Cerium and Titanium by Rice

Nitrogen: Total N concentrations in rice were significantly influenced by interac-
tions between ENP type and fertiliser N treatment (DF = 2; F = 33.19; P < 0.001) 
(Fig. 7.6a). All plants grown in the presence of fertiliser N contained significantly 
higher tissue N concentrations than those grown without fertiliser N. In N-supplied 
microcosms tissue N concentrations in non-ENP treated plants > nTiO2 treated 
plants > nCeO2 treated plants, while in non N-supplied microcosms tissue N con-
centrations in non-ENP treated plants > nTiO2 treated plants (Fig. 7.6a).

Total N removal by rice was, however, higher in non-ENP supplied microcosms 
when fertiliser N was applied (Fig. 7.6b). In non N-fertilised microcosms there was 
no difference in total N removal across treatments (Fig. 7.6b).

Cerium: Ce concentrations ranged from 0.3 to 0.8 mg Ce kg−1 tissue (dry mass) 
(Fig.  7.7a) with concentrations in nCeO2 exposed plants significantly higher 
(DF = 2; F = 10.00; P = 0.003) than those in non-nCeO2 exposed plants.

Titanium: Ti concentrations ranged from 10 to 23 mg Ti kg−1 tissue (dry mass) 
(Fig. 7.7b) with no significant differences in Ti concentrations across treatments 
(DF = 2; F = 2.45; P = 0.10).
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4  Discussion

4.1  Effects of ENPs on Algal Biomass Production 
and Nutrient Accumulation

Prior to this study there was visual non-quantitative evidence that nCeO2 and nTiO2 
promoted the growth of unicellular algae in rice paddy environments. The data pre-
sented here (Fig. 7.2) quantitatively demonstrates that the presence of nCeO2 and 
nTiO2 in microcosms stimulated algal biomass production (31 and 38% respectively 
relative to control microcosms). This, however, only occurred in N-fertilised micro-
cosms as the presence of nCeO2 and nTiO2 in non-N fertilised microcosms was 
deleterious to algal growth (Fig. 7.2).

Previous studies have shown that both nCeO2 and nTiO2 can alter the phytoavail-
ability of N in flooded and non-flooded soils (Duncan and Owens 2019; Nikoo 
Jamal 2018). This was proposed to have occurred as a result of either the catalytic 
effects of nCeO2/TiO2 initiating the degradation of organic matter which stimulated 
N mineralisation (Zhu et al. 2005) or via the inhibition of N metabolising microor-
ganisms which allowed mineral N species to remain in the soil for longer periods 
(Ge et al. 2011). Nitrogen is a key driver of biomass production in all plants (Duncan 
et al. 2018) and N-rich waters can promote the proliferation of algae and eutrophica-
tion of aquatic environments (Daniel 2018) and thus an increase in mineral N in 
microcosms is a logical explanation for the observed increased algal growth.

When N was supplied to microcosms as fertiliser there was no difference in total 
N concentrations between ENP- and non-ENP exposed algae (Fig. 7.3A). The over-
all algal N removal from microcosms was, however, 92% and 162% higher in 
nCeO2/TiO2 treated microcosms than in non-ENP treated microcosms (Fig. 7.3B). 
This implied that while the ENPs themselves did not increase the capacity for algal 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Control nCeO2

Ri
ce

 C
e

(m
g 

Ce
 k

g-1
 �

ss
ue

 (d
ry

 m
as

s)
)

Soil Treatment

0 mg N kg

300 mg N kg

A

0

5

10

15

20

25

30

35

40

Control nTiO2

Ri
ce

 T
i

(m
g 

Ti
 k

g-1
 �

ss
ue

 (d
ry

 m
as

s)
)

Soil Treatment

B

Fig. 7.7 Rice Ce concentrations (mg Ce kg−1 (dry mass)) (a) and rice Ti concentrations (mg Ti kg−1 
(dry mass)) (b) in microcosms treated with different combinations of N fertiliser and ENPs. Values are 
means ± SD (n = 3)

E. Duncan and G. Owens



203

cells to accumulate N on a per cell or per gram basis, the presence of ENPs in the 
soil did dramatically increase the total N available for algae to accumulate over a 
microcosm scale. Many unicellular algae species that inhabit rice paddy environ-
ments are known to fix N from the atmosphere (Choudhury and Kennedy 2004; 
Mandal et al. 1999; Tripathi et al. 2008). It is therefore plausible that ENPs, N and 
algae exhibited a complex relationship within microcosms whereby ENPs increased 
phytoavailable N which increased algal biomass which in turn increased the total N 
fixed by algae from the atmosphere.

Although N phytoavailability was not specifically measured in this experiment, 
comparing the algal biomass and algal N accumulation in fertiliser N-supplied and 
non-fertiliser N-supplied microcosms, provided a clue as to the possible cause of 
increased algal growth. In fertiliser N-supplied microcosms there was a clear 
increase in algal N accumulation in the presence of either ENP, which suggested 
that additional N resources were present in the microcosm which were either liber-
ated from the soil or fixed from the atmosphere. In non-fertiliser N-supplied micro-
cosms, however, there were no significant differences in algal biomass production 
(Fig. 7.2) or overall N accumulation (Fig. 7.3B) across treatments. There are exam-
ples of ENPs such as nTiO2 inhibiting the ability of cyanobacteria to fix atmospheric 
N (Cherchi and Gu 2010) while there are a number of examples of nCeO2/TiO2 
inhibiting the growth of unicellular algae and other microorganisms (Bour et  al. 
2016; Ge et al. 2011; Hartmann et al. 2010; Lee and An 2013; Pelletier et al. 2010; 
Xu et al. 2015). This implied that in the absence of fertiliser N, ENPs do not signifi-
cantly increase N availability, which suggests that ENPs are allowing mineral N 
species from fertilisers to remain in the soil for longer periods, i.e. inhibiting deni-
trification rather than increasing the mineralisation of organic N pools.

From this data, the question that therefore arises is whether the stimulation of 
algal growth resulted in decreased rice production or whether the presence of 
nCeO2/TiO2 in microcosms increased nutrient phytoavailability to the point where 
both plant species (algae and rice) could prosper.

4.2  Effects of ENPs on Rice Establishment, Biomass 
Production and Nutrient Accumulation

The presence of nCeO2 in microcosms reduced the above ground biomass of rice by 
approximately 60% (Fig. 7.5b) regardless of whether fertiliser N was supplied. The 
presence of nTiO2 in microcosms also reduced rice biomass by approximately 18% 
in non-fertiliser N-supplied microcosms; however, in fertiliser N-supplied micro-
cosms rice biomass was doubled when exposed to nTiO2 (Fig. 7.5b).

The results for nCeO2 implied that algae and rice were in direct competition for 
resources as increases in algal biomass occurred as a consequence of decreased rice 
growth (Figs. 7.2 and 7.5). Similar trends were also apparent in a nutritional sense, 
whereby increased N accumulation by algae corresponded with decreased N 
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 accumulation by rice (Figs.  7.3 and 7.6). Finally, the presence of nCeO2 also 
decreased the establishment rate (%) of rice (Fig. 7.5a).

The presence of nTiO2 in microcosms, particularly those also supplied with  
fertiliser N, stimulated and sustained the growth of both plant species and thus 
behaved very differently from those amended with nCeO2 (Figs. 7.2 and 7.5). This 
implied that sufficient N resources were available to support the growth of both spe-
cies; however, as N phytoavailability was not measured specifically it could not be 
assumed that nTiO2 was more successful than nCeO2 in retaining fertiliser N in the 
soil. In fact, previous studies using exactly the same soil had shown no significant 
differences in N phytoavailability in nCeO2 and nTiO2 treated flooded and non-
flooded soils (Duncan and Owens 2019; Nikoo Jamal 2018).

Alternatively, nTiO2 itself potentially stimulated the growth of both plant species. 
This is not inconceivable since numerous reports have previously proposed that the 
photocatalytic properties of TiO2 based materials can result in the stimulation of 
photosynthesis in a range of plant species (Carvajal and Alcaraz 1998; Frutos et al. 
1996; Lyu et al. 2017), while evidence also exists that these materials can stimulate 
N-fixation in some plants (Zheng et al. 2005).

In this study there were no significant differences in tissue Ti concentrations in 
algae (Fig. 7.4) or rice (Fig. 7.7) when grown in the presence or absence of nTiO2, 
or when grown in the presence and absence of fertiliser N (Figs.  7.4 and 7.7). 
Superficially, this observation makes it seem unlikely that the accumulation of 
nTiO2 by plants facilitated biomass production. However, since the soil used here 
had a high natural background Ti concentration (1470 mg Ti/kg soil) (Table 7.1) it 
seems likely that a significant proportion of the plant-accumulated Ti observed was 
that naturally available in the soil and was not indicative of the nTiO2 specifically 
amended to the microcosm. It is therefore possible that small concentrations of 
nTiO2 were accumulated by both species, which was sufficient to stimulate photo-
synthesis relative to that of plants not exposed to nTiO2. However, when fertiliser N 
was not supplied nTiO2 had no effect on biomass production in rice (Fig. 7.5b) and 
algae (Fig. 7.2) which again suggested that nTiO2-induced changes to N phytoavail-
ability facilitated the observed growth increases.

4.3  Implications for Rice Cultivation, Environmental Health 
and Opportunities for Other Industries

This work clearly demonstrated that algal biomass in rice paddy environments was 
strongly stimulated by co-exposure to ENPs (nCeO2/TiO2) and fertiliser N (Fig. 7.2). 
This increase in algal growth resulted in the accumulation of significant N concen-
trations by the algal biomass (Fig. 7.3), which in some instances simultaneously 
reduced rice biomass production (Fig. 7.5b), establishment rates (Fig. 7.5a) and N 
accumulation (Fig.  7.6), particularly when nCeO2 was involved. In this instance 
ENPs were thus deleterious to rice production which is a significant outcome given 
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that ENPs will almost certainly come into direct contact with agricultural plants 
with increasing regularity in the future (Huang et al. 2015). In addition, the growth 
of rice (and algae) was reduced when both ENPs were present in microcosms in the 
absence of fertiliser N (Figs. 7.2 and 7.5). This observation is also significant as it 
implies that the use of fertiliser N can mitigate the deleterious ecotoxicological 
effects of ENPs. Thus, in low nutrient or organic farming systems there is a real risk 
of ENPs having a deleterious effect on crop growth.

However, ENPs were not deleterious to rice production in all of the microcosms 
studied, and as a result of the complex interactions between algae and rice in paddy 
environments there were also some potential positive results attributable to increased 
algal growth. For example, even though nTiO2 stimulated algal growth (Fig. 7.2), 
rice growth was not compromised and actually increased relative to non-exposed 
plants (Fig. 7.5). In this instance the presence of nTiO2 could actually benefit the 
farming system as a whole as rice production increased while the algae within the 
paddy acted as a ‘N-sink’ which almost certainly minimised N-losses to the atmo-
sphere and also potentially returned N (and other nutrients) to the soil which could 
be utilised by the next crop in the sequence.

Unicellular algae also facilitate the eutrophication of aquatic systems, which 
usually occurs in periods of high temperatures, light and nutrient availability (Daniel 
2018). Algal ‘blooms’ are potentially detrimental to both flora and fauna that inhabit 
aquatic systems as they can limit light penetration to benthic zones, can remove all 
oxygen from the water-column and the algae themselves can also release a range of 
toxins that can inhibit the growth of a range of biota (Anderson et al. 2002). Aquatic 
ecosystems share many similarities with rice paddy environments, and thus if ENPs 
accumulate in these systems and stimulate algal growth as observed here, the effects 
could be equally deleterious in riverine environments. In many regions rice is pro-
duced in close proximity to major river systems due the high water requirement of 
rice. The use of ENPs such as nCeO2 and nTiO2 as a component of agricultural 
products and fertilisers thus increases the possibility of these materials accumulat-
ing in aquatic systems and thus careful risk management needs to be implemented 
to ensure these materials if used do not escape from farmer’s fields.

However, increased algal proliferation can also have a range of environmental 
benefits. The nitrogen use efficiency (NUE) of rice is notoriously poor with most 
estimates suggesting that up to 70% of N applied as fertiliser is lost to the environ-
ment, mainly through denitrification (Cassman et al. 1996; Peng et al. 2006). These 
losses are significant in an environmental sense as they can contribute to the effects 
of climate change given that some volatile N species are potent greenhouse gases 
(Dalal et al. 2003). Increased algal growth in paddies, however, has the potential to 
capture some of this excess N and return it to the soil once paddies are drained prior 
to harvest (Gaydon et al. 2012). Thus, ENPs, particularly nTiO2, could be used to 
reduce the potentially deleterious environmental effects of broadacre rice cultiva-
tion; however, as detailed above significant field trials are required to ascertain 
whether these effects are also likely to occur in situ.

Increased algal growth and nutrient accumulation in the presence of nCeO2 and 
nTiO2 could be beneficial to industries that cultivate algae for industrial purposes, 
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e.g. biofuel and aquaculture. If unicellular algae can be cultivated in the presence of 
ENPs in a way in which the end product (i.e. oil, food-source) does not become 
contaminated, there is the potential for economic benefits for the industry itself and 
potentially for consumers. For example, if nCeO2/nTiO2 increase the NUE of algae, 
industrial quantities of algal biomass could be produced using far less fertiliser N, 
which provides an economic benefit to the specific algal cultivation industry.

5  Conclusions

In summary, while nCeO2 and nTiO2 were both shown to significantly increase algal 
biomass production in rice paddy microcosms, this only occurred when fertiliser N 
was applied in conjunction with ENPs. Increased algal growth predictably lead to 
increased N accumulation by the algal biomass, which for nCeO2 significantly 
reduced the biomass production of rice. However, for reasons that are currently 
uncertain, in the presence of nTiO2 rice biomass production increased despite 
increased algal growth. Future research should thus focus on determining how 
nTiO2 is able to stimulate growth in both algae and rice species. In addition, exten-
sive field trials are also required to determine any potential effects on rice growth, 
nutrient phytoavailability and the impact of algal overgrowths on the productivity of 
this important cropping system.
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1  Introduction

The interaction between ENPs and plants can vary greatly with nanoparticle (NP) 
type, plant species, and growth stage. As a result, it is difficult to draw concrete 
conclusions about their effects (Rastogi et al. 2017). To this purpose, factors that are 
independent from NP material such as properties (size, shape, concentration, stabil-
ity, coating, zeta potential, and surface characteristics), exposure (concentration, 
method, and time), and plant type can be isolated, and inferences can be made 
(Rawat et  al. 2017). Due to their properties, engineered nanoparticles can act as 
promotors and inhibitors in agricultural plants (Gardea-Torresdey et al. 2014; Reddy 
et al. 2016). Therefore, investigations of engineered nanoparticles (ENPs) in agri-
culture aim towards determination of possible effects of ENPs on crops and to 
improve harvest yield by reduction of micro- and macronutrient deficiency along 
with disease suppression (Singh et al. 2018; Adisa et al. 2018, 2020). A wide array 
of ENPs have been studied for their potential effects on different terrestrial plants 
such as Cu, CuO, ZnO, MnOx, FeOx, Fe3O4, TiO2, CeO2, Al2O3, ZrO2, SiO2, Ag 
nanoparticles (NPs), and carbon-based ENPs like single-walled and multiwalled 
carbon nanotubes, fullerol, graphene, to name a few (Parveen and Rao 2015; Xiang 
et al. 2015; Yang et al. 2015; Liu et al. 2016; Karunakaran et al. 2016; Du et al. 
2017a; Rawat et al. 2018a, 2019; Deng et al. 2020; Wang et al. 2020). Although 
there has been extensive research of ENPs in plants, there is a gap that has not been 
bridged, because the toxicity of ENPs cannot be generalized for all plant species. It 
is in fact species and ENP dependent (Zuverza-Mena et al. 2017).

By means of this chapter, the authors attempt to probe into various studies of the 
effects of ENPs on plants at different growth stages, namely germination, seedling, 
half life cycle, full life cycle studies, and finally transgenerational effects (Scheme 8.1).

2  Effects of ENPs on Germination

Germination studies are vital to assess the overall nano-particle and plant interac-
tion. They are indicative of the beneficial or detrimental effects the nano-particles 
could have at the rudimentary stage of seed germination. These effects could be 
prolonged and have an influence on the plant growth and nutrition. It is equally pos-
sible that the plant’s internal defense mechanism counteracts the detrimental effects 
and outgrows them. Two plant examples of corn and rice have been covered here.
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2.1  Germination of Corn

Corn is a cereal crop ranked third in world production, after rice and wheat (Food and 
Agricultural Organization of the Unites Nations 2020). From the total production 
worldwide in 2018–19, United States was the leading producer with 366.3 million 
metric tons followed by China with 257.3 million metric tons (Shahbandeh 2020). It is 
used as a food source for people and livestock, and therefore has an important role in 
food security. With the extensive use of nanoparticles in commercial products, determi-
nation of fate and transport of ENPs has become a concern. Therefore, germination of 
corn has been extensively studied in the presence of different ENPs and different media 
to determine the toxicity and potential benefits. For instance, the effects of ZnO on the 
germination of corn (Zea mays L.) depend on the dose of the ENPs. Germination was 
studied in a petri dish format, with the seeds being exposed to an aqueous suspension 
or solution on the germination paper. As a result, concentrations below 1000 ppm have 
shown to have no effect whereas a dose of 1500 ppm increases the germination from 
approximately 40% to 80% (Subbaiah et al. 2016). On the other hand, according to 
Yang et al. (2015), 2000 ppm ZnO had no effect on germination. This test was done in 
a petri dish format again. The presence of Ag NPs ranging from 50 to 2500 ppm had no 
effect on the germination, except for 500 ppm which decreased it from 96% to 86% 
(Almutairi and Alharbi 2015). Li et al. (2016) showed that an increase in concentration 
of γ-Fe2O3 from 0 to 50 ppm had little to no effect on the germination rate of corn seeds 
while 100 ppm γ-Fe2O3 decreased the rate by 17%. A similar trend was observed with 
the  germination energy and germination index for the same study (Li et  al. 2016). 

Scheme 8.1 A representation of plant growth stages and nanomaterial interaction studies
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According to Yang et al. (2015), the presence of TiO2, SiO2, CeO2, Fe3O4, Al2O3, and 
CuO NPs at 2000 ppm in direct contact with maize (petri dish study) had no effect on 
the germination rate of the seeds. Karunakaran et al. (2016) investigated the effects of 
ZrO2, SiO2, Al2O3, and TiO2 under different media. It was found that SiO2 and ZrO2 
either had little effect or promoted the germination of maize in all three media tested: 
petri dish, cotton ball as a substrate, and soil. Furthermore, Al2O3 and TiO2 inhibited the 
germination in all growth conditions, but it was determined that direct contact with the 
nanoparticles (petri dish study) inhibited the growth the most while the soil media was 
the least severe. Karunakaran et al. (2016) further investigated the metal oxide uptake 
of the seeds from the petri dish method via XRF and showed a high uptake for μSiO2 
and nSiO2 with 4.79% and 2.36% compared to the control. The uptake of the Al2O3, 
ZrO2, and TiO2 for both microparticles (MPs) and NPs were as follows: 
TiO2 > Al2O3 > ZrO2. Pariona et al. (2017) investigated the effects of 0, 1, 2, 4, 6 g/L of 
hematite and ferrihydrite nanoparticles on the germination of maize seeds. In the study, 
it was determined that the presence of hematite had no negative effects on the germina-
tion of the seedlings while ferrihydrite increased the germination slightly.

Carbon-based nanoparticles have attracted a lot of attention due to their wide 
applicability such as: medicine, electronics, optics, energy storage, and agriculture 
(O’Connell 2006; De Volder et al. 2013). The use of carbon nanoparticles will even-
tually get into the environment and interact with living organisms such as plants. 
Therefore, carbon-based nanoparticles have also been extensively investigated for 
their effects on corn in the germination stages and throughout the entire life cycle 
(Lahiani et  al. 2013; Lahiani et  al. 2015). Lahiani et  al. (2013) investigated the 
effects of carbon nanotubes on seeds from barley, corn, and soybean in contact with 
nanotubes via two different methods, contact on agar media and coated via air-
spray. From the study, it was determined that the germination of corn significantly 
increased when in contact with the multi-walled carbon nanotubes (MWCNTs) at 
50, 100, and 200 ppm (Fig. 8.1, Panel 1). They also demonstrated the aggregation of 
CNTs inside the seed tissue by means of Raman spectroscopy (Fig. 8.1, Panel 2). In 
another study, Lahiani et al. (2015) investigated the effects of single-walled carbon 
nano-horns (SWCNHs) (0, 25, 50, and 100 ppm) on the germination of barley, corn 
hybrid N79Z 300 GT, rice, soybean, switch grass, and tomato. A similar trend was 
observed, in which the germination of corn increased in the presence of the carbon 
nano-horns. Furthermore, at higher concentrations, the germination occurred within 
an earlier time period than the control (Lahiani et al. 2015).

2.2  Germination of Rice

Rice (Oryza sativa L.) is a vital grain crop and is normally grown and over 715 million 
tons is produced annually (Muthayya et al. 2014). Due to its importance in food secu-
rity, studies have focused on investigating possible benefits and toxicity of engineered 
nanoparticles on the growth of rice plants. Materials that have been investigated include 
various carbon-based and metal-based nanoparticles (Thuesombat et al. 2014; Wang 
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et al. 2016a; Gupta et al. 2018). For instance, Liu et al. (2018) investigated the interac-
tion of nano-CuO with rice seeds to alleviate the antagonistic effects of arsenic ions. In 
the study, it was found that As alone decreases the germination of the rice seeds, but in 
the presence of CuO, the germination increased with an increase in CuO concentration 
with the exception of the As + CuO 1.0 ppm treatment which was similar to the treat-
ment containing As alone (Liu et al. 2018). The effects of carbon nanotubes (CNTs) on 
the germination of rice were studied by Nair et al. (2010) and Jiang et al. (2014), and it 
was determined that at low concentrations (0–100 ppm) the seed germination was pro-
moted. Additionally, Adhikari et al. (2013) determined that 0–100 ppm of SiO2 and 
0–600 ppm Mo NPs had no adverse effect on the germination of the rice seeds. Shaw 
and Hossain (2013) investigated the effects of nano-CuO at 0.5, 1.0, and 1.50 mM 
(39.77, 79.55, and 119.32 ppm) on the germination of rice seeds using cotton ball as the 
media. From the study, it was determined that the germination decreased as the concen-
tration of the nano-CuO was increased. For instance, the controls exhibited 91.6% 
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Fig. 8.1 Panel 1. Quantitative and qualitative representation of corn seed germination in MWCNT 
treatment by airspray technique with relation to time. Results are shown as an average measure-
ment of 24 seeds per treatment. Aqueous solutions of MWCNTs at 50, 100, and 200 μg/mL con-
centration were used for airspray. *: p < 0.05, CNTs (25 μg/mL) compared to control. ¥: p < 0.05, 
MWCNT (50 μg/mL) compared to control. ⧧: p  <  0.05, MWCNT (100 μg/mL) compared to 
control. Phenotypic comparison of the corn seeds with control or CNT treatment on day 2 and day 
6 of the airspray treatment. Panel 2. Optical Raman spectroscopic images of corn seeds from con-
trol vs. the MWCNT treatment to visualize the aggregation of CNT (black arrow) inside the seed. 
(Reprinted (adapted) with permission from Lahiani, M.  H., Dervishi, E., Chen, J., Nima, Z., 
Gaume, A., Biris, A. S., Khodakovskaya, M. V., 2013. Impact of carbon nanotube exposure to 
seeds of valuable crops. ACS Applied Materials Interfaces, 5(16), 7965–7973. Copyrights 2013 
American Chemical Society)
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while the samples had 78.6%, 75.6%, and 71.6% germination at 0.5, 1.0, and 1.5 mM 
CuO, respectively (Shaw and Hossain 2013). In a study, Lahiani et al. (2015) deter-
mined that the germination of rice seeds increased with an increase in the concentration 
(0, 25, 50, and 100 ppm) of SWCNTs. Hao et al. (2016) investigated the germination of 
rice seeds in the presence of Fe2O3 nano-cubes (NCs), short nanorods (SRs), and long 
nanorods (LRs), TiO2 NPs, and multi-walled carbon nanotubes (MWCNTs) at 5, 10, 
30, 50, 100, and 150 mg/L. It was determined that Fe2O3 NCs and Fe2O3 SRs had no 
adverse effect on the germination of the seeds while Fe2O3 LRs inhibited their develop-
ment. Similarly, the presence of TiO2 and MWCNTs inhibited the germination ratio of 
the rice seeds (Hao et al. 2016).

To summarize, the germination of both corn and rice in the presence of different 
engineered nanoparticles proved that the germination is dosage and material depen-
dent. Higher concentrations of the metal-based nanoparticles tend to inhibit the ger-
mination of the seeds while low concentrations either had no effect or promoted the 
growth. Furthermore, the media used plays an important role in the germination 
process. For instance, the use of soil and cotton as a substrate helps alleviate the 
toxic effects of the nanoparticles on the germ, thus producing higher germination 
compared to direct contact in petri dishes.

3  Effects of ENPs on Seedling Growth

At the advent of nanoparticle and plant interaction studies, the researchers first 
started out by conducting germination and seedling stage studies. As the field 
evolved with time, the researchers gradually moved towards long-term exposure 
studies or full life cycle studies. The initial kinds of analyses still hold their value 
since they are indicative of early stage endpoints in the toxicity studies. The follow-
ing section elaborates on the response of seedlings to metal-based nanoparticles, 
predominantly silver nanoparticles.

3.1  Response of Seedlings to Ag NPs

The global market for Ag NPs is estimated to reach 400–800 tons by 2025, with 
main uses as a conductive material (electronic devices and paints) or antimicrobial 
agent (textiles, packaging, and commercial products) (Pulit-Prociak and Banach 
2016). The unique antimicrobial activity of Ag NPs also endorses its implementa-
tion into the food and agricultural industry against pathogens. Given that Ag NPs 
can enter the environment through direct or indirect means, it is essential to under-
stand their influence on plants since it can impact industry and/or public health 
(Wilson 2018). Initial growth of the germinated seed represents an early develop-
mental stage in the plant’s life cycle. Once plants begin to photosynthesize, they 
are no longer dependent on the seed’s energy reserves and must rely on external 
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sustenance (Gascon et al. 2015). Seedlings typically have high mortality rates due 
to their small size, which leaves them susceptible to resource competition and envi-
ronmental variability (Hanley et al. 2004).

Beneficial results following exposure to Ag NPs have been conveyed in a variety 
of terrestrial plants including, but not limited to, radish, fenugreek, wheat, rice, and 
Indian mustard (Pandey et al. 2014; Hojjat and Hojjat 2015; Bahri et al. 2016; Sabir 
et al. 2018; Gupta et al. 2018). Low concentrations can stimulate plant growth and 
development. Maximum root and shoot growth were observed in radish seedlings 
pretreated with 10 mgL−1 of Ag NPs grown under in vitro culture conditions (Bahri 
et al. 2016). In a similar experimental setup, 10 μg/mL of Ag NPs enhanced root 
length, fresh weight, and dry weight in fenugreek up to 46.6% from controls (Hojjat 
and Hojjat 2015). Similarly, concentrations ranging from 25 to 100 mgL−1 improved 
seedling vigor index (12.2–116.3%), root fresh weight (19–37.7%), and root bio-
mass (21.7–79.5%) in wheat (Sabir et al. 2018). The interaction between Ag NPs 
and plants is facilitated by the relationship between plant physiology and biochem-
istry. Low levels of reactive oxygen species (ROS) in combination with raised anti-
oxidative enzyme activities and gene expression levels could explain the 
phyto-stimulatory effect observed by 10 to 40 mgL−1 of Ag NPs in rice seedlings 
(Gupta et al. 2018). Treatment with Ag NPs could have induced a more efficient 
redox balance, supplementing growth parameters. This notion is substantiated by 
Pandey et al. (2014), where a slight elongation in root and shoot length of Indian 
mustard corresponded with elevated chlorophyll and protein content up to 
1000 mgL−1 in leaves and 100 mgL−1 in roots, respectively.

Several studies have found Ag NPs to be toxic towards plants, typically under 
high-dose exposure (Parveen and Rao 2015; Kim et al. 2018; Al-Huqail et al. 2018; 
Qian et al. 2013; Zuverza-Mena et al. 2016). Growth of wheat and mung bean seed-
lings was negatively affected by 10 to 80 mg/L of Ag NPs in a dose-dependent man-
ner (Kim et al. 2018). Under 30 mg/L, changes were minimal and nonsignificant; 
from 60 to 80 mg/L, root and shoot length were inhibited. According to Al-Huqail 
et al. (2018), white lupin was also found to be less tolerant to high concentrations of 
Ag NPs. Seedling fresh weight, length, and dry matter were reduced 18.2–62.4% at 
300–500 mg/kg, in addition to vigor indices (23.6–48.9%). These results could be 
due to the application method (transplantation), where in both instances the roots 
came into direct contact with the exposure medium. The small size of NPs allows 
them to be adsorbed onto roots, crossing through the epidermis and root cortex via 
the apoplastic pathway and the endodermis by protoplasts, where they reach the 
central portion of the roots and are translocated to aerial parts of the plant (Parveen 
and Rao 2015). This process has been visually explained by means of the diagram 
as shown in Fig. 8.2 (Pullagurala et al. 2018). Transmission electron microscopy 
(TEM) and metal content analysis indicated that Ag NPs accumulated in the leaves 
of thale cress and were able to disrupt thylakoid membrane structure, oxidant-anti-
oxidant system balance, and homeostasis of water and other small molecules (Qian 
et  al. 2013). Total chlorophyll content was suppressed by 32–36.5% and gene 
expression of antioxidant enzymes and aquaporins (water channels) was upregu-
lated. Remarkably, these effects were exclusive to Ag NP treatments, even when 
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compared to ionic Ag+ treatments. Moreover, Zuverza-Mena et al. (2016) demon-
strated that Ag NPs can alter nutrient content and macromolecule conformation. 
Radish seedlings exposed to 500 mg/L of Ag NPs had significantly less Ca, Mg, B, 
Cu, Mn, and Zn (10–52.5%) and infrared (IR) band of lipids, proteins, and struc-
tural plant cell components (lignin, pectin, and cellulose) were modified. In addi-
tion, Wu et al. (2020) conducted a study on lettuce seedlings, to compare the toxicity 
due to Ag NPs and ionic Ag under a 15-day-long root and foliar exposure. Results 
indicated that root exposure caused significantly higher toxicity than foliar expo-
sure; nano form was more actively uptaken and translocated compared the ionic 
form. Also, toxicity in the ionic treatments was due to oxidative stress.

Mixed observations have also been described throughout literature (Almutairi 
and Alharbi 2015; Wang et al. 2018). Exposure of Ag NPs to corn, watermelon, and 
zucchini had significant positive and negative impacts on plant growth (Almutairi 
and Alharbi 2015). While root length in corn seedlings was decreased (17.2–36.5%) 
by 0.05–2.5  mg/L of Ag NPs, fresh weight was increased (3.3–34.6%) by 
0.5–2 mg/L. Although root length and fresh weight in watermelon was stimulated 

Fig. 8.2 Apoplastic route of the uptake of Ag nanoparticles from the soil solution to the plant 
tissue, through the epidermis, cortex, endodermis, and translocated to the aerial parts of the 
plant (Reprinted (adapted) with permission from Pullagurala et al. 2018. Copyrights @ 2018 
Elsevier Ltd.)
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45.1–161.1% and 12.9–25.1% at 1 to 2.5 mgL−1 of Ag NPs, the same concentrations 
also reduced dry weight 4.3–27.1% from controls. Improvements in zucchini root 
length, fresh weight, and dry weight ranged from 4.3–27.1%, 48.3–95.8%, and 
62.1–85.8%, respectively, within the Ag NP concentration gradient of 0.05 to 
2 mg/L. Feasibility of Ag NPs in agricultural applications (crop improvement and 
food production) is dependent on their biocompatibility with different plant species. 
Even at the nanoscale, size is a critical physicochemical determinant in plant 
response. Large particle sized Ag NPs (70 nm) exerted stronger toxicity than small 
particle sized Ag NPs (30 nm) on leaf length and width in lettuce (Wang et al. 2018). 
This could be due to the time scale of the study (10 days). Larger NPs generally 
have a lower tendency to aggregate and stronger stability; thus, they can accumulate 
within soil and hence plants more readily than smaller NPs (Rawat et al. 2018b).

3.2  Response of Seedlings to Other ENPs

Lin and Xing (2007) tested the effects of nano-sized Zn, ZnO, multiwalled carbon 
nanotubes (MWCNT), aluminum, and alumina on ryegrass, radish, grape, cucum-
ber, lettuce, and corn for a seedling stage study. They saw clear inhibitions of root 
development in all the seedlings after 5 days of exposure, especially at 2000 mg/L 
nZn and nZnO. The seedling growth was hampered by nZn in ryegrass and by nZnO 
in corn at 2000 mgL−1 (Lin and Xing 2007). The broad bean (Vicia faba L.) seedling 
were grown hydroponically under carboxylated multiwalled carbon nanotube 
(MWCNT-COOH) exposure (2.5, 5, and 10 mg/L) along with heavy metals like 
lead (Pb, 20 μM) and cadmium (Cd, 5 μM). During the 20-day exposure period, 
MWCNT-COOH were observed to cause oxidative stress in leaves. The combined 
exposure of MWCNT-COOH and heavy metals increased biochemical and subcel-
lular damage to the leaves compared to heavy metal alone (Wang et al. 2014). In 
another study conducted to assess the physiological responses of Ulmus elongata to 
nano-anatase TiO2 by foliar application, it was observed that the net photosynthetic 
rate was deteriorated by 0.1%, 0.2%, and 0.4% (w/v) of the foliar spray compared 
to the control (Gao et al. 2013). Similarly, cabbage, tomato, red spinach, and lettuce 
were grown under graphene exposure at 500–2000 mg/L. After 20 days of expo-
sure, significant adverse effects on plant morphology, growth, and biomass were 
observed on all the seedlings except for lettuce. These effects included reduction in 
leaf number and sizes, dose-dependent rise in oxidative stress, cell death, and visi-
ble necrotic lesions in the plant tissue (Begum et al. 2011). Additionally, Nair et al. 
(2014) exposed mung bean (Vigna radiata L.) to various concentrations of CuO 
NPs in a hydroponic environment for 21 days. Among various other effects, they 
observed hampering of seedling root growth and biomass at all the concentrations. 
They observed a disruption of shoot growth and biomass at the two highest 
 concentrations, 200 and 500 mg/L. The positive effects of metal-based nanoparti-
cles have also been investigated in some plant studies. In one such study, the nano-
sized silicon was found to counter the biotic and abiotic stress caused by UV-B 
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including photosynthetic and enzyme activities in wheat (Triticum aestivum) seed-
lings to a much higher degree as compared to conventional silicon (Tripathi et al. 
2017). Pariona et al. (2017) conducted germination as well as seedling stage study 
to elucidate the uptake mechanisms and effects of iron-based NPs on Zea mays. To 
observe the uptake of NPs and their aggregates on the maize seedlings, they con-
ducted confocal laser-scanning microscopy on stem samples from the treatments 
and the controls (Fig. 8.3). The minute red-colored signals represent the hematite 
and ferrihydrite aggregates uptaken into the stem of the seedlings. According to the 
authors’ analysis of the microscopy images, the NPs were uptaken both by the apo-
plastic route to the epidermis and the symplastic route to the vascular system, i.e., 
the xylem and phloem of the plant (Pariona et al. 2017).

To summarize, differences in the effects of NPs to terrestrial plants depend on 
their properties, plant species and ages, and exposure media and concentrations. 
Though both advantageous and adverse outcomes were reported, it can be con-
cluded that the most significant factors are concentration and plant type. 
Understanding the interactions of NPs with plants is pivotal for scalability and 
applicability in agriculture, as well as determining environmental consequences 
from industrial and commercial use.

Fig. 8.3 Confocal microscopy images of transversal (top) and longitudinal (bottom) sections of 
maize seedlings that were grown in control (a, b), hematite NP (c, d), and ferrihydrite NP (e, f) 
treatments for 12 days past the germination stage. (Reprinted with permission from Pariona et al. 
2017. Copyrights @ 2017 Elsevier Ltd.)
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4  Effects of ENPs on Plants: Full Life Cycle Growth

The scientists took to more long-term exposure studies in the last decade, in the 
course of studying the nano-plant interactions. These studies are more useful to the 
field of application of ENPs for the use of agricultural amendments like pesticides, 
fertilizers, herbicides, or site-specific delivery systems for the same. Some of these 
long-term exposure studies and the effects of nanoparticles on physiology, agron-
omy, gene expression, and biochemistry have been summarized for cucumber, 
tomato, beans and peas, and food crops. The plant matrix, type of plant, physio-
chemical properties of the nanoparticles, and duration of exposure are important 
factors that influence the effects.

4.1  Effects of ENPs on Cucumber

The effects of Ag, CeO2, CuO, ZnO, and TiO2 ENPs on the growth of cucumber to 
full maturity has been extensively investigated. For instance, foliar exposure of Ag 
ENPs at 500, 1000, 1500, 2000, 2500, and 3000 ppm caused a significant increase 
in the amount of fruit production as well as the weight of each fruit per plant with 
increasing concentrations of the ENPs (Shams et  al. 2013). The presence of 
3000 ppm Ag increased the number of fruit production, fruit diameter, and fruit 
weight by 2.00 cm, 1.3 cm, and 20 g, respectively, when compared to the control. 
Additionally, a similar trend was observed in which the plant height of the cucum-
bers treated with 3000  ppm Ag increased by 19  cm. On the other hand, when 
exposed with ZnO or TiO2 ENPs via soil application; CeO2 or CuO via a foliar 
application, no significant alteration of the plant biomass or yield was found (Zhao 
et al. 2013; Servin et al. 2013; Zhao et al. 2014; Hong et al. 2016). However, soil 
exposure of CeO2 ENPs at 800 mg/kg reduced the fruit yield by 31.6% when com-
pared to the control (p   ≤ 0.07) (Zhao et al. 2013, 2014). Treatment of CuO or CeO2 
ENPs via foliar exposure caused a reduction in the firmness of the cucumber fruit 
(Hong et al. 2016).

The elemental content within the fruit was examined, and it was found that the 
Mo content was reduced by up to 51% with the following treatments: soil exposure 
of 400 and 800 mg/kg for both CeO2 and ZnO and foliar exposure of 50, 100, and 
200 mgL−1 for both CeO2 and CuO ENPs (Zhao et al. 2013, 2014; Hong et al. 2016). 
Additionally, the P content in the fruit increased with foliar exposure of CeO2 and 
CuO as well with soil treatment of TiO2 ENPs (Servin et al. 2013; Hong et al. 2016).

It has been demonstrated that Ag, CeO2, and ZnO ENPs after treatment via either 
foliar or soil exposure can be uptaken and translocated to the other parts of the 
cucumber plant. Shams et al. (2013) detected the presence of Ag ENPs in cucumber 
fruit, fruit skin, and roots after foliar application of 500, 1000, 1500, 2000, 2500, 
and 3000 ppm. Similarly, it was determined that CeO2 ENPs can be translocated 
from the root to leaf to fruit and vice versa when treated via either foliar or soil 
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application (Zhao et al. 2014; Hong et al. 2016). A similar trend was observed when 
cucumber plants were exposed to ZnO ENPs via soil application (Zhao et al. 2013). 
On the other hand, CuO ENPs accumulated in the leaves of the plant without any 
translocation through foliar exposure (Hong et al. 2016).

4.2  Effects of ENPs on Growth of Tomato

The effects of CeO2, ZnO, and TiO2 ENPs on the growth of tomato plants have 
shown to enhance fruit yield. For instance, both foliar and soil exposure of CeO2 
ENPs have resulted in an increase in tomato fruit yield (Barrios et al. 2016; Adisa 
et al. 2018). In another study, exposure of the tomato plants to CeO2 ENPs via soil 
application caused a lower number of fruits but increased their size and weight, 
leading to an enhancement in yield (Wang et al. 2012). The presence of citric acid 
coating on CeO2 reduced the tomato fruit dry weight when treated via soil applica-
tion (Barrios et al. 2016). Furthermore, soil and foliar exposure of ZnO and TiO2 
increased the number of total fruits and size compared to the controls (Raliya 
et al. 2015).

When exposed to ZnO and TiO2, the lycopene content in the fruit was enhanced 
when treated via both foliar and soil applications (Raliya et al. 2015). Soil exposure 
of CeO2 ENPs increased the reducing sugars but decreased the boron content in the 
tomato fruits (Barrios et al. 2016). On the other hand, in the same study, CeO2-CA 
ENPs reduced the total sugars, reducing sugars, and starch but increased the boron 
content (Barrios et al. 2016). In various studies, CeO2 altered tomato plant nutrient 
element contents by increasing B, Ca, K, Mg, Na, P, S, and Fe in root; Ca in stem; 
while reducing B, Fe, Mn, Al, and Ca in fruit (Antisari et al. 2015; Barrios et al. 
2016; Adisa et al. 2018).

After soil exposure, Ag and CeO2 ENPs were translocated to the tomato fruit 
(Wang et al. 2012; Antisari et al. 2015). After exposure of ZnO and TiO2 via either 
soil or foliar application, it was determined that the ENPs can be translocated from 
the roots to the leaves and vice versa, respectively (Raliya et al. 2015). Other ENPs 
such as Co and Ni accumulated in the roots and shoots, while SnO2 mainly accumu-
lated in the roots after soil exposure (Antisari et al. 2015).

4.3  Effect of ENPs on Bean and Pea

The effects and interactions of ENPs on bean and pea plants have been examined 
with CeO2, CuO, and ZnO ENPs as described. Soil exposure of CeO2 ENPs at 
62.5–500 mg/kg increased the kidney bean plant yield and seed moisture (Peralta-
Videa et al. 2014; Priester et al. 2017). On the other hand, soil treatment of CuO 
ENPs at 50 and 100 mg/kg reduced green pea pod biomass (Ochoa et al. 2017).
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The presence of ZnO and CeO2 had different effects on the fruit elemental  
content of the soybeans. For instance, ZnO ENPs at 100, 500, and 1000  mg/kg 
increased the Zn, Mn, and Cu content in the pods, while CeO2 ENPs at the same 
concentrations decreased the Ca but increased both P and Cu content (Peralta-Videa 
et al. 2014; Priester et al. 2017). In a different study via soil exposure, kidney bean 
pods exhibited an increase in S and P content while the accumulation of Cu, Fe, Ni, 
Mo, and Na were negatively affected (Majumdar et al. 2015). However, opposite 
results were found when green pea plant was treated with CuO ENPs at 50 and 
100 mg/kg in which the Fe and Ni concentrations were increased (Ochoa et al. 2017).

Both bean and pea plants have been reported to uptake ENPs such as CeO2, CuO, 
and ZnO via soil exposure (Peralta-Videa et al. 2014; Majumdar et al. 2015; Ochoa 
et al. 2017; Priester et al. 2017; Medina-Velo et al. 2017a; b). Among these ENPs, 
CeO2 and ZnO were translocated upward from the root to the pods (Peralta-Videa 
et al. 2014; Majumdar et al. 2015; Priester et al. 2017; Medina-Velo et al. 2017a; b). 
However, no evidence has been found for the translocation of CuO ENPs (Ochoa 
et al. 2017).

4.4  Effect of ENPs on Food Crops

Exposure of TiO2, CeO2, ZnO, and Mn2O3 ENPs on food crops have been investi-
gated to determine the possible effects and interactions. Treatment of barley with 
CeO2 ENPs at 500 mg/kg inhibited the formation of grains while exposure to TiO2 
ENPs at 500 and 1000 mg/kg enhanced the grain yield (Du et al. 2011; Pošćić et al. 
2016). On the other hand, exposure of CeO2 ENPs to wheat increased the shoot 
biomass, grain yield, number of spikelets per spike, and amount of grains per spike 
(Rico et al. 2014). The effects of ZnO with corn varied depending on the route of 
exposure (foliar or soil). Foliar application increased the corn yield while soil expo-
sure decreased the yield (Zhao et al. 2015; Subbaiah et al. 2016).

The food crops mentioned above could uptake ZnO, TiO2, and CeO2 ENPs via 
soil exposure while Mn2O3 and ZnO via foliar applications (Du et al. 2011; Rico 
et al. 2013, 2014; Du et al. 2015; Zhao et al. 2015; Subbaiah et al. 2016; Du et al. 
2017b; Zahra et al. 2017; Dimkpa et al. 2018). Furthermore, CeO2 ENPs were trans-
located from the roots to stem in corn and rice from soil exposure (Rico et al. 2013; 
Zhao et al. 2015). The same trend was observed in which ZnO and TiO2 were also 
able to be translocated from the roots to leaves in corn and rice plants, respectively 
(Zhao et al. 2015; Du et al. 2017b). In addition, translocation of Mn2O3 ENPs from 
leaves to grain occurred in wheat when treated via a foliar application (Dimkpa 
et al. 2018).
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5  Transgenerational Effects of ENPs

A handful of studies have looked at the varied transgenerational effects of nano Cu 
treatments on plants. Wang et al. (2016b) exposed three different eco-types (Col-0, 
Bay-0, Ws-2) of Arabidopsis thaliana to nCuO (20 and 50  mg/L), bulk CuO 
(50 mg/L) and ionic Cu (0.15 mg/L). The carry over effects of the Cu treatments 
onto the second generation of plants were investigated by testing for pollen and 
seeds viability. Pollen grain from the 50 mg/L nCuO treated plants had the germina-
tion inhibited statistically significantly by 10%, 10%, and 18% for Col-0, Bay-0, 
and Ws-2 ecotypes, respectively. In addition, nCuO at both 20 and 50 mg/L signifi-
cantly reduced the germination ratios of the harvested seeds. The root elongation in 
the seedlings was also significantly reduced at all the Cu treatments.

In another such study, the effect of nano-ceria (nCeO2) exposure on the growth 
parameters of second-generation tomato seedlings was investigated by Wang et al. 
(2013). Seeds from tomato plants grown under 10  mg/L nCeO2 treatment were 
retained for the second-generation seedling stage study with and without the 
10 mg/L nanoceria treatment. Therein, the authors observed that the second-gener-
ation treated seedlings from treated parent gave a significantly lower biomass, lower 
transpiration, and a slightly higher reactive oxygen species activity. Morphological 
differences were observed between untreated and treated seedlings in terms of root 
elongation and density, them being distinctly higher for the treated seedlings. 
Additionally, the second-generation treated seedlings exhibited higher Ce bioaccu-
mulation than the untreated ones, though not statistically significant.

Similarly, Tan et al. (2018) exposed basil (Ocimum basilicum) in pristine, hydro-
philically coated, and hydrophobically coated nano-TiO2 treatments through soil 
amendments. A second-generation study was undertaken with the seeds from the 
full life cycle study. Similar exposure pattern was adopted in the second-generation 
study and yielded various results. Plants that were treated with coated (hydrophobic 
and hydrophilic) TiO2 had reduced chlorophyll levels but increased sugar levels as 
compared to those that were unexposed in both the generations. Sequential expo-
sure to nano-TiO2 yielded stomatal conductance higher by 214% (p ≤ 0.10) in basil 
plants compared to those that were never exposed. Similarly, sequential exposure to 
coated TiO2 resulted in negative influence on plant photosynthesis but improved 
plant growth and proliferation when compared to the pristine treatment.

Geisler-Lee et al. (2014) examined the possible reproductive toxicity, among 
other things, induced by silver nanoparticles in soil grown Arabidopsis thaliana 
plants. Significant reductions in seed germination rate over three generations were 
observed. The initial generation was untreated plants. Thereafter, the plants from 
first-generation seeds were irrigated with 75 or 300 μg/L Ag NP treatments along 
with the corresponding ionic treatments. The seeds from 300 μg/L treatment gave 
the lowest germination rate among all the treatments that were significantly low 
compared to control (seeds from the untreated plants). In the following generation, 
seeds from 75 and 300 μg/L gave a significantly low germination rate compared to 
the corresponding control. In the third generation, seeds from 75  μg/L had 

S. Rawat et al.



223

 germination rate as low as 70% of the initial generation. This generational effect 
testifies the strong toxicity the Ag NPs could induce in plants.

Additionally, Medina-Velo et  al. (2018) conducted a generational study with 
ZnO NPs (coated and uncoated) and their effect on second-generation kidney bean 
(Phaseolus vulgaris) seeds. The soil grown plants were treated with coated and 
uncoated nano ZnO, bulk ZnO, and ZnCl2 at 0–500 mg/kg in the first generation. 
Seeds from the first-generation harvest were grown in clean soil without any treat-
ment to observe any residual effect of the first-generation treatments. No effects on 
seed nutrient quality, Zn accumulation, time to maturity, or sugar, starch, and pro-
tein content in the seeds were observed. None of the treatments affected the ascor-
bate peroxidase, catalase, and superoxide dismutase activities in the 
second-generation seeds except for 500 mg/Kg ZnCl2 that increased SOD in the 
seeds by 28%. Overall, a low residual transgenerational effect was observed in kid-
ney beans seeds grown under nano-ZnO treatments.

6  Summary

A range of positive and negative effects of metal-based and carbon-based ENPs 
have been observed in different plant species. The analysis was organized by the 
growth stage at which the plant was investigated. The plants’ growth characteristics, 
biochemistry, elemental uptake and bioaccumulation, nutrition characteristics, gene 
construct could be improved or deteriorated depending on the dosage of the chemi-
cal, plant species, growth matrix, and other factors. The current need requires mov-
ing towards application of nanotechnology to benefit agriculture by making 
agricultural processes nano-enabled. It could be the usage as nano-fertilizer, nano-
pesticides, nano-fungicide, or nano-enabled target specific delivery systems to cur-
tail wastage in the field. Another important application area is nano-enabled disease 
suppression to improve crop yields. Our efforts now and in the near future need to 
be geared towards the abovementioned avenues. Scientific advancement in the areas 
of nanotechnology and crop science can be judiciously tied together to feed the 
burgeoning human populations on the earth.
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1  Background

Food security, the provision of an ever-increasing world population with sufficient 
food that is affordable, nutritious, and safe, is a major global challenge. By the end 
of the twenty-first century, in excess of 9.5 billion people will inhabit the earth, 
which will result in an increased demand for food, and a reduction in the area and 
resources available for food production. Currently, more than 1 billion people are at 
risk of or already suffer from food shortages and an additional 1 billion people are 
at risk of malnutrition (Rengel et al. 1999). By 2050, the number of people with 
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insecure food supplies and/or food with poor nutritional value will only increase 
and thus world food production will need to increase by 40% in the next 20 years 
and 70% by 2050. To combat this impending crisis the production of plants used in 
food production will essentially need to double relative to current rates of produc-
tion (Rosegrant and Cline 2003). These increases must, however, be achieved sus-
tainably and not compromise the nutritional quality of food or increase the 
environmental degradation resulting from broadacre agriculture.

While many studies have advocated engineered nanomaterials (ENMs) as a 
game changing, novel means of improving agricultural productivity (Liu and Lal 
2015), many other studies have equally advocated ENMs as agents for environmen-
tal disaster due to significant physical and chemical interactions with both inorganic 
and organic species in aquatic and soil environments (Engates and Shipley 2011; 
Shipley et al. 2011). This chapter examines whether the presence of ENMs, specifi-
cally metal oxide nanomaterials, can significantly affect agricultural crop productiv-
ity and environmental health in terrestrial agricultural systems.

2  The Rise of Nanotechnology

The field of nanotechnology is developing rapidly and the extensive use of engi-
neered nanomaterials (ENMs) in industrial (i.e. electronics, medicine, and agricul-
ture) and domestic products has raised worldwide concern about their inevitable 
release and accumulation in the environment (Nowack and Bucheli 2007).

Whether dispersed in gaseous, liquid, or solid media, ENMs by definition must 
have at least one dimension <100 nm (Arruda et al. 2015). Currently, ENMs are 
categorised into four groups (Klaine et al. 2008), which include: (a) carbon-based 
materials including fullerenes, single-walled carbon nanotubes (SWCNT), and 
multi-walled carbon nanotubes (MWCNT); (b) metal oxides such as nTiO2, nZnO 
and nCeO2; (c) dendrimers which are synthetic polymers with tree-like structure for 
performing specific chemical function such as drug delivery (Esfand and Tomalia 
2001), and (d) composites which are a combination of ENMs with much larger 
materials, such as concrete and ceramics (Lin and Xing 2007).

In comparison to their bulk equivalents, ENMs have unique properties. For 
example, they have a large specific surface area, high surface area to volume ratio, 
and variable surface charge (Ma et al. 2010). Due to these unique properties, ENMs 
have been proposed to have very different environmental fates and behaviour com-
pared to common contaminants (Ma et al. 2010).

Most ENMs are released into the environment inadvertently as a result of indus-
trial processes or the use of domestic products; however, activities such as water 
purification or soil remediation can intentionally release ENMs into the environ-
ment (Farré et al. 2009; Colvin 2003). Once released to the environment, soils are 
likely to be a major ‘sink’ for ENMs and thus it is likely that terrestrial plants will 
be exposed to increasing concentrations of ENMs over time. Exposure of ENMs to 
plants may have adverse effects such as reducing photosynthesis and affecting 
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 nutrient uptake translocation. In addition, the accumulation of ENMs in plants may 
result in ‘trophic transfer’ of ENMs within food webs which could be detrimental to 
human and ecological health.

Currently, both positive and negative effects of ENMs on plants have been 
reported. It has been postulated that ENMs may have significant applications in 
agriculture and horticulture as they may inhibit the growth of weed species, protect 
against soil pathogens, and also assist in the bio-fortification of crops with essential 
trace elements (Tang 2013). Conversely, some ENMs (e.g. alumina and nZnO) are 
likely to be phytotoxic, and as a result, they have been observed to inhibit seed 
germination and root elongation in some plant species (Yang and Watts 2005; Lin 
and Xing 2008). Much less information is, however, known about how ENMs are 
accumulated and translocated by plants over their entire life cycle. In addition, there 
is still much to learn regarding ‘typical’ ENM concentrations found in edible plant 
tissues and whether ENMs are accumulated and sequestered by plants in a ‘pristine’ 
form or whether they are biotransformed in- or ex-situ. Therefore, the efflux of 
ENMs to soil, air, and water as a result of agricultural activities has raised inevi-
table concerns regarding their interaction with terrestrial plants and therefore their 
entrance into agricultural food webs.

As an emerging field of research, understanding how ENMs influence plant 
physiology and whether ENMs accumulate in plant tissues is of considerable impor-
tance agriculturally and to the wider community. This chapter focuses on whether 
metal-based ENMs (especially nCeO2 and nTiO2) are accumulated in commercially 
important agricultural crops. Given their global importance as a food source par-
ticular interest is also given to whether ENMs accumulate in cereal grains such as 
rice and wheat. In addition, this chapter also focuses on whether nCeO2 and nTiO2 
have the potential to alter plant physiology, specifically, grain yields due to the eco-
nomic importance of grain production to growers and industry.

3  Phytotoxicity of ENMs Via Seed Germination and Root 
Elongation Tests

The exposure of plant species to ENMs has received considerable attention in recent 
years (Stampoulis et al. 2009; Zhu et al. 2008) where ENMs can interact with plants 
not only through uptake and accumulation but also through root adsorption and 
absorption (Ma et al. 2010). Consequently, the biological impact of ENMs on plants 
is commonly investigated via simple short-term seed germination and root elongation 
assays (Tang 2013). Although these studies lack the completeness of longer-term 
hydroponic or soil growth studies, they are often a useful screening tool for potential 
ENM toxicity. According to Lin and Xing (2007) (Mushtaq 2011), the toxicity of 
ENMs may be as a result of three actions: (1) generation of reactive oxygen species 
(ROS), (2) cellular degradation from the penetration of ENMs through cell mem-
branes, and (3) the release of toxic metal ions from ENM dissolution (Mushtaq 2011).
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The phytotoxicity of two ENMs, nCeO2 and nano-lanthanum oxide (nLa2O3), of 
similar particle size (25  nm) on cucumber seedlings showed that nCeO2 had no 
effect on root or shoot elongation and biomass at all concentrations tested 
(0–2000 mg L−1), while nLa2O3 reduced root at concentrations ≥2 mg L−1, shoot 
elongation at 2000 mg L−1, and biomass at 20 mg L−1 (Table 9.1) (Ma et al. 2015). 
Nanoscaled lanthanum oxide (nLa2O3) also increased the H2O2 content which 
resulted in increased cell death. It was hypothesised that the higher dissolution of 
nLa2O3 may have facilitated a phytotoxic response (Ma et al. 2015).

In another study, nTiO2 had no effect on root elongation of wheat when exposed 
to concentrations between 1 and 500 mg L−1 (Feizi et al. 2012). Furthermore, shoot 
length when exposed to 2 and 10 mg L−1 nTiO2 was higher than an untreated control 
and larger bulk counterparts (Table 9.1). It was hypothesised that at specific concen-
trations nTiO2 can improve seed germination and seedling growth of wheat (Feizi 
et al. 2012). The result was in agreement with Zheng et al., 2005 (Zheng et al. 2005) 
who showed enhanced spinach germination upon exposure to nTiO2.

When rice seeds were soaked in nTiO2 suspensions at three concentrations (50, 
100, 5000 mg L−1) for 3 days, nTiO2 had no effect on seed germination and caused 
only a slight decrease in root length (Boonyanitipong et al. 2011) which is consis-
tent with the work of Lin and Xing (Lin and Xing 2007). Overall, root elongation 
was more sensitive to ENM exposure than seed germination because the grain sur-
face restricts the passage of ENMs into the grain (Boonyanitipong et al. 2011).

The effect of five metal oxide ENMs (nCo3O4, nCuO, nFe2O3, nNiO, nTiO2) at dif-
ferent concentrations (up to 5000 mg L−1) on seed germination and root elongation of 
three common vegetables (cucumber, lettuce, and radish) was investigated by Tang et al. 
(Krug and Wick 2011). In this study, even at lower concentrations (< 1000 mg L−1), both 
nCuO and nNiO were more toxic than all of the other ENMs tested. It was postulated 
that smaller ENMs would have higher surface energy and would, therefore, be more 
toxic to cells (Krug and Wick 2011). In this study, a large concentration of all tested 
ENMs was adsorbed on to the surface of the roots and shoots in all experiments. This 
was attributed to coagulation in an aqueous solution which minimises the total surface 
energy and therefore minimises ENM toxicity (Tang 2013). Conversely, exposure to 
nCo3O4 improved root elongation of radish even at high concentrations (Table 9.1). The 
authors hypothesised that the positive effect of ENMs on plants was due to increased 
water uptake by seeds in the presence of high ENM concentrations (Tang 2013).

The hydrodynamic diameter and ENM aggregation behaviour are important vari-
ables to consider in phytotoxicity studies. In a study by Song et  al. (Song et  al. 
2013), nTiO2 showed no phytotoxic effects on either germination or root elongation 
when tomato seeds were soaked in six nTiO2 suspensions (0, 50, 100, 500, 1000, 
2500, 5000 mg L−1), while nAg solutions inhibited tomato root elongation even at 
relatively low concentrations (< 100 mg L−1) (Song et al. 2013). In this study, the 
hydrodynamic diameter and agglomeration behaviour of ENMs was proposed to 
have regulated phytotoxicity. Since nAg was accumulated at much higher 
 concentrations than nTiO2, it was hypothesised that the decreased aggregation of 
nAg allowed it to be accumulated, whereas larger nTiO2 aggregates were not 
absorbed (Song et al. 2013).

N. N. Jamal et al.



235

Table 9.1 Phytotoxicity of common metal oxide ENMs to different plant species 

Studied 
ENMs

Size 
(nm)

Concentration 
(mg L−1) Plant type

Exposure 
time Plant response References

nTiO2

nFe2O3

30–
50

0–5000 Cucumber 6 days –  40% reduction in 
seed germination at 
5000 mg L−1 nTiO2

–  65% reduction in 
root length when 
exposed to 
5000 mg L−1 nTiO2

–  aGI reduction 
with increase nTiO2 
concentration

Mushtaq (2011)

nTiO2 21 1–500 Wheat 8 days –  No significant 
effect on root length
–  Shoot length and 
seedling length at 2 
and 10 mg L−1 
nTiO2 were 8% and 
7.3% respectively 
higher than control 
and 10.2 and 7% 
respectively higher 
than larger bulk 
counterparts in 
comparison to 
control

Feizi et al. 
(2012)

nTiO2

nZnO
<100 50–5000 Rice 7 days –  100% seed 

germination by all 
treatments.
–  Root length 
reduction when 
exposed to 
increasing nZnO 
concentrations

Boonyanitipong 
et al. (2011)

nTiO2

nCo3O4

nCuO
nFe2O3

nNiO

10–
50

0–5000 Cucumber
Lettuce
Radish

3 days –  nCuO and nNiO 
were far more toxic 
(−100% GI)
–  Lettuce was more 
sensitive to all 
ENM treatments
–  Up to 50% 
increase in root 
elongation of radish 
seedlings when 
exposed to Co3O4

Tang (2013)

nTiO2 10–
27

0-5000 Tomato 12 days –  No significant 
difference in 
germination rate

Song et al. 
(2013)

(continued)
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Among ten common agronomic plant species (cabbage, carrot, corn, cucumber, 
lettuce, oats, onions, ryegrass, soybean, and tomatoes) recently studied by Andersen 
et al. (Andersen et al. 2016), carrot and ryegrass did not display any signs of toxicity 
upon nTiO2 exposure (Table  9.1). While exposure to nCeO2 decreased the root 
length of lettuce and tomato, it increased root length in ryegrass and onion. The 
authors concluded that the average root length was more sensitive to ENM exposure 
than seed germination and that nTiO2 and nCeO2 have different effects on plant 
growth at early stages of the life cycle, while effects at later growth stages were still 
unknown (Andersen et al. 2016).

Clearly, the interaction of ENMs with agronomically important plants is a com-
plex process and depends on plant species, ENMs properties, exposure time, and 
concentration, and while ENMs may have a short-term positive, negative, or neutral 
effect on establishment, germination, and root elongation, their overall long-term 
effects on plant physiology are poorly understood.

Table 9.1 (continued)

Studied 
ENMs

Size 
(nm)

Concentration 
(mg L−1) Plant type

Exposure 
time Plant response References

nCeO2 
nLa2O3

25 0–2000 Cucumber 5 and 
14 days

–  nCeO2 had no 
phytotoxicity to 
cucumber
–  nLa2O3 reduced 
root, shoot biomass, 
and shoot 
elongation by 
65.8% and 42.8%, 
18.3% respectively, 
at 2000 mg L−1

–  nLa2O3 reduced 
root elongation by 
65.8% at 2 mg L−1

Ma et al. (2015)

nCeO2

nTiO2

14–
34

250–1000 Cabbage, 
carrot, corn, 
cucumber, 
lettuce, oats, 
onions, 
ryegrass, 
soybean, 
and tomato

Time is 
not 
stated.

–  nCeO2 did not 
influence 
germination
–  30% and 20% 
increase in 
germination rate of 
cabbage and oats 
respectively when 
exposed to nTiO2

–  10% and 5% 
reduction in root 
length of cucumber 
and onion 
respectively when 
exposed to nTiO2

Andersen et al. 
(2016)

aMode of exposure = petri dish with moist filter paper. GI: Germination Index; which combines 
seed germination and root growth

N. N. Jamal et al.
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4  Uptake, Accumulation, and Translocation of Nanoparticles

Recent studies have shown that ENMs may be translocated to different plant parts 
via root to shoot pathways (Du et al. 2016). The vast majority of root to shoot trans-
location studies have been carried out either in hydroponic or soil media (Du et al. 
2016). Many such studies have indicated that ENMs are absorbed through the root’s 
endodermis via apoplastic and symplastic pathways and are thereafter transferred to 
the vascular cylinder or xylem (Servin et al. 2013; Zhao et al. 2012). However other 
reports suggest that ENMs can also penetrate through the stomata in the cuticle of 
the leaves, into the stems and finally into the roots through phloem vessels (Larue 
et al. 2014). To some extent the media in which such experiments were conducted 
(i.e. hydroponic or soil) may influence the active accumulation pathways.

4.1  Hydroponic Studies

Hydroponics is a plant culturing technique whereby plants are grown in an aquatic 
nutrient-rich matrix rather than in soil. The benefit of this technique is that concen-
trations of nutrients, contaminants, and, in this case, ENMs can be maintained at 
desired levels with more certainty as immobilisation and mineralisation processes 
that occur in soil are eliminated via the use of liquid culture. Thus, hydroponic 
experiments are a useful starting point for the examination of ENM-plant interac-
tions. Different ENM factors such as hydrodynamic size, crystalline phase, and 
method of application (e.g. foliar application) have been investigated in a number of 
hydroponic studies (Krug and Wick 2011; Du et al. 2016; Servin et al. 2013; Zhao 
et al. 2012; Larue et al. 2014, 2011a, 2012a; Mccutcheon and Schnoor 2004).

The hydrodynamic diameter of ENMs almost certainly influences the accumula-
tion of ENMs by root systems and the subsequent re-distribution of ENMs in above-
ground and reproductive tissues. Hydroponic studies in which wheat, rapeseed, and 
Thale cress (Arabidopsis thaliana) were exposed to nTiO2 demonstrated that smaller 
nTiO2 aggregates were taken up by all three plant species and partitioned in the 
parenchymal of the roots and also in the vascular cylinder (Table 9.2). However, the 
accumulation of nTiO2 aggregates had no effect on germination at concentrations 
between 50 and 1000 mg L−1 (Larue et al. 2011a). This study also investigated the 
behaviour of wheat and rapeseed when exposed to 14 and 25 nm nTiO2 (100 mg L−1) 
either through leaves (foliar application) or roots under hydroponic conditions. 
Smaller ENMs with higher surface activity were hypothesised to enlarge root pores 
and thus elevate nutrient uptake and plant biomass production; therefore nTiO2 
(mostly 14 nm) was internalised in roots and translocated to leaves (Table 9.2) with 
the translocation of Ti believed to be linked to water-flow within leaves (Larue et al. 
2012a). Across plant species, rapeseed clearly accumulated more nTiO2 than wheat 
which was hypothesised to occur as a result of rapeseeds ability to hyper-accumu-
late certain elements in their tissues (Mccutcheon and Schnoor 2004). The effect of 
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Table 9.2 Uptake and translocation of common metal oxide ENMs in different hydroponically 
grown plant species

ENMs

Primary 
size 
(nm)

Concentration 
(mgL−1) Plant type

Exposure 
time 
(days) Plant response References

nTiO2 
(anatase 
and rutile)

12 and 
25

0–1000 Wheat 7 –  nTiO2 did not 
significantly alter 
germination and root 
elongation
–  nTiO2 (12 nm) 
was accumulated in 
the parenchyma and 
vascular cylinder of 
wheat roots

Larue 
et al. 
(2011a)

nTiO2 
(anatase 
and rutile)

14–655 100 Wheat 7 –  nTiO2 above 
140 nm were not 
accumulated in 
wheat root
–  nTiO2 above 
36 nm were 
accumulated in roots 
but not translocated
–  nTiO2 did not 
affect germination
–  nTiO2 increased 
root elongation by 
50%

Larue 
et al. 
(2012b)

nTiO2 
(anatase 
and rutile)

14 and 
25

100 Wheat
Rapeseed

7 –  Parenchymal 
region of wheat root 
accumulated more 
nTiO2 (14 nm)
–  Vascular cylinder 
of wheat root 
accumulate more 
nTiO2 (25 nm)
–  14 nm nTiO2 
(14 nm) was 
translocated to 
leaves more 
efficiently than 
25 nm particles
–  Exposure to nTiO2 
14 nm increased root 
length in both 
species (68% in 
wheat, and 31% in 
rapeseed)
–  Rapeseed 
accumulated greater 
nTiO2concentrations 
than wheat

Larue 
et al. 
(2012a)

(continued)
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nTiO2 crystalline phase (14 to 655  nm rutile and anatase) on wheat showed no 
impact on seed germination, vegetative development, and photosynthesis (Table 9.2). 
In another study (Larue et al. 2012b), nTiO2 particles with a dimension of 36 nm 
were able to be translocated from roots–shoots/leaves. The authors of this study 
postulated that nTiO2 accumulation in wheat roots and leaves could be as a result of 
hypo-osmotic stress. Exposure of wheat plantlets to nTiO2 caused hypo-osmotic 
stress which increased the root pore size to ≈ 40 nm which allowed 36 nm-ENMs 
to enter the cell and also resulted in increased water intake by roots and turgor 
(Larue et al. 2012b).

Other studies have focused on the uptake of ENMs from exposure through leaves 
and translocation to other tissues. Hong et al. (Hong et al. 2014) found that hydroponi-
cally grown cucumbers accumulated Ce from nCeO2 and translocated it to different 

Table 9.2 (continued)

ENMs

Primary 
size 
(nm)

Concentration 
(mgL−1) Plant type

Exposure 
time 
(days) Plant response References

nCeO2 
(powder 
and 
suspensión)

8 ± 1 0.98 and 
2.94 g m−3 (as 
powder)
20–
320 mg L−1 
(as 
suspensions)

Cucumber 15 –  Increased tissue 
Ce (up to 50%) 
content with 
increased nCeO2 
exposure
–  Ce from nCeO2 
translocated to 
cucumber stem and 
roots when exposed 
either as a powder or 
suspension

Hong et al. 
(2014)

nCeO2,and 
Ce3+

10–30 10 Radish 21 –  nCeO2 had no 
effect on radish 
growth
–  Ce3+ had negative 
effect on radish 
growth
–  nCeO2 and Ce3+ 
accumulated in 
edible root and shoot

Zhang 
et al. 
(2015)

nCuO 43 ± 9 100 Rice 14 –  nCuO was 
accumulated, 
translocated and 
speciation by rice
–  The Cu content in 
mature leaves, stem 
and young leaves 
were 4.3, 2.3, and 
1.9 times 
respectively greater 
than non-Cu exposed 
plants

Peng et al. 
(2015)
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plant parts when it was applied as a foliar powder or suspension (Table 9.2). In this 
study it was hypothesised that the size of the nCeO2 particles (8 ± 1 nm) was smaller 
than the stomatal opening (∼21 μm length, ∼13 μm width, pore length of ∼12 μm, 
and pore aperture of ∼1.23 μm.) (Hong et al. 2014). This result is in agreement with 
the results of foliar application of nTiO2 on wheat and rapeseed by Larue et al. (Larue 
et al. 2012a).

In some studies the effect of ENMs and their corresponding bulk counterparts 
have been investigated. For example, the uptake and accumulation of three different 
forms of Ce (Bulk CeO2, nCeO2 and Ce3+) at a concentration of 10 mg L−1 in radish 
demonstrated that while exposure to all forms of Ce increased tissue Ce concentra-
tions in the edible roots and leaves, exposure to nCeO2 did not affect radish growth; 
however, exposure to ionic Ce (Ce3+) decreased plant growth (Zhang et al. 2015).

In a recent study by Peng et al. (Peng et al. 2015) the translocation pathway of 
nCuO and Cu speciation in rice plants grown hydroponically was investigated (Peng 
et al. 2015). The Cu content in rice roots exposed to 100 mg L−1 nCuO was nearly 
23 times higher than in non-Cu exposed plants. In this study nCuO was adsorbed on 
the root surface; however, it was not absorbed into the vascular cylinder. It was 
hypothesised that the casparian strips of endodermis acted as an apoplastic pathway 
between the root surface and vascular tissue which minimised nCuO translocation. 
Cu concentrations in mature leaves and young leaves were between 1.9 and 4.3 
times greater than in non-Cu exposed plants.

Thus, a critical review of the literature has indicated that, minimal research has 
investigated the effect of ENM exposure on grain yield production in cereals. Based 
on the findings of this review, variables such as size and type of ENMs, environmen-
tal conditions, plant species, and mode of application (foliar or traditional ENMs 
application) may dictate whether ENMs are accumulated by plants and whether any 
negative or positive physiological responses occur.

4.2  Soil Studies

Compared to hydroponic studies long-term growth studies using soil as a growth 
media are far more representative of agricultural ecosystems. Such studies are 
important because, as a result of the extensive use of ENMs in consumer products 
and industry, the accumulation of ENMs in agricultural soils is inevitable. Since 
plants, along with soil and water, are the major components of agricultural ecosys-
tems, they will certainly play an important role in the transfer of ENMs within food 
webs, where the phytoavailability and phytotoxicity of ENMs largely depend on 
how strongly they associate with the solid phases of the soil matrix (Hund-Rinke 
et al. 2012). Thus, while ENMs may have significant potential for application in 
both agriculture and horticulture, and may both enhance the growth of target spe-
cies and inhibit that of pest-species (i.e. weeds) (Tang 2013), it is essential to 
understand the potential eco-toxicological effects of the accumulation of ENMs in 
soils (Du et al. 2011).

N. N. Jamal et al.
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Nanoscale TiO2 inhibited soil enzymatic processes (e.g. protease, catalase, and 
peroxidase) and limited plant growth in wheat grown in a soil-based pot trial (Du 
et al. 2011). It was hypothesised that the presence of nTiO2 in wheat cells and accu-
mulation on cell walls generated ROS which damaged cell membranes (Du et al. 
2011). The Ti content in wheat tissues was not significantly different from non-Ti 
exposed plants as nTiO2 did not dissolve and instead adhered to root cell wall 
(Skrabal and Terry 2002). In addition, background Ti concentrations in soils are 
often in the % range and thus tend to mask any contributions from the much smaller 
concentrations on nTiO2 added. TEM imagery also demonstrated that some nTiO2 
particles (50 ± 10 nm) penetrated into the root cell wall and aggregated in situ to a 
size several times bigger than their initial or ‘pristine’ size (Du et al. 2011).

One of the first studies on the influence of nCeO2 exposure on the nutritional 
quality of rice demonstrated that the effects of nCeO2 were generally negative. In 
this study, exposure to nCeO2 increased grain Ca and K concentrations. However, 
exposure also reduced plant Fe and S concentrations and the concentrations of pro-
lamin, glutelin, lauric, and valeric acids and starch in rice grains (Table 9.3). In 
regions in which diets are largely based on rice, the reduction in Fe concentrations 
in the presence of nCeO2 could increase the prevalence of Fe deficiencies, while the 
reduction in grain S could affect grain protein content and the antioxidant capacity 
of grains (Rico et al. 2013b).

In another study the translocation of nCeO2 from roots to above-ground tissues 
was limited when wheat was grown in nCeO2-amended soil (Rico et al. 2014). An 
application of 500 mg nCeO2 kg−1 improved plant height, biomass, and grain yield 
(Table 9.3). In addition, nCeO2 applications at concentrations of 125–500 mg kg−1 
reduced S content in grains, while Mn storage in grains was reduced only at 
250 mg kg−1. Even though the authors failed to determine the cause of S and Mn 
reduction, it will ultimately have a negative effect on food quality (Rico et al. 2014), 
which is in agreement with another previous study on rice (Rico et al. 2013b).

Few studies have examined the phytotoxicity of ENMs in comparison to the 
phytotoxicity of the ionic forms of each metal. Studies of carrots grown in sand 
treated with either nZnO, nCuO, and nCeO2 or ionic Zn2+, Cu2+, and Ce4+ showed 
that the total biomass and uptake in roots decreased with increasing concentrations 
of Zn2+ and nZnO (Ebbs et al. 2016). Conversely, Cu2+ and Ce4+ had stronger nega-
tive effects on shoot biomass when compared with nCuO and nCeO2 (Ebbs et al. 
2016). In this study, since metal accumulation and penetration in the carrot taproot 
and translocation to shoots was consistently higher in ionic treatments relative to 
ENM treatments, it was concluded that ENMs were less toxic than their ionic 
counterparts. One limitation of this study was that the authors did not consider the 
dissolution of ENMs; therefore, no conclusion can be made whether ENMs were 
transported within the taproot or translocated to shoots. Consequently, a good 
understanding of the ionic transport in plants does not necessarily predict ENM 
transport (Ebbs et  al. 2016). However, in direct contrast, lettuce, radish, and 
cucumber exposed to metal oxide ENMs (nCo3O4, nCuO, nFe2O3, nNiO and nTiO2) 
exhibited higher phytotoxicity than when exposed to metal ions of the same con-
centration (Tang 2013).
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5  Biotransformation of ENMs during Plant Uptake 
and Translocation

Biotransformation is a critical factor that may modify the environmental fate, 
behaviour, and toxicity of ENMs. Few studies have been published on the biotrans-
formation of ENMs within vegetative tissues and, in addition, most studies were not 
conducted over the complete life cycle of plants from germination to maturity. To 
elucidate the changes in ENMs speciation, a variety of techniques have been pro-
posed, including μ-X-ray fluorescence, X-ray absorption near edge structure 
(XANES), and extended X-ray absorption fine structure (López-Moreno et al. 2010; 
Servin et al. 2012a; Wang et al. 2012; Zhang et al. 2012). For example, Larue et al. 
(Larue et al. 2011b) investigated anatase and rutile nTiO2 in the vascular system of 
wheat roots using both μ-XRF mapping and XANES. This study was performed to 
demonstrate that nTiO2 can be transferred intact through plants by their roots with-
out inducing dissolution or localised changes in crystalline structure.

One of the first studies of biotransformation of metal oxide ENMs on terrestrial 
plants from germination to maturity was undertaken by Priester et al. (2012). This 
study investigated soybean grown in soil amended with three different concentra-
tions of nCeO2 and nZnO. This study showed that both ENMs were accumulated in 
plant tissues and in addition nCeO2 decreased plant growth and reduced the ability 
of plants to fix atmospheric N (Priester et al. 2012).

Servin et al. (Servin et al. 2012b) also examined the biotransformation of ENMs 
within vegetative tissue via exposing cucumber (Cucumis sativus) to nTiO2 
(0–4000 mg L−1) in a hydroponic media. This study also used synchrotron μ-XRF 
and μ-XANES to characterise the presence and chemical speciation of Ti within the 
plant tissues. Overall, this study showed that root elongation and root size were 
increased at all nTiO2 concentrations due to enhanced nitrogen accumulation. The 
synchrotron μ-XRF results showed that nTiO2 was absorbed by roots and trans-
ported to the above-ground plant parts. μ-XANES spectra showed that nTiO2 was 
not biotransformed as the absorbed Ti was also present as TiO2 in cucumber tissue. 
This study also found that the type of polymorph present was important since the 
rutile phase were preferentially translocated to the leaves while the anatase phase 
remained in the roots (Servin et al. 2012b). The study of Zhang et al. (2012) was one 
of the first to use transmission electron microscopy (TEM) techniques to study the 
uptake and distribution of ENMs in plant tissues, specifically the biotransformation 
of nCeO2 in cucumber. TEM images showed clusters of nCeO2 on cucumber roots 
after treatment with 2000 mg L−1 nCeO2 for 21 days which were subsequently veri-
fied to be CePO4 by employing a soft X-ray scanning transmission microscopy 
(STXM) technique. Near edge X-ray absorption fine structure (XANES) spectra 
indicated that the Ce in the roots was as 66% CeO2 and 34% CePO4 while Ce in the 
shoots/leaves was composed of CeO2 and cerium carboxylates (Shoots—86.4% 
CeO2; 13.6% cerium carboxylates, leaves—78.5% CeO2 and 21.5% cerium carbox-
ylates) (Zhang et al. 2012) .
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In another study, a combination of microscopic and spectroscopic techniques 
was used to investigate the uptake of nZnO and Zn2+ ions by maize (Lv et al. 2015). 
Here X-ray absorption spectroscopy (XAS) showed that Zn2+ ions released from 
nZnO were taken up by roots and accumulated in maize tissues mainly as ZnPO4. 
Detailed μ-XRF maps indicated that for both treatments the distribution and Zn 
content in leaves and stems were similar but that greater accumulation of Zn 
occurred in the root cortex when plants were exposed to nZnO rather than Zn2+. 
Biotransformation of nZnO to ZnPO4 inside plants inhibited translocation of nZnO 
into the shoots (Lv et al. 2015).

In a very recent study, a desert plant, Mesquite (Prosopis juliflora velutina) was 
exposed to nCeO2. Ce uptake by roots increased when exposed to concentrations 
from 500 to 1000 mg L−1; however, when exposed to concentrations between 1000 
and 4000 mg L−1 root toxicity was observed even though Ce uptake was similar. The 
translocation of Ce from root to shoot was low even at the higher concentrations 
considered indicating that root accumulation was potentially restricting transport. 
Micro X-ray fluorescence (μ-XRF) showed high Ce absorption in the roots through 
the cortex by the apoplastic pathway. X-ray absorption near edge structure (XANES) 
indicated that nCeO2 was the main Ce chemical species in mesquite (Hernandez-
Viezcas et al. 2016) and that the two peaks at 5729 and 5737 eV attributable to Ce 
were mostly Ce(IV). Linear combination fitting (LCF) was performed using model 
compounds of nCeO2, Ce(OH)3, Ce(SO4)2, and Ce (III) acetate and indicated that 
81% of the Ce in the analysed spots remained unaltered nCeO2 (Hernandez-Viezcas 
et al. 2016).

6  Conclusion and Future Directions

To sit idly by while the future world population experiences dramatic decreases in 
food security is not an option and governments simply must embrace new technolo-
gies for increased crop production. While genetically modified food and increases 
in the water use efficiency of existing plants has a place in this process (Agata 
Tyczewska et al. 2019) the adoption of new materials to enhance agricultural pro-
duction must also be seriously considered because the costs of simply doing nothing 
are too catastrophic to ignore. While current research in the practical applications of 
ENMs for agricultural purposes is progressing, this is at a much slower pace than is 
required to meet the forecast global food demand.

The plethora of simple laboratory-scale phytotoxicity studies conducted to date 
(i.e. root elongation and seed germination) often routinely present conflicting results 
on the effects of exposure to metal oxide ENMs. Similarly, as the experimental 
systems become more complex (i.e. moving from hydroponic to pot trials involving 
plant growth experiments in natural soils), these discrepancies tend to increase. 
What is clear is that the interactions between plants and metal oxide ENMs are 
extremely complex and may involve many different individual factors which inter-
actively control the fate and transport of ENMs in agricultural systems. Variables 
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such as size and type of ENMs, environmental conditions, plant species, and mode 
of application (foliar or traditional ENM application) may dictate whether ENMs 
are accumulated by plants in the short term and whether any long-term negative or 
positive physiological responses occur.

6.1  Future Directions

Basic challenges still exist in the provision of robust analytical tools to identify 
ENMs in plant compartments that are distinguishable from bulk elements com-
monly present in the environment. This is especially true of elements such as Ti and 
Fe which form important metal oxide ENMs but are also ubiquitous at high levels 
in soils. Such methods are also challenged by complex biotransformations that can 
occur external to the plant as well as subsequently internally following accumula-
tion of ENMs within a plant. Thus the proper examination of the fate and transport 
of ENMs requires the ability to examine a myriad of potential transformation prod-
ucts often at trace levels.

Although a large number of studies have investigated the effects of ENMs on 
agriculturally important crops, field-based research investigating the long-term 
effect of ENMs on agricultural crops as well as soil microcosms are rare, largely due 
to the limitation of the exposure of ENMs to the field without a complete under-
standing of their subsequent effect on the ecosystem. Indeed almost all of the exper-
iments conducted to date have been performed under laboratory controlled 
greenhouse conditions and thus lack the ability to properly assess the role of a wider 
array of processes that occur under field conditions such as diversity of bacterial 
community, natural existence of ENMs in soil, and weathering conditions (i.e. rain, 
temperature, and wind erosion). Thus, there is a need for further investigation on 
ENM interactions with plants under conditions that are much more representative of 
those that occur in the field. For example, where field trials are legislatively prohibi-
tive due the concerns of ENM release, experiments using lysimeters, could be con-
ducted to provide more realistic conditions for the study of the environmental 
behaviour of ENMs and to more accurately predict their transport to crop tissues 
and eventual effect on yield nutritional quality as well as soil microcosms. In addi-
tion, currently available data on the effects of ENMs on grain yield and quality is 
not adequate and future detailed studies are needed including the effects of specific 
ENMs on the amino acid, carbohydrate, protein, and sugar content of grains as these 
are all essential nutrients in the human diet and none have been commonly evalu-
ated to date.

The effects of ENMs on microbial communities in agricultural soils also require 
further investigation. It now seems increasingly likely that microbial communities 
have some significant effect on N and P cycling, which potentially influences crop 
growth. Moreover, the accumulation of ENMs in crop roots means that in the lon-
ger-term root decomposition will result in hotspots for ENMs release into the soil 
which would almost certainly affect both fungal and microbial soil  communities. 
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Thus, future critical research efforts are needed to understand the interactions 
between metal oxide ENMs and diverse soil microbial communities to quantify the 
direct potential effects of ENMs on soil microbial communities and the consequen-
tial indirect effects on crop production.

Overall, in the agricultural sector, where continuous innovation is required to 
ensure economic sustainability and long-term food security, nanotechnology is 
widely recognised as a ‘Key Enabling Technology’ (Parisi et al. 2015). However, at 
the moment, the application of ENMs in agriculture as a mature research field 
remains in its infancy and considerably more research needs to be urgently con-
ducted to ensure the safe practical adoption of this technology in the future.
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1  Introduction

Zinc (Zn) is a crucial micronutrient that is required for the appropriate growth and 
development of plants. Zn not only participates in protein synthesis and metabolism 
of biomolecules, but it also encourages protection against environmental stresses. 
Zn acts as cofactor of above 300 proteins, among which majority are DNA and RNA 
polymerases and zinc finger proteins (Coleman 1998; Lopez Millan et al. 2005).  
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It is the only metal present which regulates the activity of all six enzyme classes 
(oxidoreductase, transferase, hydrolases, lyases, isomerases and ligases) (Lacerda 
et  al. 2018). Zn also contributes to cell division, synthesis of tryptophan/ auxin, 
maintenance of membrane structure and chloroplast function (Lacerda et al. 2018; 
Marschner 2011). Moreover, Zn also causes regulation of alteration in gene expres-
sion during biotic and abiotic stresses. The deficiency of Zn causes reddish-brown 
patches on the lamina of subterminal leaf, inward curling of leaf, interveinal chloro-
sis, reduced leaf size, stunted growth, necrosis in root apex, decrease in crop yield 
and quality (Schutzendubel and Polle 2002; Hafeez et al. 2013). Thus, a sufficient 
quantity of Zn is necessary for plant growth, development and crop yield.

Application of nanoparticles has gained the momentum as a promising approach 
for sustainable agriculture to maintain the adequate amount of available form of 
micronutrients. Use of nanoparticles in the field of agriculture is one of the greatest 
boons of the twenty-first century. This technology has impacted in every arena of 
science and technology including agriculture. The application of nanoparticles 
(NPs) reveals potential advantages for crop improvement, crop protection against 
abiotic and biotic stresses, and post-harvest management (Usman et  al. 2020). 
Nanoparticles exhibit advantages in terms of their unique properties such as extreme 
ultra-fine size (1–100  nm) and physiochemical characteristics, in comparison of 
bulk forms of the same elements (Faizan et al. 2020). Nanoparticles have the poten-
tial to overcome the harmful effects of insecticides, pesticides and fertilizers and 
introduce plant’s natural source of nutrition. Nanoparticles help in maintenance of 
plant’s nutrition, disease management and soil remediation. Among the metallic 
nanoparticles, zinc oxide (ZnO) has received focused attention since they are stable 
and possess good conductivity and catalytic properties. Additionally, they harbour 
antimicrobial properties. These features of ZnO NPs are good enough to select it as 
an entity useful for scientific and industrial applications. Development of engi-
neered nanoparticles based on metals: silver (Ag), iron (Fe), zinc (Zn), copper (Cu) 
or metal oxides such as titanium dioxide (TiO2) and zinc oxide (ZnO) has created a 
pathway for their potential application as nanofertilizers (Liu and Lal 2015).

ZnO plays effective role in physiological and anatomical responses in plants and 
utilization of zinc oxide particles (ZnO NPs) in agriculture has been accelerated and 
gained importance (Agarwal et  al. 2017). Zinc in the form of capsules of size 
1–100 nm can be utilized as a Zinc nanoparticle (Zn NPs). ZnO NPs are safer and 
relatively less toxic than its other forms such as ZnSO4 NPs (Du et al. 2019). ZnO 
NPs are distinctive due to their greatly ionic nature, elevated surface areas and 
extraordinary crystal structures (Klabunde et al. 1996). It is a durable moiety with 
greater selectivity and heat resistance. Moreover, Zn is also important for human 
health and ZnO NPs are compatible to human cells (Padmavathy and Vijayaraghavan 
2008). Further, ZnO NPs have been shown to enhance nutrient uptake, seed germi-
nation, growth of plants and crop yield (Prasad et  al. 2012; Laware and Raskar 
2014; Upadhyaya et al. 2015, Upadhyaya et al. 2016). Additionally, Zn NPs have 
been associated with  abiotic stress tolerance in plants such as temperature stress, 
drought, heavy metal stress and salinity by increasing the concentration of antioxi-
dant enzymes and metabolites (Baybordi 2005; Taran et al. 2017; Venkatachalam 
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et  al. 2017a, b). Furthermore, Zn nanomaterials strengthen plant defence against 
pests and pathogens and can be applied as bacteriostatic agents for managing the 
infection caused due to pathogens (Raskar and Laware 2014). Their roles in improv-
ing germination in seed, seedling vigour, radicle and plumule length were recently 
reported (Singh et  al. 2016). These NPs are especially effective in cases where 
pathogenic microbes have gained multidrug resistance. Many investigators have 
verified their antibacterial and antifungal properties (Lamsal et  al. 2011; Soria-
Castro et al. 2019). Zn compounds/Zinc nanopowders are well used as fungicides 
and pesticides (Raikova et al. 2006). Therefore, in this chapter, we have scrutinized 
various roles of ZnO NPs as growth boosters and stress relieving agent for plants. 
We have also discussed the importance of ZnO NPs in agriculture due to its amelio-
rative effects on biotic and abiotic stresses.

1.1  Uptake and Transport of Zn NPs in Plants

Plants uptake available micronutrients by roots from the soil. Zn, one of the essen-
tial micronutrients, is uptaken in the form of Zn2+ or in complex with chelates. It is 
translocated to the shoot through xylem via transporters such as members of ZIP 
(ZRT IRT-like proteins), NRAMP (Natural resistance-associated macrophage pro-
tein), YSL (Yellow stripe like), PCR (Plant cadmium resistance), MTP (Metal toler-
ance protein) and HMP (Heavy Metal ATPases) families (Blaudez et  al. 2003; 
Krämer 2005; Yoneyama et al. 2015). Further, Zn2+ reaches to assimilatory organs 
through symplastic movement via phloem (Lin and Xing 2008). Plants can also take 
Zn2+ from leaf surface, if Zn compounds / ZnO NPs are sprayed on it (Du et al. 
2019). However the mechanism of Zn transport through leaf is not completely 
understood. ZnO NPs uptake and transport is well studied in tomato, barley, rye-
grass, rice and common bean (Milner et al. 2013; Tiong et al. 2014; Lin and Xing 
2008; da Cruz et al. 2019).

During soil-to-root uptake, ZnO NPs aggregate in the rhizosphere, enter into the 
root cells either apoplastically or symplastically and reaches to vascular bundle 
from where it is transported to its sink (Fig. 10.1). Zn molecules in soil are present 
in soluble form and roots also exudate organic acid, i.e. mucilage on the root sur-
face, which helps in dissolution of Zn. Mucilage is a hydrated polysaccharide, pec-
tic compound around roots which enhances Zn aggregation on the root surface. This 
increases the Zn concentration in the nearby root and Zn ions start moving towards 
the concentration gradient through ion pores in roots. After adsorption, ZnO NPs 
increase the permeability of cell wall by making “holes” in the wall and move 
through plasmodesmata showing symplastic movement. Plasmodesmata facilitate 
the transport of ZnO NPs. Alternatively, ZnO NPs can also enter through apoplastic 
pathway through epidermis and cortex. NPs enter into the vascular tissue after 
crossing the protoplast of endodermal cells. In rye grass’s cells ZnO NPs (NPs: 
diameter ~ 19 nm) enter into the cell plasmodesmata with ~40 nm diameter and then 
move towards the stele (Lin and Xing 2008).
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Root-to-shoot translocation occurs because of decreasing concentration gradient 
of Zn concentration. Most likely, there are two mechanisms of Zn transport from 
root to shoot: radial Zn movement and axial xylem transport. Axial transport system 
carries the ions from the lower region of the stem to upper region, via xylem 
(Fig. 10.1). The Zn content and velocity decreases while getting transported away 
from root. Simultaneous radial movement delivers the Zn from xylem towards corti-
cal cells. Cortex tissue stores transported Zn for nutrition pathway and for defence 
purpose strategy, when Zn is not able to reach leaves via axial mode of transport (da 
Cruz et al. 2019). During transport of Zn into the petiole and leaflet, Zn concentra-
tion gradient is created and it decreases from petiole to the tip of leaf. In leaves Zn is 
mainly present in two forms: Zn phosphate and Zn-histidine complex and Zn-malate.

2  Positive Impact of Zn NPs in Plants

Zn NPs supplementations promote seed germination, plant growth, development 
and improve crop yield and quality (Fig. 10.2) (Kolenčík et al. 2019). Besides this, 
it is a source of micro-nutrition to the plants. When seeds of wheat were primed with 

Zn Phosphate

Zn mainly
concentrated
in the midrib
of the leaflet

Zn concentration
decreases

from the petiole
to the leaf tip

Zn concentration
decreases
from root to

shoot.

Leaf
(59-87%)

Xylem
parenchyma

Entry through
wounding

Zn Histidine

Cuticle
penetration

Shoot

Entry of ZnO NPs
by foliar spray

Aggregated on
leaf epidermis

Entry through
hydathodes

Entry through 
stomata

Xylem

Plasmodesmata
Apoplast

Symplastic
pathway

Coupled trans
cellular pathway

Apoplastic
pathway

ZnO aggregates
adsorbed on the

roots surface

ZnO

Entry of ZnO NPs
through root uptake
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ZnO NPs, the germinated plants showed increased plant growth, photosynthesis and 
biomass (Munir et al. 2018). Pre-treatment of seedlings with low and mild concen-
tration of ZnO NPs (0–300 mg/L) revamps germination and seedling development 
(García-López et  al. 2018). Recently, the positive effects of ZnO NPs were also 
observed on plant growth and performance in fabaceous, cucurbits and solanaceous 
plants (Dimkpa et al. 2017; Faizan et al. 2018; Sharifan et al. 2019). Spraying of 
ZnO NPs upgraded fruit harvest in pomegranate (Davarpanah et  al. 2016) and 
mango trees (Zakzouk and Ibrahim 2017). ZnO NPs also improved the quality of 
cherry tomatoes by suppressing fruit ripening during post-harvest (Guo et al. 2020). 
ZnO NPs treated plants show early blossoming in onion and produced more number 
of healthy seeds (Laware and Raskar 2014). In foxtail millet, foliar spray of ZnO 
NPs improved the grain nutritional quality by slightly enhancing the oil and nitro-

Fig. 10.2 A schematic illustration displaying the effects of ZnO NPs on plant growth, develop-
ment and tolerance against abiotic and biotic stresses
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gen contents (Kolenčík et al. 2019). Additionally, application of ZnO NPs results in 
manipulation and improvement in protein content and photosynthetic pigments in 
cluster bean, pearl millet, soybean and in Cyamopsis tetragonoloba. ZnO NPs sup-
plementation also increased the total phenolic and flavonoid content and also the 
photosynthetic pigments in comparison to the treatment given with only ZnO.

In Safflower plant, presence of ZnO NPs increased the level of malondialdehyde. 
It is vital for activation of many enzymes; the activity of enzymes such as guaiacol 
oxidase, polyphenol oxide and dehydrogenase increases at different concentration 
of NPs (Hafizi and Nasr 2018). ZnO NPs as an effective elicitor increased the bio-
synthesis of tropane alkaloids such as scopolamine and hyoscyamine, upregulating 
the biosynthetic gene, hyoscyamine-6-β-hydroxylase (h6h). This influenced the 
concentration of tropane alkaloid, transcript level of h6h and antioxidant enzyme 
activity in H. reticulatus L. hairy roots (Asl et al. 2019).

At molecular and biochemical level, ZnO NPs activate antioxidant enzymes to 
scavenge ROS. Positive effects of ZnO NPs have been identified in Capsicum chi-
nense where it improved growth and metabolic markers such as germination of 
seeds, seedling vigour, and accumulation of biomass and nutraceutical attributes 
(total flavonoids, condensed tannins, total phenols, and DPPH antioxidant capacity) 
(García-López et al. 2019). ZnO NPs supplementation upregulated the antioxidant 
activity in Portulaca oleracea (Iziy et al. 2019). ZnO NPs also upgraded the activity 
of CAT, POX, and SOD enzymes and boosted proline concentration that further 
enhanced photosynthetic efficiency in tomato plants (Faizan et al. 2018). Soybean 
also has been demonstrated to enhance SOD, CAT and POX and APX and H2O2 
scavenging activities under the influence of ZnO NPs. Therefore, ZnO NPs can be 
used as a novel nanofertilizer in Zn deficient soil for crop improvement (Yusefi-
Tanha et al. 2020). Because of these positive effects of ZnO NPs, it is widely used 
and has many applications from seeds to post-harvest in modern agriculture.

2.1  Impact of ZnO NPs against Abiotic Stress

Abiotic stresses are major constraints for normal growth and development of 
plants. Drought, salinity, heat, ultraviolet radiation, chilling and metal toxicity are 
common abiotic stresses which are experienced by plants. ZnO NPs contribute 
towards alleviation of abiotic stresses (Table 10.1) by stimulating antioxidant activ-
ity, increasing osmolytes build up, stress-related unbounded amino acids and nutri-
ents (Fig. 10.2).
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Table 10.1 Effect of ZnO NPs during abiotic stress

S. 
no. Plant species Stress Growth and development References

1. Zea mays Drought Drought tolerance Sun et al. (2020)
2. Sorghum 

bicolor
Drought Fortify 

edible seeds with N, P and K. enhanced 
plant growth.

Dimkpa et al. 
(2019)

3. Glycine max Drought Increases germination and; decreases 
residual and dry weight of seed

Dimkpa et al. 
(2017)

4. Oryza sativa L. Water Stimulates growth and antioxidant 
responses

Upadhyaya et al. 
(2020)

5. Trigonella 
foenum- 
graecum

Salinity Depends on ZnO concentration and 
plant cultivar

Noohpisheh et al. 
(2020)

6. Eleusine 
coracana L.

Salinity Enhanced shoot growth and biomass. 
Root growth inhibited. High level of 
antioxidant enzymes, photosynthetic 
pigments

Haripriya et al. 
(2018)

7. Lupinus termis Salinity Stimulated growth with high level of 
photosynthetic pigments, organic 
solutes, phenol, ascorbic acid, Zn and 
antioxidant enzymes.

Latef et al. (2017)

8. Solanum 
tuberosum L.

Salinity Enhanced growth Mahmoud et al. 
(2020)

9. Gossypium 
barbadense L.

Salinity Enhanced growth parameters and yield. 
Excess use cause P/Zn imbalance

Hussein and 
Abou-Baker 
(2018)

10. Mangifera 
indica L.

Salinity Improved plant growth, nutrients 
uptake and carbon assimilation. High 
content of proline and antioxidant 
enzymes. Flower malformation 
decreases and increase in annual yield.

Elsheery et al. 
(2020)

11. Zea mays L. Cadmium Decreases cd concentration uptake and 
enhances antioxidant enzymes.

Gowayed (2017)

12. Oryza sativa L. Arsenic Resistance to as toxicity; increases 
germination rate, biomass, Zn and 
chlorophyll content, decreases MDA 
content

Wu et al. (2020)

13. Triticum 
aestivum L.

Cadmium Enhance the organic amendment effect; 
reduces cd effect and other toxic trace 
elements

Bashir et al. 
(2020); Hussain 
et al. (2018)

14. Triticum 
aestivum L.

Cadmium Minimize the Cd stress along with 
drought

Khan et al. (2019)

15. Spinaciae 
oleracea

Cadmium, 
Lead

Mitigate the uptake of heavy metals; 
increase of Fe (10%) and Cu (4%) 
concentration

Sharifan et al. 
(2020)

16. Petroselinum 
sativum

Cadmium, 
Lead

Mitigate the uptake of heavy metals; 
decrease of Fe (8%) and Cu (1.5%) 
concentration

Sharifan et al. 
(2020)

(continued)
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2.1.1  Heavy Metal Stress

Plants are continuously exposed to heavy metals due to soil pollution, which hin-
ders plants growth and development. When high concentrations of heavy metals 
[such as Arsenic (As), Lead (Pb) and cadmium (Cd)] are present in soil, they cannot 
be metabolized by plants and cause toxicity. Among all the heavy metal toxicity, Cd 
and As toxicity are more prevalent. ZnO NPs are suitable to alleviate Cd toxicity 
and enhancing growth, photosynthesis rate, chlorophyll a and b contents, antioxi-
dant enzymes and protein content in Lycopersicon esculentum (Faizan et al. 2020). 
ZnO NPs (500 mg L−1) protected maize seed germination and seedling growth from 
Cd toxicity by trespassing with Cd uptake from soil and activating seedling antioxi-
dant mechanism which lowered free radical production (Gowayed 2017). ZnO NPs 
(10–200 mg L−1) effectively provided resistance against As toxicity by increasing 
seed germination, biomass, and interfering As uptake in rice (Wu et al. 2020). ZnO 
NPs are also effective in reducing multi-metal toxicity caused by As and Cd simul-
taneously in a rice crop (Ma et al. 2020). Similarly, ZnO NPs alleviated Cd and Pb 
toxicity significantly in Leucaena leucocephala and Lactuca sativa L. var. Longifolia 
(Venkatachalam et al. 2017a; Sharifan et al. 2019). In the presence of ZnO NPs, 

Table 10.1 (continued)

S. 
no. Plant species Stress Growth and development References

17. Coriandrum 
sativum

Cadmium, 
Lead

Mitigate the uptake of heavy metals; 
increase of Fe (9%) and Cu (8%) 
concentration

Sharifan et al. 
(2020)

18. Lycopersicon 
esculentum

Cadmium Reduces Cd toxicity; upregulation of 
antioxidative enzyme, increases 
biomass, physiological responses

Faizan et al. 
(2020)

19. Oryza sativa L. Cadmium, 
arsenic

Reduces As and Cd in grains Ma et al. (2020)

20. Oryza sativa L. Cadmium Diminished Cd concentration and 
increase the Zn uptake with biochar; 
improved biomass and photosynthesis 
of plants.

Ali et al. (2019)

21. Leucaena 
leucocephala 
Lam.

Cadmium, 
lead

Reduces MDA content and alleviates 
antioxidative enzyme activity in leaf 
tissue seedling

Venkatachalam 
et al. (2017a)

22. Lactuca sativa Cadmium, 
lead

Reduces Cd and Pb accumulation; 
increases Fe uptake

Sharifan et al. 
(2019)

23. Glycine max Arsenic Alleviates As toxicity via modulating 
antioxidant enzymes involved in 
ascorbate-glutathione cycle and 
glyoxalase system

Ahmad et al. 
(2020)

24. Arabidopsis 
thaliana

Heat Genomic instability; transcriptional 
gene silencing

Wu and Wang 
(2019)

25. Triticum 
aestivum L.

Heat Enhances yield quantity and increases 
antioxidant enzyme activities

Hassan et al. 
(2018)
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upregulation of 24-epibrssinolide brassinosteroids is reported in tomato seedling, 
which alleviates heavy metal stress (Li et al. 2016). These findings endorse the uti-
lization of ZnO NPs in agricultural fields for the improved crop yield and quality.

2.1.2  Heat Stress

Heat stress is faced by plants when there is a rise in temperature beyond optimum 
temperature for a particular period of time or prolonged exposure of high intensity 
light which causes irreversible damage (Wahid et al. 2007). Excess of heat or tem-
perature results in loss of the reactive oxygen species scavenging system 
(Karuppanapandian et al. 2011). The response to tolerate heat stress due to ZnO 
NPs supplementation has been studied in few plants. ZnO NPs at a low concentra-
tion enhanced the plant genomic instability and triggered epigenetic changes to 
cope with heat stress (Wu and Wang 2020). ZnO NPs increased the life span of 
wheat during heat stress increasing the total yield (10 ppm ZnO NPs). The enhance-
ment was associated with increased antioxidant enzyme activities (catalase, super-
oxide dismutase, Glutathione S transferase, and peroxidase) and decreased lipid 
peroxidation product: malondialdehyde (Hassan et al. 2018).

Drought Stress

Drought stress is caused due to the lack of rainfall and reduced replenishment of 
underground water that subjects crop plants to a limited supply of water. The main 
cause of this stress is anthropogenic activities such as excessive use of underground 
water, deforestation and many more. It is known that drought stress affects the sub-
cellular organelle structure due to lipid peroxidation (Hu et  al. 2018). It affects 
directly to the ultrastructure of chloroplast by damaging its internal component and 
results in a decrease in the starch granules accumulation (Xu et al. 2009). Drought 
stress has been demonstrated to decrease the nutrition and productivity of important 
crop plants such as wheat and soybean. Supplementation of crops with Zn ions 
enhances the productivity of the crops (Bagci et al. 2007; Karim et al. 2012; Dimkpa 
et al. 2017). Application of ZnO NPs on drought stressed maize plants improved 
photosynthetic rate, stomatal movement and enhances the efficiency of water use. 
This occurred because of the enhanced activity of enzymes: UDP-Glucose phos-
phorylase, phosphoglucoisomerase and cytoplasmic invertase. Indirectly, ZnO NPs 
induce regulation of important enzymes for carbohydrate metabolism to withstand 
the drought stress (Sun et  al. 2020). As described before, during drought stress, 
modification of subcellular ultrastructure occurs, leading to accumulations of malo-
ndialdehyde and osmolytes. In Maize, ZnO NPs (100 mgL−1) promote melatonin 
biosynthesis and antioxidant activities (enhanced transcript and protein levels of Fe/
Mn SOD, Cu/Zn SOD, APX, CAT, TDC, SNAT, COMT, and ASMT), leading to 
protection from oxidative damage of the cell organelles, mitochondria and chloro-
plast in maize leaves (Sun et al. 2020). The effect of ZnO NP has been also studied 
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on growth and physiological changes of Oryza sativa in relieving PEG induced 
water stress. In rice water stress can be overcome by ZnO NPs at lower concentra-
tions (Upadhyaya et  al. 2020). The role of NPs in mitigating water stress needs 
further investigation to determine the underlying mechanism.

2.1.3  Salinity Stress

Salinity stress is the topic of major concern in semi-arid and arid regions of the 
world. Salinity stress causes ionic imbalance and interference in osmosis event 
(Noohpisheh et al. 2020). The role of ZnO NPs for mitigating salinity stress has 
been studied in many crops such as millet, cotton and potato (Haripriya et al. 2018; 
Hussein and Abou-Baker 2018; Mahmoud et al. 2020). Effect of ZnO NPs on salin-
ity stress was studied on Trigonella foenum-graecum, which grows mainly in semi-
arid regions. Under salinity stress, high concentration of Na+ inhibits K+ and Ca+ in 
shoot and root due to which lipid peroxidation occurs. ZnO NPs induce proline 
synthesis which scavenges ROS and free radicals. The effect of ZnO NPs on T. foe-
num-graecum during high salt concentration depends on the optimum levels of ZnO 
NPs, concentration of NaCl, and the type of cultivar (Noohpisheh et al. 2020). Seed 
priming with ZnO NPs (60 mg L−1) was also deciphered to be an operative method 
that can be utilized to alleviate salt stress. Seed priming with ZnO NPs results in 
enhanced antioxidant enzyme activities, stimulate the growth and development of 
stressed plants and also led to increase in phenolic compounds, level of photosyn-
thetic pigments, ascorbic acid. ZnO NPs also decreases the contents of salt and 
MDA in stressed plants (Latef et al. 2017). ZnO NPs supplementation increased the 
level of photosynthetic pigments and carotenoids in the leaves of finger millet. 
Moreover, the foliar application of ZnO NPs induced physiological and biochemi-
cal changes by activating antioxidative enzymes, which provide tolerance against 
salt stress in finger millet. The SOD converts superoxide anion (O2−) free radicals 
into hydrogen peroxide (H2O2), which is further degraded by CAT and POX 
(Haripriya et al. 2018). The enhanced activity of these scavenging enzymes allevi-
ates finger millet plants from oxidative damage (Haripriya et al. 2018). ZnO NPs in 
combination with Si NPs showed ameliorative effect on mango tree under salinity 
conditions (Elsheery et al. 2020).

2.2  Impact of ZnO NPs against Biotic Stress

Biotic stress includes pest and pathogen attack on plants. Biotic stresses are caused 
by virus, bacteria, fungi namatodes and herbivorous insects. Use of nanotechnol-
ogy to control biotic stress is innovative and novel approach. NPs can also be used 
for early detection of phytopathogens. ZnO NP has antimicrobial property;  
therefore, it has been used for enhancing crop nutrition, biomass and overall pro-
ductivity by inhibiting the growth of pest and pathogens (Anderson et al. 2017). 
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Another  advantage of using ZnO NPs lies in the fact that they are less toxic to 
plants as well as associated soil microbes compared to other metal oxide NPs 
(Dimkpa et al. 2013). ZnO NPs are also applied in combination with other metal 
oxide to enhance its activity against microbes (Table 10.2). ZnO NPs have been 
successfully applied as a nanopesticide for controlling pest attack in plants by 
regulating stress-related genes. ZnO NPs alleviate fungal, bacterial as well as viral 
pathogen-related manifestations (Table 10.2). ZnO NPs in combination with anti-
fungal bacterial strains could inhibit the growth of Fusarium graminearum as a 
potent fungicide (Dimkpa et al. 2013). The growth of Penicillium expansum and 
Botrytis cinerea was significantly inhibited by ZnO NPs (He et  al. 2011), 
Colletotrichum kahawae (Mosquera-Sánchez et  al. 2020) and Sclerospora sp. 
(Nandhini et al. 2019). ZnO NPs inhibited spore germination and further growth 
of tobacco pathogen Peronospora tabacina (Wagner et al. 2016). The ZnO NPs 
reduced the levels of Fe-chelating siderophore metabolites of Pythium hyphae by 

Table 10.2 Effect of ZnO NPs during biotic stress

S. 
no.

Plant 
species Stress

Growth and 
development References

1. Mung bean 
broth

Fusarium graminearum Antifungal activity Dimkpa et al. 
(2013)

2. Potato 
dextrose 
agar

Botrytis cinera, Penicillium 
expansum

Antifungal activity 
(P. expansum more 
sensitive)

He et al. (2011)

3. Coffea sp. Colletotrichum kahawae Antifungal Mosquera-Sánchez 
et al. (2020)

4. Pennisetum 
glaucum

Sclerospora graminicola Promote growth Nandhini et al. 
(2019)

5. Lens 
culinaris 
Medik.

Alternaria alternate, 
fusarium oxysporum, 
Xanthomonas axonopodis, 
pseudomonas syringae, 
Meloidogyne incognita

Enhance growth, pod 
number/plant, 
chlorophylls, carotenoid 
contents and nitrate 
reductase actvity

Siddiqui et al. 
(2018)

6. Rosa 
‘Noare’

Xanthomonas sp. Reduced bacterial spot Paret et al. (2013)

7. Nicotiana 
tabacum

Peronospora tabacina Inhibit spore 
germination and leaf 
infectivity

Wagner et al. 
(2016)

8. Pongamia 
pinnata

Callosobruchus maculutus Delay developmental 
process and decreases 
enzyme activity of 
insects

Malaikozhundan 
and Vinodhini 
(2018)

9. Beta 
vulgaris L.

Pectobacterium 
betavasculorum, 
pseudomonas syringae 
Xanthomonas campestris

Enhanced plant growth 
and enzyme activity

Siddiqui et al. 
(2019)

10. Citrus 
paradisi 
Macf.

Xanthomonas citri Antimicrobial activity Graham et al. 
(2016)
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increasing the activity of ferric reductase. This indicates toxic effects of the Zn 
NPs against Pythium, especially in the presence of a metal chelator (Zabrieski 
et al. 2015).

Since ZnO NPs are less toxic and beneficial for controlling plant-pathogens and 
thus they are considered a better choice among metal NPs for alleviating pathogenic 
effects. Two derivatives of ZnO NPs, Zinkicide SG4 (plate like) and Zinkicide SG6 
(particulate), were studied against Xanthomonas citri subsp. citri for the control of 
citrus canker on grapefruit tree. Zinkicides inhibited citrus scab and melanose fun-
gal diseases caused by Elsinoe fawcettii and Diaporthe citri, respectively (Graham 
et al. 2016). Biofabricated ZnO NPs were used for seed priming and foliar spray, 
which suppressed spore germination of downy mildew and upregulated plant 
defence. Zn NPs elicited systemic resistance in pearl millet against Sclerospora 
graminicola and could serve as suitable method to manage downy mildew (Nandhini 
et al. 2019). ZnO NPs are efficient inhibitor of Colletotrichum kahawae, a fungus 
on coffee plant. Wherein an inhibition rate of 96% was reported with a dose of 
1200  ppm ZnO NPs, when a popular fungicide produced an inhibition of 88% 
(Mosquera-Sánchez et  al. 2020). Zn NPs are used for enhancing the photolytic 
activity of TiO2 NPs for controlling Xanthomonas sp. which causes leaf spot on rosa 
‘noare’ (Paret et al. 2013).

The response of ZnO NPs have been studied on lentil plant (Lens culinaris 
Medik.) inoculated with various fungal and bacterial pathogens Meloidogyne incog-
nita, Fusarium oxysporum f. sp. lentis, Pseudomonas syringae pv. Syringae 
Xanthomonas axonopodis pv. phaseoli, Alternaria alternata (Siddiqui et al. 2018). 
Effects of ZnO NPs and titanium dioxide TiO2 NPs were compared on Xanthomonas 
campestris pv. Beticola, Pseudomonas syringae pv. Aptata and Pectobacterium 
betavasculorum on growth, chlorophyll, metabolites contents, antioxidant enzymes 
and ROS of beetroot. The ZnO NPs exhibited better results with reduced indices of 
disease and enhanced plant growth than TiO2 NPs, indicating the fact that ZnO NPs 
can be a finer option to use for disease management in beetroot (Siddiqui et  al. 
2019). ZnO–CuSi NPs were also applied in combination to control citrus canker 
disease at less than half of the harmful metallic rate of the CuO/ZnO antimicrobials 
(Young et al. 2017).

Moreover, ZnO NPs are equally effective on nematodes and pests. Spray of ZnO 
NPs results in reduction of leaf spot, wilt, galling, multiplication of nematode, 
blight disease severity indices and thereby protect plant against multiple pathogens 
(Siddiqui et al. 2019). Similarly, pesticidal effect of ZnO NPs coated in leaf extract 
of Pongamia pinnata was studied against the Pulse beetle, Callosobruchus macula-
tus. The hatchability and fecundity of C.Maculatus reduced on the basis of variable 
dose. There is significant delay in the larval, pupal and total development period and 
shows 100% mortality rate at 25 μg mL−1. The result of the doses exhibits that ZnO 
NPs can be effectively utilized as alternate mode of pest control.
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3  Negative Impacts of ZnO NPs

Recently, the use of metal-based NPs in agriculture has amplified significantly, 
which may replace the conventional toxic agrochemicals: insecticides/pesticides, 
but they can exacerbate metal-based contaminations side by side. Through contami-
nations of agricultural land, they can enter the food chain causing biomagnification 
and health hazard for humans as well as animals. Many ecosystems are already 
contaminated with heavy metals. Phytotoxicity of ZnO NPs was observed in a num-
ber of crop species including lettuce, soybean, cucumber, rice, corn and Typha lati-
folia (López-Moreno et al. 2010; Yin et al. 2017; Ma et al. 2020). Presence of Zn at 
a concentration more than 400 mg kg−1 in plant tissue is considered as Zn toxicity 
in plants and symptoms of Zn toxicity include stunted growth, interveinal chlorosis 
and distorted leaves. High concentration of ZnO NPs negatively impact photosyn-
thesis rate by reducing chlorophyll content, hinder water conductance by affecting 
root activity and reduces transpiration by affecting stomatal movement (Xiao et al. 
2019). The ZnO NPs also adversely affected the biomass, chlorophyll and sugar 
contents of Arabidopsis. High concentration of ZnO NPs caused enhanced ROS 
accumulation and high rate of lipid peroxidation in Arabidopsis (Khan et al. 2019). 
Similarly, high concentration of ZnO NPs supplementation reduced plant growth 
and photosynthetic efficiency in Arabidopsis and Lycopersicum (Wang et al. 2016; 
2018). Zn toxicity severely affects a plant’s metabolic processes. Since Zn is a core 
constituent of some vital proteins that have roles in RNA and DNA stabilization, 
excess of Zn may affect the stabilizations of RNA and DNA, finally causing genetic 
anomalies.

High concentration (500 mg L−1) of ZnO NPs increases the antioxidant enzy-
matic activity (POD, APX, CAT) and non-enzymatic antioxidant content (pheno-
lics, anthocyanin and flavanoids) activities in potato (Raigond et al. 2017), Portulaca 
oleracea (Iziy et  al. 2019), Capsicum chinense (García-López et  al. 2019) and 
Brassica nigra (Zafar et al. 2016). Moreover, ZnO NPs enhance the concentration 
of phenolics and anthocyanin content and increase the activity of catalase and per-
oxidase due to oxidative damage caused by NPs in potato which causes toxicity due 
to excess of oxidative stress in plants (Raigond et al. 2017). Additionally, accumula-
tion of ZnO NPs in soil adversely affects the rhizospheric environment of soil. NPs 
alter the secondary metabolite of root-associated microbe of Pseudomonas chloro-
raphis, which has antimicrobial property and involved in plant protection and rhizo-
sphere health (Fang et al. 2013; Goodman et al. 2016). Production of phenazines is 
also altered by these particles, which protect the plants against pathogens by increas-
ing pyoverdine like siderophore indirectly enhancing Fe availability in the rhizo-
sphere. Effects of ZnO NPs (diameter, ~85  nm) were investigated in the plants 
Allium cepa, Nicotiana tabacum, and Vicia faba and the results indicated that it 
could be cytotoxic and genotoxic and can cause downregulation of antioxidant 
mechanism and cell-cycle arrest. Long-term effects of ZnO NPs (diameter, ~85 nm) 
use also included membrane disintegrity, chromosomal aberrations, micronucleus 
formation, and breakdown of DNA strand in the meristem root of Allium cepa cells. 
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In Vicia faba and Nicotiana tabacum, high rate of ROS production and lipid peroxi-
dation were also observed in the presence of ZnO NPs (diameter, ~85 nm) (Ghosh 
et al. 2016). Similarly, ZnO NPs damaged tobacco BY-2 cells due to lipid peroxida-
tion and loss of membrane integrity, dysfunction of endoplasmatic reticulum and 
mitochondria, leading to programmed cell death (Balážová et al. 2020). High con-
centrations of ZnO NPs affected seed germination and seedling growth and enhanced 
the biosynthesis of phenolic compounds, finally showing its phytotoxic nature on 
Capsicum annuum (García-López et al. 2018). High concentration of ZnO NPs also 
caused genotoxicity in Sesamum indicum (Sadasivam et al. 2018).

4  Conclusion and Future Recommendation

Zn is one of the essential micronutrients required for optimal growth and develop-
ment of plants. If there are low concentrations of bioavailable Zn in soils, which is 
widespread globally, Zn-fertilizers are augmented to the plot, but this does not serve 
the purpose as Zn is fixed with insoluble compounds, and plants remain deprived of 
it ultimately. Therefore, Zn NPs are applied as an alternative approach in order to 
meet the optimal requirement. Many well-designed studies have demonstrated the 
role of Zn NPs as an efficient nanofertilizer boosting growth, development and pro-
tection against abiotic and biotic stresses. Hence, Zn NPs are used for enhanced Zn 
Use Efficiency. However, evidence also shows that higher concentrations of Zn 
NPs, and even lower concentrations in case of some genotypes, are toxic to many 
plants. In this backdrop, Zn NPs of biological origin (green synthesis) have been 
tested and found to be less toxic and more effective than chemically synthesized 
nanomaterials. However, the green synthesis has its own limitations as the product 
characterization and refinement have not been standardized yet. Another aspect that 
deserves a serious consideration is about the fate of residual nanomaterials as how 
can they affect the soil microbiome and other soil-inhabiting invertebrates. Until 
future research shows the complete understanding of the mechanisms involved in 
ameliorative effects of Zn NPs, precautions must be exercised in its generous appli-
cations, specifically to food crops.
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1  Introduction

1.1  General Introduction of Engineered Nanomaterials

According to the US National Nanotechnology Initiative (NNI), nanotechnology is 
defined as the understanding and control of matter at dimensions between approxi-
mately 1 and 100 nanometers National Nanotechnology Initiative. The behavior and 
properties of particles in the dimension of 1–100 nanometers change dramatically, 
particularly at the ranges below 10 nanometers because of quantum effects. In addi-
tion, NP-properties including melting point, fluorescence, electrical conductivity, 
magnetic permeability, and chemical reactivity of particles are size-dependent and 
become more prominent at the smaller scale (Bhushan 2017). Thus, engineered 
nanomaterials (NMs) have been extensively designed and vastly applied in many 
fields (DeRosa et al. 2010; Farokhzad and Langer 2009; Mazzola 2003; Serrano et al. 
2009). Nanoparticles (NPs) can be classified into different types based on their com-
positions, shapes, structures, etc (Portehault et al. 2018). In the material-based cata-
log, there are metal and metal oxide NPs, carbon NPs, inorganic mineral NPs and 
biopolymeric NPs, etc. Based on their dimensions, there are nano-dots (0 D), nano-
wires (1 D), layered nanomaterials (2 D and 3 D), nano-spheres (3 D), nano-cubes, 
and other irregular or hierarchical 3 D nanomaterials (Makhlouf and Barhoum 2018).

1.2  Applications of Nanomaterials in Food Industry, 
Pharmaceutical and Self-Care, Environmental 
Remediation

Due to their high efficiency on inhibition of microorganisms growth, NPs have been 
used as novel antibacterial or antifouling agents in food industry (Banerjee et al. 
2011). The efficiency of NP Ag, TiO2, Cu, and Fe against drug-resistant bacteria in 
food packages, containers, and coating materials has not been extensively studied 
(Anyaogu et  al. 2008; Boyer et  al. 2010; Kwak et  al. 2001; Lee et  al. 2007b; 
Vatanpour et al. 2012). NPs can produce free radicals, mostly known as reactive 
oxygen species (ROS), to induce oxidative stress, and subsequently cause irrevers-
ible damages to bacteria. In addition, both mechanical damages and electrostatic 
interaction induced by NPs can severely disrupt bacteria membrane integrity 
(Hajipour et al. 2012). Bio-nanocomposites have been developed to replace conven-
tional non-biodegradable petroleum-based plastic food packaging materials. 
Nanofillers (e.g., nanostarch, nanocellulose, nanochitosan/nanochitin, nanopro-
teins, and nanolipids) incorporated nanofilms are edible packaging materials 
(Jeevahan and Chandrasekaran 2019). Beside, NPs have been used as food additives 
as well. Synthetic amorphous nano-silica (E551) is the most commonly used one as 
clarifying agent for beverages, and as a free-flow and anti-caking agent in powdered 
food items (Peters et al. 2016). Titanium dioxide NPs are another commonly used 
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food additive (E171) especially in dairy product and candy as a pigment to enhance 
the white color (McClements and Xiao 2017). NPs contain nutritional elements 
such as iron oxide been added as iron fortification for food as well as food colorant 
(Chaudhry and Castle 2011). Organic NPs (e.g., lipid, protein, and carbohydrate 
NPs) have also been designed and developed for food additive applications 
(McClements and Xiao 2017).

In recent years, nanotherapeutics have drawn great attentions in drug delivery 
and gene therapy. NPs can be applied as nanomedicine, nanocarrier, diagnostic 
nanodevices, sensors, etc. It can offer great opportunity to build smart nano systems 
for precise and targeted treatment for both animals and plants. Sophisticated thera-
peutic nano system can be constructed around tumor microenvironment in response 
to varied internal stimuli (pH, temperature, enzyme, redox, and H2O2), and external 
triggers (magnetic, photo and ultrasound) (Lu et al. 2016; Peer et al. 2007; Qiao 
et al. 2019; Shi et al. 2017). However, the relevant study is still at the early stage and 
their full use in the clinical practice still needs further investigation due to the lack 
of validation of the overall safety (Qiao et al. 2019). One extensively studied drug 
delivery system is Metal-Organic-Frameworks (MOFs)-based biomedicine. 
Through incorporating therapeutic molecules into nano-MOFs, loaded therapeutic 
molecules can be released in a controlled manner and free circulation in the blood 
stream can be ensured (He et al. 2015a; Horcajada et al. 2011; Simon-Yarza et al. 
2018). Besides, NPs can be applied as a non-disruptive detoxification approach to 
achieve attenuated virulence during immune processing (Gou et al. 2014; Hu et al. 
2013). Nano-sized hydroxyapatite (nHA) has been commonly used as bone tissues 
because of its biocompatibility and osteoconductive properties (Venkatesan and 
Kim 2014).

Owing to the high surface area-to-mass ratio and highly reactive surface, nano-
materials have shown potential in the removal of environmental pollutants and bio-
logical contaminants. NPs can serve as highly efficient absorbent for multiple 
pollutants, and degradation agent in catalytic systems. Carbon-based nanomaterials 
(CNMs) including graphene family materials (GFMs) (Ali et al. 2019a; Zhao et al. 
2011), carbon nanotubes (CNTs) (Gupta et al. 2013; Ren et al. 2011), have been 
engineered as highly efficient adsorbents. CNMs can be assembled into structures 
with different dimensions (2D nanowire, 3D hydrogel/ aerosol) to be readily applied 
on site and to achieve easier retrieve and recovery of both contaminants and materi-
als (He et al. 2018a; Liu et al. 2012). Using as electron transfer interfaces and well 
dispersive loading vehicles, CNMs have also been incorporated with other reactive 
and functional molecules to minimize aggregating and stacking induced deficiency 
of their adsorption, photoactivities, and antimicrobial capacities (Sapsford et  al. 
2013; Shen et al. 2020; Sun et al. 2012; Wang et al. 2012; Zhu et al. 2020). MOFs 
(Zhang et  al. 2014), nZVI (Sun et  al. 2012), MXenes (Zhang et  al. 2018), and 
g-C3N4 (Cui et  al. 2012; Mamba and Mishra 2016) have been considered novel 
nanomaterials that can be potentially used as absorbents in environmental remedia-
tion (Stefaniuk et al. 2016; Wu et al. 2018).
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1.3  Verified and Potential Toxicity of Nanomaterials to Plants

During manufacture, use, transport, and disposal, the release of NPs into soil and 
aquatic environments will be inevitable (Gottschalk et al. 2013). Associated risk and 
potential toxicity of NPs to the environmental biota and humans have drawn mas-
sive attention. Engineered NPs applied as food packaging, food additive, pharma-
ceutical, and self-care products are considered the direct access to human body and 
potentially cause negative impacts on human health, while using as environmental 
remediation agents could be released into environment unintentionally and expose 
to microorganisms, plants, animals, and eventually human. The potential damages 
to organisms caused by NPs could imbalance the ecosystems. Moreover, NP releases 
from byproducts such as micro/nano plastics into the environment and food chain 
have raised considerable attentions due to the commonly recognized pollution, toxic 
effects of plastics as well as the exceptional transport rate and depth of their micro/
nano-forms (Besseling et al. 2014; Cole and Galloway 2015; Koelmans et al. 2015; 
Velzeboer et al. 2014).

In addition to damaging the surface integrity and altering the charge balance, the 
excess amounts of ROS and the successive DNA damages induced by NPs in organ-
isms have been well demonstrated as the primary toxic mechanisms (Fu et al. 2014; 
Ma et al. 2018). For metal and metal oxide NPs, the toxicity induced by the ions 
released from NP dissolution has been considered as a major contributor to the total 
toxic effect (Ma et al. 2015; 2018). In general, NP induced toxicity is dose-depen-
dent, and high doses of NPs often cause irreversible or lethal damages to the organ-
isms, while low doses or environmentally relevant concentrations of NPs display no 
impact or biostimulation on boosting plant growth (Dimkpa and Bindraban 2016; 
Ma et al. 2016). Recently, nano-bio-eco interfacial interactions and NP mediated 
two-way or three-way interactions have been brought up to fully understand the 
behavior of NPs in a connected ecosystem and the underlying mechanisms of nano-
toxicity. Due to the complexity of multi-interfacial processes, and the accumulation 
of controversial results from literatures, nanotoxicity is still case-dependent and a 
general conclusion is unlikely to be revealed (He et al. 2015b; 2018b).

1.4  Current Status of Nanomaterial Application in Agriculture

The projected world population of 9.7 billion in 2050 (United Nations, D. o. E. a. 
S. A 2017; World Population Prospects 2019) will require a doubled increase in 
overall agricultural production compared to that of 2005 (Alexandratos and Bruinsma 
2012). However, the statistics of Food and Agriculture Organization of the United 
States (FAO) indicated that 14% food loss in 2019 was mainly because of inade-
quate storage, processing, packaging, and limited shelf life (Food and Agriculture 
Organization of the United Nations 2019). Even though the projected agricultural 
capacity could meet the demand at the time of 2050, it would unlikely be maintained 
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in a sustainable manner (Kah et al. 2018). The environmental pressure of the food 
system was estimated to increase 50 ~ 92% by 2050 compared to those of 2010 due 
to the absence of technical improvement and other mitigation measures (Springmann 
et al. 2018). Global agriculture is regarded as the leading cause of environmental 
degradation (Clark and Tilman 2017). Chemical fertilizer utilization is still accounted 
for the most crop production increase but also pose adverse effects on both agricul-
tural environment and biota (Mueller et al. 2012). The main disadvantage of conven-
tional fertilizers is the great loss of nutrients, which subsequently causes low use 
efficiency by plants.

Nanotechnology has been introduced into agriculture in order to maintain sus-
tainable agri-food systems (Subramanian et al. 2015; Yin et al. 2018). As shown in 
Fig. 11.1, due to the exceptional properties, nano-scaled agrichemicals have shown 
potentials being used as (a) nanofertilizers, which can be customized with desired 
chemical components, improve the nutrient use efficiency through slow release, and 
boost the plant yield, while reduce adverse environmental impacts caused by nutri-
ent leaching (Raliya et al. 2017), (b) nanopesticides, which can reduce the indis-
criminate use of conventional pesticides, deliver pesticides to only targeted spots, 
mitigate contamination in food chains, and minimize human exposure, (c) nanocar-
riers, which have shown high loading capacities and can release the key ingredients 
in a more controlled timeline, (d) nanosensors, which can monitor plant health 
status and resource demands in a more fast and precise way by translating plant 
chemical signals into readable digital information.

Objectives of the current chapter: As nanomaterials are preferred in various 
agricultural applications, this chapter aims to examine their interactions at multiple 
interfaces: nano-foliar/root surface interactions (uptake, transport, deposit, dissolu-
tion), and effects of NPs on overall agriculture (effects on crop health and produc-
tion, effects on agricultural environment–farmland soil, waterbody).

Fig. 11.1 A schematic illustration of the nanomaterial application in agriculture
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In the past decades, the transport and fate of NPs in plant-soil systems have been 
extensively studied (Jassby et al. 2019; Lv et al. 2019; Ma et al. 2018). A common 
finding was that exposure to high dose and sharp shape of NPs could cause adverse 
effects on terrestrial plants, while beneficial effects within an appropriate dose and 
with functionalized modifications have drawn more attention in agriculture (Adisa 
et al. 2019; Dimkpa and Bindraban 2017; Guo et al. 2018; Kah et al. 2018; Servin 
and White 2016; Yin et al. 2018). Thus, in the following section, the fate and appli-
cation of NMs at the nano-bio-eco interfaces have been addressed from the perspec-
tives of NM types, size, and morphologies.

2  Nanomaterials Used for Agricultural Applications

As novel fertilizers, nanomaterials have been further classified as (a) Macronutrient-
incorporated nanomaterials such as nano-hydroxyapatites (nHA) (Liu and Lal 
2014), serve as phosphorus-based nanofertilizer with 18.2% and 41.2% increase in 
shoot and root biomass, respectively, as compared to its conventional analog 
(Ca(H2PO4)2). Nano-sized MgO, another essential macronutrient-based fertilizer, 
can provide enough magnesium and show size-dependent antibacterial activity (Cai 
et al. 2018; Liao et al. 2019); (b) Micronutrient-incorporated nanomaterials. Due to 
the unique properties, most of the NPs (e.g., metal, polymer, biomacromolecule) 
can effectively inhibit microbial growth (Servin et al. 2015). Mn, Cu, and Zn NPs 
have been demonstrated to suppress microorganisms induced diseases by activating 
the defense enzymes, phenylalanine ammonia lyase (PAL) and polyphenol oxidases 
(PPO), in plants (Datnoff et al. 2007). Besides, numerous studies have reported that 
Cu-based NPs, including CuO, Cu (OH)2 nanosheets, and Cu3(PO4)2·3H2O 
nanosheets, could suppress fungal rot disease induced by Fusarium in plants (Elmer 
et al. 2019; Ma et al. 2019); ZnO NMs could positively affect plant growth, increase 
biomass production, as well as participate in defending against abiotic stresses (Ali 
et al. 2019b; Sabir et al. 2014; Tarafdar et al. 2014); Fe-based NPs (Fe2O3, Fe3O4, 
nZVI) (Almeelbi and Bezbaruah 2014; Guha et al. 2018; Rui et al. 2016; Tombuloglu 
et al. 2019) and Mn NPs (Pradhan et al. 2013), as both nanofertilizers and nutrient 
carriers, also played important roles in boosting plant growth. (c) Beneficial ele-
ments composed nanomaterials, in which these elements are non-essential for plant 
growth and development, but exhibit beneficial impacts on helping plants to boost 
plant growth or defend against stresses. For instance, exposure to TiO2 NPs at 
5–10 nm biostimulated the N metabolism and photosynthetic systems in plants, and 
subsequently increased fresh biomass (Song et al. 2012; Yang et al. 2007). Besides, 
plants with amendment of TiO2 NPs showed better resistance toward abiotic stresses 
such as drought (Jaberzadeh et al. 2013) and heavy metals (Lian et al. 2020). The 
presence of silicon NPs significantly alleviated abiotic stresses induced by water 
deficiency, salt, heavy metals, and lodging-resistance in plants (Frew et al. 2018; 
Luyckx et al. 2017). Ce NPs displayed the properties of antioxidant enzymes (per-
oxidase and phosphodiesterase mimetics) by scavenging reactive oxygen species 
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(ROS) and recovering phosphorus (Janos et al. 2019; Patel et al. 2018). Other NMs, 
such as hydroxyapatite (Kottegoda et al. 2011; Xiong et al. 2018a) zeolite (Bansiwal 
et al. 2006; Li et al. 2010; Zwingmann et al. 2011), nanoclay (Sarkar et al. 2015, 
2014), and chitosan coated NPs (Abdel-Aziz et  al. 2016; Kashyap et  al. 2015; 
Saharan et  al. 2016), can also serve as carriers for conventional nutrients (urea, 
ammonium, calcium phosphate, potassium chloride).

3  Nanomaterial Transport at Nano-Bio-Eco Interfaces

3.1  Nano-Foliar/Root Surface Interactions

It has been generally recognized that plant–NP interactions take place in three steps: 
(a) NP deposition and transformation on a plant surface (e.g., leaf, root, or stem), (b) 
NP penetration through the cuticle and epidermis, and (c) NP transport and transfor-
mation within the plants (Jassby et al. 2019). The diverse morphological and physi-
ological features of the plant surfaces are results of adaption to environments. 
Higher plants have epidermis featured similar composition and structure. The 
above-ground parts of the higher plants are all covered by cuticle, a continuous 
extracellular membrane, which serves as the first barrier of plants and a multifunc-
tional interface between biosphere and atmosphere. Small pores (<5 nm) can be 
formed during the deposition of epicuticular waxes and larger apertures, known as 
stomata (10–100 nm) on leaf surfaces (Eichert and Goldbach 2008; Eichert et al. 
2008; Jassby et  al. 2019). These apertures allow gas and water exchange and 
nanoparticles can transport through and penetrate into plant cells (Dietz and Herth 
2011). In addition, there are 5–20 nm nanopores on plant cell walls (Fleischer et al. 
1999) and 50–60 nm plasmodesma between cells, both of which act as channels for 
substance transport (Zambryski 2004). These features provide substantial advan-
tages for nanoparticles to enter into plants and transport in plant bodies. Casparian 
strips on the endodermis can restrict apoplastic water flow into the root and make it 
difficult for NPs to transport into the intact roots. However, NPs can cause physical 
damages to plant cells, which could facilitate the NP uptake by plants. In addition, 
passage cells located near root hairs serve as an entry for water and nutrients trans-
port from root hair to xylem, and thus have been considered as the only possible 
route for NPs to penetrate the endodermis in intact roots.

Due to the interferences of soil organic matters and minerals with nanoparticles, 
foliar application has been recognized a more efficient way to deliver nanoparticles 
into the plants. Upon exposure, nanoparticles deposit on the epicuticular waxes, 
trichomes, and stomata. The stomatal pathway is the main route for nanoparticles to 
enter the plants; stomatal loading capacity is considered the rate-limiting step for 
NPs entry into plants. Beside the stomatal pathway, the cuticular pathway is another 
important route for NP entry. Several studies were conducted to investigate the 
cuticular pathway for NPs uptake. For example, pristine TiO2-NPs were internalized 
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in the leaf cells of lettuce by damaging the cuticles and the cell walls (Larue et al. 
2014). Ascribe to its less disruption to the epicuticular waxes, reduced phytotoxic-
ity, and reduced chemical runoff, nanostructured liquid crystalline particles have 
been applied as an alternative to surfactant-based agrochemical delivery to the epi-
dermis layer underneath the adaxial cuticle (devoid of stomata). For nanoparticles 
that can be dissolved, they can release ions that can be easily taken up by plants.

It is noteworthy that there are desired uptake and undesired uptake of NPs 
depending on the nature of whether the NPs are essential to plants. For NPs serve as 
fertilizer, their uptake and released ions are desired, while for those acting as pesti-
cides, their retention on the plant surfaces are desired rather than their uptake by 
plants. Both agrochemical NPs are favored to extend their retention time on the 
plant surfaces for either facilitated uptake or longer reaction time with insects. On 
the above-ground surfaces of plants, NPs can go through interfacial behavior such 
as aggregation, dissolution, and transformation mediated by photocatalysis. Besides, 
due to weather change, NPs can be rinsed off by rainfall. To extend the stay of the 
NPs on the plant surfaces, modifications to increase the adhesion of NPs are con-
ducted; meanwhile, compositing functional materials with enhanced adhesive prop-
erty are developed. Chemical adhesive agents are often not favored due to their 
potential eco-toxicity. Inspired by natural glues such as adhesive protein secreted by 
mussel, polydopamine self-polymerized functional groups are assembled to the 
NPs’ surface (Lee et al. 2007a). Catechol function groups are bound with carboxylic 
or hydroxyl groups on the foliage surface through strong hydrogen bond (Liang 
et al. 2017). Natural protective glues such as silk protein, tannin acid, and pyrogallol 
are also used to increase the surface retention of NPs (Kundu et  al. 2008; Yu 
et al. 2019).

3.2  Uptake and Transport in Plants

Xylem and phloem are two channels for the long-distance transport of nutrients in 
vascular plants. Xylem can carry water and minerals (referred as xylem sap) from 
roots to above-ground parts while phloem is in charge of the translocation of the 
photosynthates (referred as phloem sap) to the whole plants. The xylem pathway is 
mainly driven by negative pressure and the water flow is unidirectional, while the 
phloem pathway is powered by positive hydrostatic pressures and the flow of the 
organic compounds inside is multi-directional. There are two filtrating structures in 
these two matter flow channels, perforation plates in xylem and sieve plates in 
phloem. They serve as the filters in the plants with general pore sizes of 200 nm to 
1.5 μm in xylem and 43–340 nm in phloem, respectively (Jassby et al. 2019). Sap 
composition and flow rate are two important physiological factors that can impact 
the transport of NPs while they move along with the sap. Organic compounds in 
the sap can interact with NPs, modify the surface properties, and alter the trans-
porting behavior of the NPs. However, the underlying mechanisms by which sap 
components affect NP fate and translocation in plants are still largely unknown.  
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It is  noteworthy that the transporting rate of NPs might not be the same as the flow 
rate of the sap due to the viscosity of the sap, while the existence of NPs can hardly 
change the flow rate due to their neglectable concentration in the sap.

It is well known that the size, shape, and dimension of NPs can directly deter-
mine the NP accumulation in plants regardless of exposure routes. Su et al. reported 
that to achieve better uptake via root exposure, at least one dimension of the NPs 
should be less than 50 nm (Jassby et al. 2019). Generally, increased uptake can be 
observed with decreased NP size. However, 50 nm is unlikely an absolute threshold 
for each NPs due to the differences among plant species. NPs were observed to 
move much further outside of the main vasculature in dicot plants than monocot 
plants, due to the larger airspace volume in dicot leaves (Spielman-Sun et al. 2019). 
NPs with spherical shape have been extensively applied; however, it may not be the 
most efficient ones for plant uptake. Currently, little is known regarding the shape 
impacts of NPs on their uptake by plants while the cellular distribution of NPs with 
different shapes have been largely reported. Evidences on the shape impacts of NP 
to their cellular uptake are still controversial. Carnovale et al. systematically studied 
the effect of size and shape of gold nanoparticles on their uptake and toxicity and 
concluded that spherical particles were taken up in greater numbers compared to the 
shapes with broad flat faces (Carnovale et  al. 2019). A quantitative study of the 
uptake of different shaped NPs showed that under drop-cast application, spherical 
NPs with high aspect ratios were the most efficiently delivered, while conversely, 
NPs with low aspect ratios could be more effectively taken up by watermelon plants 
via aerosol application (Raliya et al. 2016). The NP doses can also determine their 
uptake by plants. The higher the concentrations are, the less the NPs can be absorbed. 
High concentrations of NPs usually result in homo- and hetero-aggregation, both of 
which can increase the particle size and subsequently reduce the NP accumulation 
in plants. In addition, the surface properties of NPs such as charging, coating, and 
functional groups, could also affect their uptake. For example, positively charged 
gold NPs exhibited higher adsorption on plant root surfaces and thus lowered their 
translocation from roots to other plant parts (Zhu et al. 2012). Similar findings were 
also evident on CeO2 NPs interaction with plants (Liu et al. 2019; Spielman-Sun 
et al. 2019).

3.3  Distribution and Fate

NPs can further transform, translocate, and accumulate inside plants. Versatile tech-
niques have been applied to track, quantify the NPs in plants, and determine the 
ultimate fate of NPs. Stable isotope labeling has been applied to characterize several 
widely used metal and metal oxide NMs (ZnO, CuO, Ag, and TiO2) for the purposes 
of environmental and biological tracing. This strategy can be useful in nanosafety 
assessment prior to allowing NMs to enter the market and environment, as well as for 
product authentication and tracking (Zhang et al. 2019b). It is reported that naturally 
formed Ag NPs have distinctly different isotope fractionations as compared with 
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those of engineered Ag NPs. This finding provides the possibility of distinguishing 
the Ag NPs from nature or manufacturing source (Zhang et al. 2019b). By using soft 
X-ray scanning transmission microscopy (STXM) and near edge X-ray absorption 
fine structure (XANES), it was demonstrated that Ce (III) released from nCeO2 were 
precipitated with phosphate in intercellular spaces, or formed complexes with car-
boxyl compounds during translocation to the shoots (Zhang et al. 2012).

The species-dependent uptake of NPs make it more difficult to understand the 
NP fate and behaviors in plants. It is reported that uptake and translocation of CeO2 
NPs in monocots and dicots were different under phosphate deficiency treatment. 
The removal of phosphate from the nutrient solutions promoted the upward translo-
cation of Ce from roots to shoots. Transformation of CeO2 NPs in the plants was 
also dependent on particle size, the growth medium, and the composition of xylem 
and root exduate (Zhang et al. 2019a, 2017).

4  Effect of Nanomaterials on Crops

Nanotechnology has shown significant potential in agriculture from the following 
aspects: (1) increasing the crop productivity through incorporating nutritional ele-
ments directly into nano-form or with nano-vectors to achieve better nutrient use 
efficiencies (NUEs); (2) suppressing plant disease and pests; (3) attenuating envi-
ronmental side effects via less input of commercial agrichemicals; (4) serving as 
growth stimuli or enzyme alternative/ mimics; and (5) applications in pathogen and 
toxin detection in plants and sensors for assessing specific conditions or analytes of 
interest in plant systems. Generally, nano-enabled agrichemicals offer possibilities 
to design and modify the nutrients, pesticides, and other agrochemicals in a rela-
tively confined dimension in comparison with their ionic or molecular form. 
Currently, use of NPs in agriculture has not involved in the structure-mediated func-
tion. In this section, effects of NPs on crops and the underlying mechanisms are 
discussed.

4.1  NUEs of Nanofertilizers Vs. their Conventional Analogs

Plants need external energy such as light, water, and nutrients input to maintain 
themselves metabolism and growth. Beside carbon, oxygen, and hydrogen, other 
nutrients need to be acquired through foliage and root transport. Specifically, mac-
ronutrients, including nitrogen (N), phosphorus (P) and potassium (K), calcium 
(Ca), magnesium (Mg), and sulfur (S), are essential for plant growth and consumed 
in relatively large amount by plants. In addition, plants also require trace amounts 
of micronutrients, including iron (Fe), boron (B), chlorine (Cl), manganese (Mn), 
zinc (Zn), copper (Cu), molybdenum (Mo), and nickel (Ni), to establish healthy 
life cycles.
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Unlike wild plants, crop plants seasonally removing nutrients from crop land, 
and therefore external fertilizers are needed to maintain the soil fertility for a sus-
tainable agriculture. Based on the uptake, transport, and remobilization of the nutri-
ents, nutrient use efficiency (NUE) can be defined as dry biomass produced per unit 
nutrient uptake/ application (Dobermann 2007; Guo et al. 2018; Hawkesford et al. 
2016), to evaluate the quality of fertilizers. Commercial fertilizers have been esti-
mated to contribute 30–50% of the crop yield (Stewart et al. 2005). The inadequate 
NUEs of conventional fertilizers have always been the primary setback for the 
development of the modern agriculture (Dobermann 2007; Hawkesford et al. 2016). 
The loss of the nutrients in the conventional fertilizers not only causes unnecessary 
economic burden for farmers, but also lowers soil fertility, increases soil pollution 
and water eutrophication, etc. Statistics from FAO showed that the amount of com-
mercial fertilizers has been increased annually to achieve the food demand for the 
increasing population (FAO 2019).

Nitrogen and phosphorus are two elements with relatively lower NUEs and 
therefore the main cause of water eutrophication. The improvements of their use 
efficiencies are critical to meet the challenges of food security, environmental deg-
radation, and climate changes (Zhang et al. 2015). One typical N-based fertilizer, 
urea, vanished quickly through volatilization during the agricultural application. It 
usually requires multiple feeds to preserve sufficient nitrogen for plant uptake in a 
full life cycle (Zhang et al. 2015). To the best of our knowledge, nitrogen nanofer-
tilizer-related investigation was very limited, one of the most used strategy is to load 
nanocarrier with conventional N fertilizer to achieve a relatively slow and controlled 
release (Rop et al. 2018). Kottegoda et al. reported that urea decorated nano-sized 
hydroxyapatite (nHA) served as a slow release fertilizer for both nitrogen and phos-
phorus. nHA was recognized as the carrier for urea and the direct nutrient source. 
More than 50% reduction in urea use could still maintain the yield at notably higher 
level with N agronomic use efficiency at 48% compared to that of pure urea at 18% 
(Kottegoda et al. 2017). Another novel nitrogen-based fertilizer was nano-nitrogen 
chelate (NNC) fertilizers, which showed less nitrate leaching and more sugar pro-
duction on sugarcane by controlling elemental release and extending the NNC 
retention (Alimohammadi et al. 2020). Regarding the phosphorus-based nanofertil-
izer, nHA mentioned above is the most characterized and tested NMs for the pur-
poses of enhancing the P use efficiency in agriculture. Several studies have 
demonstrated that nHA could efficiently provide P to crops and increase biomass 
production and capability to defend against abiotic stresses as compared to its con-
ventional analog (Ca(H2PO4)2) (Liu and Lal 2014; Xiong et  al. 2018a, b; Yoon 
et al. 2020).

Incorporating nutritional elements into nano-form is the most straightforward 
approach to preserve nutrients in a protected matrix, while not all the nutrient-incor-
porated nanomaterials are suitable as fertilizers, especially metal nanomaterial, due 
to their acute/ long-term toxic effects toward bio-organisms. Ascribe to this “disad-
vantage,” nanomaterial-incorporated pesticides were designed.
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4.2  Antimicrobial Effects of Nanopesticides Vs. their 
Conventional Analogs

It has been estimated that 10–75% loss of applied synthetic pesticides during the 
delivery to the target, and the lost pesticides caused contamination of surrounding 
environemnt (Aktar et  al. 2009; Pimentel and Burgess 2014). To counteract the 
main drawback and to assure the crop quality with less application of pesticides, 
nano-formulated pesticides were developed (Kah et al. 2018). Micronutrients play 
important roles in alleviating pathogen-induced biotic stresses (Servin et al. 2015). 
Mn, Cu, and Zn have been well recognized to enhance disease resistance by activat-
ing the host defense enzymes phenylalanine ammonia lyase and polyphenol oxi-
dases (Datnoff et al. 2007). Copper (CuSO4) has been applied as fungicide in Europe 
for more than a century, which caused the accumulation of copper in soils up to 
700 ppm, almost ten times higher than the local background concentration (Ruyters 
et  al. 2013). Inefficient and ubiquitous pesticide and herbicide use have induced 
antimicrobial resistance and potentially reduce biodiversity, disrupt balanced eco-
system functions, and cause environmental contamination as well (Beketov et al. 
2013; Goulson 2013; Goulson et al. 2015; Lowry et al. 2019; Stehle and Schulz 
2015). Gilbertson et al. investigated effects of the surface reactivity and antimicro-
bial activity of nano-cupric oxide with different shapes and found that CuO 
nanosheets have the highest surface reactivity, electrochemical activity, and antimi-
crobial activity compared to CuO spheres and bulk CuO, but this trend could not be 
simply explained by surface area alone (Gilbertson et al. 2016). CeO2 NPs applied 
to Fusarium-infected tomatoes showed significant disease control ability with ele-
vated antioxidant enzyme activities (Adisa et al. 2018). Recently, a novel Cu-based 
nanopesticide (Cu3(PO4)2·3H2O nanosheets) was used for the suppression of 
Fusarium-infected plants. A possible molecular explanation could be nano-sized Cu 
induced upregulation of pathogenesis-related genes (Ma et  al. 2019). MgO is 
another macronutrient-incorporated nanomaterials, which not only provides mag-
nesium as an essential macronutrient, but also shows statistically significant anti-
bacterial properties and size-dependent activity ascribe to its nano-form (Cai et al. 
2018; Liao et al. 2019).

4.3  Benefits of Using Nanomaterial Carriers

For the past decades, nitrogen, phosphorus, and potassium are usually incorporated 
into composite fertilizer (NPK fertilizers) to achieve balanced macronutrients 
uptake. To prolong the release time of the fertilizers, and prevent loss of nutrients 
through leaching, nanomaterials have been incorporated into NPK composite fertil-
izer application system as promising high loading capacity carriers or protective 
coatings (Kashyap et al. 2015; Lowry et al. 2019; Rop et al. 2018). It is reported that 
the foliar application of an NPK-chitosan composite to wheat notably increased the 
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grain yield by more than 50% as compared to conventional NPK fertilizer; in addi-
tion, the crop life cycle was shortened by 23.5%. Chitosan-NPK nanoparticles were 
observed inside the phloem tissue, especially in sieve tubes, and nutrients were car-
ried in the sugar flow to shoots and roots (Abdel-Aziz et al. 2016). Through compu-
tational modeling, plant virus nanoparticles (VNPs) showed superior ability in 
delivery and controlled release of pesticides compared to the synthetic counterparts. 
The rod-like tobacco mild green mosaic VNPs can deliver pesticides to the rhizo-
sphere with much greater mobility and highest dye loading capacity; thus, VNPs 
can be potentially developed as next-generation nanopesticide delivery system 
toward precision farming (Chariou et al. 2019, 2020). By decorating β-cyclodextrin 
molecular baskets with quantum dots (QDs), Santana et al. provided insight into 
loading and delivering broad chemicals to specific target under the biorecognized 
guidance of peptide motif and the delivery efficiency of these coated QDs can be as 
high as approximately 75% (Santana et al. 2020).

4.4  NP Sensor Application in Smart Agriculture

Sensors became necessary component to human daily life ascribe to its various 
industrial and consumer applications. According to National Institute of Food and 
Agriculture (NIFA), the sensor technology could find their usage in nearly all 
aspects of production, processing, and management in agricultural and food sys-
tems, especially as a necessary tool for precision agriculture (Agriculture, N. I.o. 
F. a. n.d.). Specifically in the crop growth management, biological recognition and 
sensing integrated technologies can be used to monitor plant needs in real time, with 
high stability, fast dynamics, accuracy and reproducibility, for specific analytes of 
interest (Giraldo et al. 2019; Kwak et al. 2017), and adjusting resource use by inter-
acting with agricultural device of smart nanobiotechnology-based sensors that 
report plant signaling molecules associated with stress status or resource. Depending 
on different sensing mechanisms, various nanoparticles have been integrated into 
optical and electrochemical sensor platforms for application in plants (Srivastava 
et al. 2018). Promising outcomes have been reported under lab/greenhouse experi-
ments, but so far not much field data available to further verify the efficacy and 
feasibility of such nanosensors in a real life scenario.

Ascribe to the electronic properties, metallic- and carbon-based nanoparticles 
have been used as electrode coating materials for electrochemical nanosensors to 
track multiple redox active species in plants, which enable them as a useful tool for 
plant disease diagnosis and resource (fertilizers or pesticides) reallocation (Kashyap 
et al. 2019; Lew et al. 2019; Zhu et al. 2015). By wrapping single-walled carbon 
nanotubes (SWNTs) into compositionally designed polymer, corona phase molecu-
lar recognition (CoPhMoRe) nanosensors have been invented and successfully 
detected several plant signal molecules such as dopamine, nitric oxide, H2O2, glu-
cose, and proteins (Kwak et al. 2017; Lew et al. 2020). Gold nanoparticles, semi-
conductor quantum dots (QDs), lanthanide-doped upconversion nanoparticles 
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(UCNPs), mesoporous silica nanoparticles, and polymer nanoparticles have been 
used as fluorescence resonance energy transfer (FRET) donors or quenchers in 
FRET-based nanosensor platforms. Signals of metal ions, DNA, sugar, ATP, and 
phytoestrogens can be monitored with better photostability and emission sensitivity 
over traditional FRET biosensors (Chen et al. 2012). Possessing strong and tunable 
plasmon resonance in the NIR region, gold and silver nanoparticles have been 
extensively functionalized and applied as substrates for in situ surface-enhanced 
Raman scattering (SERS) detection of pesticides on plant surfaces (Pang et  al. 
2016), phytohormones such as brassinosteroids (BRs) (Chen et al. 2017), VOCs in 
the tea leaves (Park et al. 2020). Recent years, due to their multidimensional struc-
tures and structure-dependent unique electronic, electrocatalytic, and optical prop-
erties, transition-metal dichalcogenides (TMDs), especially MoS2, have attracted 
newly interests in designing novel biosensing platforms. By assembling MoS2 into 
zero-, one-, two-, and three-dimensional nanostructures, promising applications in 
optical, electrochemical, and electronic biosensors can be expected (Barua et  al. 
2017; Kwak et al. 2017).

4.5  Potential Side Effects and Possible Ways to Avoid these

Up to now, most nanosafety related studies have been conducted in two distinct 
epistemic communities. On the nano-bio interface, risk evaluation of nanoparticles 
interacting with cells, tissues, and organisms in vitro and in vivo is of main interest. 
Meantime, on the nano-eco interface, risk evaluation of NP interacting with the sur-
rounding abiotic environments such as soil organic matter (SOM), soil minerals, 
aerosol, and co-existed contaminants covered most of the studies (Lombi et  al. 
2019). With the development of agri-nanotechnologies, the gap between two com-
munities would be expected to be filled for a more comprehensive understanding of 
the NP behavior in a connected ecosystem (He et al. 2015b). At the nano-bio-eco 
interface, unexpected side effects could be generated that neither of these two disci-
plines can cover or even recognize. For example, Cu (OH)2 has been used as novel 
nanopesticide ascribe to its high efficiency and nontoxic effects on the treated 
plants, while it was reported that Cu (OH)2 nanopesticides strongly mitigated the 
degradation of the problematic insecticide thiacloprid by down-regulating thiaclo-
prid-degradative nth gene abundance. Decreased bioavailability of thiacloprid was 
discovered due to the absorption on the nanopesticides (Zhang et al. 2019c). If such 
mitigation effects can be applied on other organic toxins in the soil, major concerns 
should be raised to the potential environmental risks of nanopesticides. Concerns 
over the joint toxicity of nano-enabled agrochemicals and the co-existing contami-
nants in environment have also drawn great attentions. The benefit of nano-enabled 
agrochemicals can be offset by the potential risks of acting as carriers of other pol-
lutants, increase colloid-facilitated transport of pesticides to water bodies and con-
taminate the human food chains (Deng et al. 2017; He et al. 2015b; Lombi et al. 
2019). Other issues include possibility of developing or spreading the antimicrobial 
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resistance, increase of the exposure of off-target wildlife, and change of food char-
acteristics and security with adding of NPs into food industry (Patel et al. 2018). 
Besides, the dose-dependent effects of NPs have been generally recognized, while 
during the field application, the control of the dosage can be tricky as the species 
dependence also takes place along with the dose-dependent response.

5  Conclusion and Perspectives

The age of focusing only the toxicity and negative effects of nanomaterials in the 
real environment is fading away. It does not mean that the negative effects of uncon-
trolled/unmonitored release of nanomaterials into biological systems are negligible, 
but can be compatible with the next level studies on exploring the hiding benefits of 
nanomaterials in consumer daily life. This chapter has described the interaction 
between nanomaterials and plants and summarized the current research status of 
nanomaterial applications in agriculture.

As discussed in the above multiple sections, elaborate and systematic design and 
tests are warranted to assure safety and efficacy application of nanomaterials in 
agriculture. Up to now, enormous interests have been focused on the “front end” 
researches such as design and development of certain nanomaterials for potential 
agricultural utilizations. However, established concepts or mechanisms from other 
disciplines or industries still need vast work and specified adaptions in the “back 
end” to be able to feasibly apply in agriculture. Furthermore, current agricultural 
requirement for advanced nanotechnology applications is more toward precision, 
smart, cost-effective and eco-friendly directions, which rise expectations in the out-
come products and correspondingly elaboration of the design.
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1  Introduction

Nanotitania additives (TiO2 NPs: E171) have gained applications in a wide array of 
consumer products, including milk, confectionaries, pastries, toothpastes, enhanced 
food, sunscreen, cosmetics, and medicines under the assumption that they are inert 
particles that are safe to human health (Fig. 12.1 exhibits food products containing 
Ti additives). A cursory look at Fig. 12.2 shows content as high as 100 mg Ti per 
serving for powdered donuts, while other products with the highest Ti contents 
include sweets or candies, such as chewing gums, chocolate, and products with 
white icing or powdered sugar toppings. In 2005, the global production of nanoscale 
TiO2 was estimated to be 2000 tons (t), worth $70 million, with about 1300  t of 
which was used in personal care products, such as topical sunscreens and cosmetics. 
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The production had soared to 5000 tons by the year 2010, and it is expected to  
accelerate until at least 2025, with greater preference for nanotitania (Weir et al. 
2012). Multiple sources of nanoscale TiO2 can thus result in human exposure 
through water, air, and soil sediments. Figure 12.2 shows the simulated exposure to 
TiO2 for the US population, with an average of 1–2 mg TiO2/kg bodyweight/day for 
children under the age of 10 years and approximately 0.2–0.7 mg TiO2/kg body-
weight/day for the other consumer age groups (Weir et al. 2012). Industrial applica-
tions of nano-Ti add enormously to the list of on-the-shelve grocery products.

In October 2010, the National Organic Standards Board recommended discon-
tinuation of the engineered nanomaterials (ENMs) from food products bearing the 
U.S. Department of Agriculture’s Organic label (Kessler 2011). If the USDA adopts 
this recommendation at some point of time, the consumers will treat ENMs contain-
ing foods similar to the controversial category of genetically modified organisms 
(GMOs) foods. In addition, the exclusivity of organic foods will be questioned as 
they contain nanotechnology-enabled value additions like flavor- and texture-
enhancing ingredients and shelf life-extending packaging nanomaterials. In light of 
recent research findings on the effect of TiO2 and the public outcry against its pres-
ence in food, France has imposed a ban on the use of this food additive for the year 
2020. The USA may lose millions of dollars that come from the export of 
 confectionaries and pastries to France, if the US industry does not remove this addi-
tive from their products (USDA-FAS, 2019).

Fig. 12.1 Normalized Ti concentration in food products. For the top 20 products (upper), error 
bars represent the standard deviation from samples digested in triplicate (Weir et al. 2012)
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Recent in vitro and in vivo studies based on mammalian cell lines and animal 
models, respectively, have shown various harmful effects of nano-Ti exposures 
affecting growth and development, reproduction, metabolism, immune functions, 
and life span of organisms (Baranowska-Wójcik et al. 2020). Some clinical stud-
ies have examined the role of internal (constant) Ti exposures because of dental 
implants and found their impact on the whole-body health via allergic reactions 
(Tibau et  al. 2019). Many investigations have mapped out various pathways 
involved in the toxicity of TiO2 NPs exposures. These include, but are not limited 
to, cytotoxicity, cellular oxidative stress, inflammatory responses, genotoxicity, 
and altered expression patterns of genes or proteins (Baranowska-Wójcik et al. 
2020). While many studies based on animal models have established the harmful 
effects of nanotitania, there are few studies directly connecting to the clinical 
diagnosis of a medical condition or mortality in human subjects caused by tita-
nium exposure. Therefore, it is important to look at how nanotitania can interact 
with human cell lines under in vitro or simulated conditions. A critical evaluation 
of its interaction at the molecular level in the cellular environment may give some 
insight into its effects on chronic conditions, such as inflammatory bowel disease 
or neurodegenerative conditions. Although TiO2 NPs may affect many cell types 
and organs, this chapter examines effects particularly on gastrointestinal, liver, 
kidney, lung, brain, and heart cell lines. Toxicity parameters examined include 
production of reactive oxygen species (ROS) and oxidative stress, genotoxicity, 
cytotoxicity, accumulation of  nanotitania, and alterations in cell morphology. 
While NPs are classically defined as being less than 100 nm, some studies employ-
ing slightly larger sizes are also included in this review to reflect the commonly 

Fig. 12.2 Histogram of the average daily exposure to TiO2 for the US population (Monte Carlo 
simulation). Error bars represent the upper and lower boundary scenarios (Weir et al. 2012)

12 Interaction of Food-Grade Nanotitania with Human and Mammalian Cell Lines…



298

used food-grade titanium particles. Because TiO2 nanoparticles tend to agglomer-
ate, the effects of agglomerates greater than 100 nm have been considered in this 
chapter.

1.1  Gastrointestinal Tract Toxicity In Vitro

Since epithelial cells are a major component of the gastrointestinal tract (GIT), cell 
lines such as AGS, Caco-2, and HT-29 are often employed in toxicity studies. 
Table 12.1 illustrates the results of studies reviewed in this section. In vitro studies 
on gastric cell lines focusing on toxicity, as opposed to only absorption and accumu-
lation, are more abundantly represented than in vivo research. Absorption of TiO2 
NPs across the GIT barrier is somewhat difficult to characterize and results have 
varied with different experimental procedures. It has been shown that TiO2 NPs can 
be absorbed in vitro by Caco-2 cells (De Angelis et  al. 2012; Ruiz et  al. 2017). 
However, it was reported that TiO2 NPs were absorbed in very low doses or not at 
all by GIT monolayer models (Janer et al. 2014; Jones et al. 2015; MacNicoll et al. 
2015; Song et al. 2015). Contrasting results, such as these, are most likely due to 
variation in experimental design, and more importantly the physicochemical prop-
erty differences of the TiO2 NPs used in each study. Factors such as size, shape, 
agglomeration, hydrodynamic diameter, surface area, and structure can greatly 
affect how TiO2 NPs behave both in vitro and in vivo. Since there is no standardiza-
tion for toxicity and accumulation testing, it is difficult to ascertain as to which of 
these factors are influencing toxicity results. In addition to physicochemical proper-
ties of NPs, differences in responses to TiO2 NPs in vitro could be due to the types 
of cell line and titanium crystal used. Song et al. (2015) demonstrated undifferenti-
ated Caco-2 cells were much more sensitive to TiO2 NPs than differentiated Caco-2 
cells and Caco-2 monolayer. Undifferentiated cells in this study showed significant 
increases in NP uptake and ROS generation when compared to the differentiated 
and monolayer cells, although no cytotoxicity was observed.

An elegant study, based on combined in vivo and in vitro conditions of exposure, 
demonstrated a significant uptake of Ti nanoparticles by human intestinal epithelial 
cells (IECs) and macrophages in culture. The uptake was observed to trigger 
NLRP3-ASC-caspase-1 assembly, caspase-1 cleavage, and the release of NLRP3-
associated interleukin (IL)-1β and IL-18. TiO2 also induced reactive oxygen species 
generation and increased epithelial permeability in IEC monolayers (Ruiz et  al. 
2017). This study clearly suggests that larger TiO2 NP size range, such as those 
found in food-grade TiO2 NP, are likely to be absorbed by the gastrointestinal tract. 
However, Jones et al. (2015) reported no significant penetration of TiO2 NPs into the 
basal chamber of Caco-2 cells at higher concentrations. The difference may be 
attributed to the size of particles used in this study (100 nm and smaller). Janer et al. 
(2014) indicated TiO2 NPs did not affect Caco-2 membrane integrity at  concentrations 
of 100 μg/ml but did demonstrate that a minute number of NPs were able to cross 
the monolayer membrane at just above the detection rate of 0.4%. This is consistent 
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with the observation of Chen et al. (2013), which indicated significant aggregates of 
TiO2 NPs in a human digestive model. The observed aggregation was due to the 
character of the stomach fluid and its effects on the NPs themselves. This interaction 
with stomach fluid could therefore lend cause as to why TiO2 NPs are unable to 
cross the GIT barrier. In addition, Chen et al. (2013) also demonstrated inability of 
TiO2 NPs to induce cytotoxicity in GES-1 and Caco-2 cells, while noted slight 
increases in ROS and oxidative stress. Song et al. (2015) confirmed similar results 
of stomach fluid influencing ability of TiO2 NPs to infiltrate Caco-2 cells. Other 
specific effects of TiO2 NPs have been recently documented in case of gastric cell 
cultures. Treatment of human AGS cells with TiO2 NPs induced an increase in pro-
liferation, oxidative stress, genotoxicity, and a decrease in the frequency of apopto-
sis (Botelho et al. 2014). The authors suggest that TiO2 NP effect on the cell cycle 
and oxidative stress via ROS generation may be responsible for high growth rates 
and uncontrolled proliferation, respectively; however, the TiO2 mechanism of action 
in this study was not fully elucidated. Conversely, Gitrowski et  al. (2014) had 
observed good cell viability and negligible cytotoxicity in Caco-2 monolayers at 
higher concentrations of TiO2 NP treatment along with intact cell morphology. It is 
interesting to note, however, that Ti uptake increased at a significant rate as concen-
tration of NPs increased in these cells.

Generation of oxidative stress as a result of TiO2 NP exposure is also controver-
sial in recent research. Older studies have shown that TiO2 NPs induce cell death in 
undifferentiated Caco-2 cells but do not cause oxidative stress (Gerloff et al. 2009, 
2012). While the 2012 study by Gerloff et al. demonstrated genotoxic effects after 
TiO2 NP treatment in the form of DNA strand breaks, these results were not attrib-
uted to oxidative stress. ROS in Caco-2 cells was shown to increase after 6 hours of 
TiO2 NP treatment, but then decrease at 24 h (De Angelis et al. 2012; Zijno et al. 
2015). This suggests cells may be able to repair themselves after initial NP shock. 
However, Zijno et  al. (2015) did present evidence of genotoxicity at some test 
points, although no time- or concentration-dependent patterns could be established. 
Significant oxidative stress has been demonstrated in both rutile and anatase TiO2 
NP treatments at concentrations as little as 50 μg/ml (Tada-Oikawa et  al. 2016). 
Tassinari et al. (2015) also demonstrated decreases in the enzyme lactate dehydro-
genase (LDH) after TiO2 treatment in Caco-2 cells, but it was not identified if this 
decrease was related to ROS or oxidative stress levels. Previously, it was shown that 
TiO2 NPs can localize within and in between gut epithelial cells, but complete trans-
location was not observed in Caco-2 monolayer and Caco-2/HT29 coculture and no 
cytotoxicity or apoptosis was observed (De Angelis et al. 2012; Brun et al. 2014). 
More recently, Ruiz et al. (2017) have demonstrated oxidative stress and NP accu-
mulation in Caco-2 and HT-29 cell lines in a dose-dependent manner, along with 
increased epithelial permeability at doses as low as 20 μg/ml TiO2 NPs. MacNicoll 
et  al. (2015) demonstrated that cell viability decreased as NP concentration 
increased, but it was shown that this effect was more apparent for larger size NPs 
which indicated viability was related to physical effects of particles as opposed to 
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the NP size. Similar cytotoxic effects (after 72 hours) and increases in inflammation 
markers (IL-8) were also demonstrated by Tada-Oikawa et al. (2016), but relation to 
particle size and agglomeration was not specifically addressed. The largest size of 
250 nm did not produce significant cytotoxic effects. Earlier studies indicated that 
TiO2 NPs were not able to induce cytotoxicity or inflammation (IL-8) under inflamed 
and non-inflamed conditions in Caco-2 cells (De Angelis et  al. 2012), but well-
designed studies by MacNicoll et al. (2015) and Tada-Oikawa et al. (2016) led to a 
different conclusion showing the potential of large TiO2 NPs agglomerates in caus-
ing cytotoxicity. Overall, from the studies reviewed here, it is clear that although 
TiO2 NPs may be able to accumulate or permeate between cells, the cytotoxic 
effects produced is not very high. The ability of these NPs to increase epithelial 
permeability should be further explored in the GIT, since nanotitania are widely 
used in many food-manufacturing processes.

Other in vitro studies have focused on the physical effects and toxicity of TiO2 
NPs on the gastrointestinal tract. Microvilli disruption from food and gum-grade 
TiO2 NP exposure in Caco-2BBe1 cells has been observed at doses as low as 350 ng/
mL (Faust et al. 2014). The human gastrointestinal epithelium is lined with micro-
villi, which help increase surface area and nutrient absorption. Faust et al. (2014) 
estimated 42% microvilli loss at the 350 ng/mL dose in their study and character-
ized this change as a unique biological response to TiO2 treatment. The food grade 
nanoparticles used for this study were not consistently less than 100  nm due to 
aggregation from experimental treatment, although primary particles less than 
100 nm were present. It is worth noting that the TiO2 NPs used for this study are the 
same as those used in worldwide food and gum manufacturing, and so their effects 
illustrate possible outcomes of overconsumption of TiO2 NPs. One interesting con-
nection to the Brun et al. (2014) study is that they observed more TiO2 NPs taken up 
by Caco-2/HT29 cocultured cells that lacked microvilli. If TiO2 NP uptake does 
decrease microvilli as indicated by Faust et al. (2014), then it could be facilitating 
TiO2 NP uptake in the gastrointestinal tract based on the results demonstrated by 
Brun et al. (2014). This should be investigated more given there are some conflict-
ing results regarding TiO2 NP translocation across the gut epithelium.

In an interesting study, Dudefoi et al. (2017) examined a defined human model 
of intestinal bacterial community in vitro. Molecular phylogeny based on DNA pro-
files indicated effects of nano-Ti on the bacterial community, showing a modest 
decrease in the relative abundance of the dominant Bacteroides ovatus in favor of 
Clostridium cocleatum. Such shifts in the treated consortia may appear minor in 
single or limited doses, but their cumulative effect might be very significant due to 
chronic TiO2 NP ingestion. This aspect needs further investigations to understand 
the interactions between food-grade Ti and the increased intestinal permeability 
in humans.
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1.2  Liver Toxicity In Vitro

The liver is a site of filtration and detoxification for the body, which makes it an 
important site of observation when studying effects of TiO2 NPs. Table 12.2 presents 
details of the studies examined; however, there have not been an overwhelming num-
ber of in vitro liver cell studies. Kermanizadeh et al. (2012) demonstrated low cyto-
toxicity and oxidative stress in C3A hepatocytes at concentrations of 0–256 μg/ml, 
but observed some genotoxicity, IL-8 induction, and increases in ROS production. It 
is interesting that although overall toxicity was low, TiO2 NPs were still able to 
induce the aforementioned effects. In the same manner, Tobergte and Curtis (2013) 
observed low cytotoxicity and no change in C3A hepatocyte morphology at doses up 
to of 625 μg/cm2. However, it was shown that glutathione (GSH) levels decreased at 
a dose of 250 μg/cm2, indicating oxidative stress, and indicators of inflammation 
(IL-8 and TNF- α) also increased at lower exposures of 64 μg/cm2. Although overall 
hepatocyte homeostasis was unaffected, these results indicate TiO2 NPs carry poten-
tial for causing other possible damaging effects. Additionally, these results suggest 
that chronic uptake of nanotitania has potential to interfere with Cytochrome P450 
drug metabolism in the liver. Considering these results, it is clear TiO2 NPs are capa-
ble of inducing stressful effects on these liver cell types, which have been investi-
gated further in vivo to confirm deleterious outcomes of TiO2 NP exposure to the 
liver. In addition, cell type may play a critical role in sensitivity, as demonstrated by 
Sha et al. (2011) who characterized differences in cytotoxicity based on liver cell 
type examined. Although overall cytotoxicity was exhibited in a time- and dose-
dependent manner for all cell types, the concentrations which showed increases in 
ROS and decreases in GSH varied between each cell type.

El-Said et al. (2014) have confirmed significant increases in oxidative stress and 
ROS generation in HEPG2 liver cells after TiO2 NP exposure, which resulted in apop-
tosis and morphological changes such as chromatin condensation and nuclear fragmen-
tation. This occurred at low concentrations of 10 μg/ml, but it was not specified how 
much of the TiO2 NP solution was incubated with the cell cultures. In the same manner, 
Natarajan et al. (2015) also indicated significant increase in ROS production in cultured 
rat primary hepatocytes as well as higher cytotoxicity as concentration increased, but 
no change in cell morphology was observed. What is particularly interesting about this 
study is that it examined direct effects of TiO2 NPs on actual liver function by examin-
ing urea and albumin synthesis after treatments. It was shown that in both cases, there 
was a loss of function after TiO2 exposure. Mitochondrial function was also altered 
with loss of fibers and increased instances of fragmentation. This is consistent with the 
observed increase in ROS production. A separate study has confirmed that oxidative 
cellular conditions contribute to increasing TiO2 NP toxicity in BRL-3A rat liver cells 
(Sha et al. 2014). It was found that TiO2 NPs alone induced abnormal G0/G1 and S 
phase transition; however, under oxidative cellular conditions, cells were arrested at 
G2/M. Significant increases in cytotoxicity were observed when hydrogen peroxide 
(H2O2) was built during the oxidative stress induced by nanoparticles. This indicates 
TiO2 NP may increase liver toxicity based on cellular oxidative conditions.
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A careful perusal of Table 12.2 shows some degree of cytotoxicity in several in 
vitro studies. It is apparent that TiO2 NPs do have potential to cause liver toxicity 
under the right cellular conditions. Increased oxidative stress and ROS seem to be 
hallmarks of toxic NP effects. HepG2 cells appear to be particularly sensitive to 
TiO2 NPs, showing toxic effects at concentrations as low as 10 μg/ml. One aspect to 
consider, however, is that in vitro studies focusing on TiO2 NP toxicity are some-
what sparse in recent years. Most of the studies reviewed here used TiO2 NP con-
centrations much lower than average limits of daily exposure for humans. However, 
these levels caused cellular stress and toxicity, indicating a need to explore in vitro 
studies more thoroughly in conjunction with animal models.

1.3  Kidney Toxicity In Vitro

Table 12.3 illustrates recent studies on TiO2 NP toxicity in kidney cell lines. These 
investigations again present contrasting cytotoxicity effects depending on their 
experimental designs. Previously it was reported that human IP15 mesangial cells 
did not experience cytotoxicity after exposure to TiO2 NPs, but LLC-PK1 cells 
showed more sensitivity and slightly increased cytotoxicity after NP contact 
(Bhowmick et al. 2010). Similar results of zero to low cytotoxicity after TiO2 con-
tact have also been demonstrated in HK-2, canine MDCK, and normal rat kidney 
(NRK) cells (Pujalté et  al. 2011; Halamoda et  al. 2013; Pujalté et  al. 2015; 
Schoelermann et al. 2015). It is worth noting that both Bhowmick et al. (2010) and 
Pujalté et al. (2011) noted accumulation of NPs in kidney cells, but with contrasting 
histological and morphological results. While Bhowmick et  al. (2010) reported 
uptake with changes in cell structure, such as cell shrinkage and detachment, Pujalté 
et al. (2011) observed no apparent loss of adhesion or morphological changes. In 
addition, Halamoda et al. (2013) demonstrated that LLC-PK1 cells were less sensi-
tive than MDCK cells and had no cytotoxicity. MDCK cells only exhibited cytotox-
icity at the highest concentrations used (50 and 235 μg/ml), whereas LLC-PK1 had 
low cytotoxicity at these concentrations. Furthermore, Meena et al. (2012) showed 
cytotoxicity with significant viability decreases in HEK-293 cells in a dose-depen-
dent manner. Therefore, cell type may play a role in effects of TiO2 NPs, much like 
the aforementioned Caco-2 cells in the gastrointestinal tract.

Surprisingly, several of the previously mentioned studies indicated increases in 
ROS and/or oxidative stress without cytotoxic effects (Bhowmick et al. 2010; Pujalté 
et al. 2011; Halamoda et al. 2013; Pujalté et al. 2015). This is particularly striking 
since oxidative stress and ROS generation are often associated with cytotoxic effects 
on the cell. Pujalté et al. (2011) demonstrated no reduction in GSH levels after expo-
sure in both IP15 and HK-2 cell lines, even though increased ROS levels were 
detected. In a similar fashion, a later study by Pujalté et al. (2015) demonstrated 
induction of antioxidant systems via Nrf2 translocation, significant  cellular oxida-
tive damage by lipid peroxidation, and increases in key ROS genes (CAT, heme 
oxygenase [HO-1], glutathione peroxidase [GPx]) after TiO2 NP exposure, but no 
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cytotoxicity was observed. In contrast, Nrf2 has been shown in lung tissue to have a 
protective effect against TiO2 NP toxicity (Delgado-Buenrostro et al. 2009). Of the 
in  vitro kidney studies reviewed, those that observed NF-κB activity showed no 
change, which is interesting given that NF-κB is often induced after NP exposure, 
leading to oxidative and inflammation effects. As mentioned previously, Halamoda 
et al. (2013) demonstrated cytotoxic effects at the highest concentrations of TiO2 
NPs in MDCK cells, and this was accompanied by significant increases in 
ROS. Although increases in ROS were demonstrated in LLC-PK cells in this study 
as well, treatment of cells with TiO2 NPs failed to induce any changes in DNA syn-
thesis. Kermanizadeh et al. (2013) revealed interesting results using five different 
types of TiO2 NPs, showing that cell viability and genotoxicity varied depending on 
NP characteristics. In addition, four out of five (NM101 being the exception) TiO2 
NPs tested showed a dose-dependent increase in inflammatory markers IL-6 and 
IL-8. Overall cytotoxicity was evaluated to be low in HK-2 cells exposed to TiO2 
NPs; however, significant increases in genotoxicity and oxidative stress were noted. 
Holistically looking at the findings on cytotoxicity across various types of in vitro 
cell models, cell type sensitivity may be a characteristic to consider when assessing 
toxicity of TiO2 NPs in the kidney.

Although most in vitro studies have shown overall low toxicity of TiO2 NPs, 
some select few have demonstrated significant increases in apoptosis and genotox-
icity after NP exposure in HEK-293 cells (Meena et al. 2012; Demir et al. 2013). 
Interestingly, Demir et al. (2013) have reported that the ionic form of TiO2 did not 
demonstrate toxicity on cells, which was similarly observed with other types of 
metallic NPs. Meena et al.’s (2012) observation of upregulated p53, Bax, and cas-
pase-3 correlated well with similar observations in other cell types and tissues 
(Marquez-Ramirez et al. 2012; Park et al. 2014; Lucie et al. 2015; Chen et al. 2016; 
De Simone et al. 2016). Schoelermann et al. (2015) had demonstrated that TiO2 NP 
altered cell-cell communication, and that NP transfer between cells depends on and 
scales with cell contact. This may indicate some interactions of TiO2 NPs with sig-
naling pathways, which may not result in increased toxicity, but rather lead to other 
changes within the cell mentioned above. Overall, cell culture studies related to the 
effect of TiO2 NP are indicative of their impact on the kidneys, but the findings are 
not as robust as animal model-based investigations.

1.3.1  Lung Toxicity In Vitro

Toxicity studies on lung cell types in vitro are quite numerous, since inhalation is a 
typical exposure route to TiO2 NPs in humans. Table 12.4 shows the results of many 
cell culture studies conducted recently. Typical lung cell lines such as A549, alveo-
lar macrophages (AMs), MH-S, BEAS-2B, and WI-38 have all shown increased 
uptake and/or accumulation of Ti after TiO2 NP exposure (Liu et al. 2013; Tang 
et al. 2013; Park et al. 2014; Medina-Reyes et al. 2015b; Vales et al. 2015; Armand 
et al. 2016; Chen et al. 2016). Liu et al. (2013) demonstrated TiO2 NPs were more 
easily phagocytized by AMs when compared to other NP types, and Park et  al. 

A. Sharma and A. Singh



311

Ta
bl

e 
12

.4
 

E
ff

ec
ts

 o
f 

T
iO

2 N
Ps

 o
n 

lu
ng

 in
 v

itr
o

C
el

l t
yp

e
N

P 
pr

im
ar

y 
si

ze
N

P 
hy

dr
od

yn
am

ic
/

ag
gl

om
er

at
e 

si
ze

N
P 

st
ru

ct
ur

e
E

xp
os

ur
e 

pa
ra

m
et

er
s

R
es

ul
ts

R
ef

er
en

ce

M
H

-S
21

 ±
 3

 n
m

98
 ±

 2
0 

nm
12

 ±
 2

 n
m

14
8 

±
 3

5 
nm

N
ot

 s
pe

ci
fie

d
A

na
ta

se
A

na
ta

se
A

na
ta

se
R

ut
ile

0–
60

0 
μg

/m
l f

or
 2

4 
h

N
o 

cy
to

to
xi

ci
ty

 f
ro

m
 r

ut
ile

; 
A

na
ta

se
 f

or
m

s 
ha

d 
lit

tle
 e

ff
ec

t o
n 

vi
ab

ili
ty

 u
nt

il 
60

0 
μg

Z
ha

ng
 e

t a
l. 

(2
01

2)

V
79

M
T

15
: 5

.9
 n

m
P2

5:
 3

4.
1 

nm
N

an
ofi

la
m

en
t: 

15
.5

 n
m

B
ul

k:
 1

69
.4

 n
m

C
oa

te
d:

 1
–1

0 
nm

46
0 

nm
40

0 
nm

42
0 

nm
36

5 
nm

60
0 

nm

A
na

ta
se

A
na

ta
se

, 
ru

til
e

R
ut

ile
A

na
ta

se
R

ut
ile

0–
10

0 
m

g/
l f

or
 u

p 
to

 
48

 h
N

an
o-

N
Ps

 ta
ke

n 
up

 m
or

e 
th

an
 

m
ic

ro
n-

si
ze

d 
N

Ps
 a

nd
 in

du
ce

d 
cy

to
to

xi
ci

ty
 a

nd
 g

en
ot

ox
ic

ity
; 

co
at

ed
 N

Ps
 m

uc
h 

le
ss

 g
en

ot
ox

ic
 

an
d 

cy
to

to
xi

c;

H
am

ze
h 

an
d 

Su
na

ha
ra

 
(2

01
3)

A
lv

eo
la

r 
m

ac
ro

ph
ag

e 
(A

M
s)

22
.8

2 
±

 5
.3

0 
nm

N
ot

 s
pe

ci
fie

d
N

ot
 

sp
ec

ifi
ed

0–
10

0 
μg

/m
l f

or
 2

4 
h

T
iO

2 N
Ps

 m
or

e 
re

ad
ily

 
ph

ag
oc

yt
iz

ed
 th

an
 o

th
er

 N
P 

ty
pe

s;
 d

ec
re

as
ed

 v
ia

bi
lit

y;
 

nu
cl

ea
r 

co
nd

en
sa

tio
n 

an
d 

va
cu

ol
es

L
iu

 e
t a

l. 
(2

01
3)

A
54

9
20

–5
0 

nm
N

ot
 s

pe
ci

fie
d

A
na

ta
se

0–
30

0 
μg

/m
l f

or
 4

4 
h

D
ec

re
as

ed
 v

ia
bi

lit
y 

an
d 

m
ito

ch
on

dr
ia

l f
un

ct
io

n;
 

ac
cu

m
ul

at
io

n;
 m

ito
ch

on
dr

ia
 

ne
ar

es
t N

Ps
 d

am
ag

ed
 m

or
e 

se
ri

ou
sl

y;

Ta
ng

 e
t a

l. 
(2

01
3)

(c
on

tin
ue

d)

12 Interaction of Food-Grade Nanotitania with Human and Mammalian Cell Lines…



312

Ta
bl

e 
12

.4
 

(c
on

tin
ue

d)

C
el

l t
yp

e
N

P 
pr

im
ar

y 
si

ze
N

P 
hy

dr
od

yn
am

ic
/

ag
gl

om
er

at
e 

si
ze

N
P 

st
ru

ct
ur

e
E

xp
os

ur
e 

pa
ra

m
et

er
s

R
es

ul
ts

R
ef

er
en

ce

M
H

-S
T

N
S:

 5
0 

nm
P2

5:
V

eh
ic

le
: 

10
6.

7 
±

 3
0.

8 
nm

M
ed

ia
: 

22
3.

6 
±

 2
1.

5 
nm

H
2O

: 
48

3.
7 

±
 2

5.
9 

nm
M

ed
ia

: 
95

5.
9 

±
 3

49
.9

 n
m

A
na

ta
se

0–
20

 μ
g/

m
l f

or
 2

4 
h

A
cc

um
ul

at
io

n 
an

d 
de

cr
ea

se
d 

vi
ab

ili
ty

 in
 b

ot
h 

N
P 

ty
pe

s;
 

de
cr

ea
se

d 
A

T
P 

pr
od

uc
tio

n 
in

 
T

N
S;

 P
25

 in
du

ce
d 

R
O

S 
ge

ne
ra

tin
g 

ce
lls

; T
N

S 
in

du
ce

d 
N

O
 s

ec
re

tio
n 

an
d 

pr
o-

in
fla

m
m

at
or

y 
cy

to
ki

ne
s,

 b
ut

 n
ot

 
of

 R
O

S;
 T

N
S 

in
cr

ea
se

d 
B

A
X

/
B

cl
-2

, S
O

D
1 

pr
ot

ei
n,

 a
nd

 
ca

sp
as

e-
8

Pa
rk

 e
t a

l. 
(2

01
4)

A
-5

49
 a

nd
 

B
E

A
S-

2B
13

–9
0.

6 
nm

H
2O

: 1
39

.8
 ±

 4
 n

m
R

PM
I:

 
19

7.
6 

±
 6

.7
 n

m
B

E
G

M
: 

22
4.

6 
±

 7
.5

 n
m

A
na

ta
se

0–
40

 μ
g/

m
l f

or
 u

p 
to

 
24

 h
A

54
9:

 E
xh

ib
ite

d 
no

 s
ig

ni
fic

an
tly

 
de

cr
ea

se
d 

vi
ab

ili
ty

, b
ut

 
ge

no
to

xi
ci

ty
 w

as
 in

du
ce

d 
at

 
40

 μ
g;

 in
cr

ea
se

d 
IL

-6
B

E
A

S-
2B

: S
ig

ni
fic

an
tly

 
de

cr
ea

se
d 

vi
ab

ili
ty

; m
em

br
an

e 
da

m
ag

e;
 in

cr
ea

se
d 

IL
-6

 (
sl

ig
ht

) 
an

d 
T

N
F-
α

U
rs

in
i e

t a
l. 

(2
01

4)

A
54

9
4–

8 
nm

H
2O

: 
10

6.
7 

±
 8

.0
 n

m
M

ed
iu

m
: 

23
.2

8 
±

 2
.0

 n
m

A
na

ta
se

0–
20

0 
μg

/m
l f

or
 u

p 
to

 
48

 h
G

en
ot

ox
ic

ity
 a

ttr
ib

ut
ed

 to
 

ox
id

at
iv

e 
st

re
ss

 a
nd

 R
O

S;
 c

el
l 

cy
cl

e 
ar

re
st

 a
t G

2/
M

 p
ha

se
; 

in
cr

ea
se

d 
ap

op
to

si
s 

at
 2

4 
h 

an
d 

ne
cr

os
is

 a
t 4

8 
h;

 m
ic

ro
nu

cl
ei

 
in

du
ce

d

K
an

sa
ra

 
et

 a
l. 

(2
01

5)

A
54

9
25

 ±
 7

 n
m

H
2O

: 4
4 

±
 2

5 
nm

M
ed

iu
m

: 
34

2 
±

 1
5 

nm

A
na

ta
se

/
ru

til
e

0,
 2

.5
, o

r 
50

 μ
g/

m
l f

or
 

up
 to

 2
 m

on
th

s
M

od
ifi

ca
tio

n 
of

 p
ro

te
in

s 
in

vo
lv

ed
 

in
 m

ito
ch

on
dr

ia
l a

ct
iv

ity
, i

nt
ra

/
ex

tr
a-

ce
llu

la
r 

tr
af

fic
ki

ng
, g

lu
co

se
 

m
et

ab
ol

is
m

, a
nd

 a
ct

iv
at

io
n 

of
 

p5
3 

pa
th

w
ay

L
uc

ie
 e

t a
l. 

(2
01

5)

A. Sharma and A. Singh



313

C
el

l t
yp

e
N

P 
pr

im
ar

y 
si

ze
N

P 
hy

dr
od

yn
am

ic
/

ag
gl

om
er

at
e 

si
ze

N
P 

st
ru

ct
ur

e
E

xp
os

ur
e 

pa
ra

m
et

er
s

R
es

ul
ts

R
ef

er
en

ce

A
54

9
<

25
 n

m
M

ed
iu

m
: 

58
8.

3 
±

 4
3.

11
 n

m
N

ot
 

sp
ec

ifi
ed

0–
10

 μ
g/

cm
2  f

or
 

7 
da

ys
Sy

nc
hr

on
iz

in
g 

ce
ll 

cy
cl

e 
af

te
r 

N
P 

tr
ea

tm
en

t s
ho

w
ed

 in
cr

ea
se

d 
pr

ol
if

er
at

io
n

M
ed

in
a-

R
ey

es
 e

t a
l. 

(2
01

5a
)

A
54

9
T

iO
2-

S:
 <

25
 n

m
T

iO
2-

B
: N

ot
 s

pe
ci

fie
d

M
ed

iu
m

 1
: 

58
8.

3 
±

 4
3.

1
M

ed
iu

m
 2

: 
31

0.
4 

±
 0

.1
M

ed
iu

m
 1

: 
45

4 
±

 1
.5

M
ed

iu
m

 2
: 

60
2.

2 
±

 2

A
na

ta
se

N
ot

 
sp

ec
ifi

ed

0–
10

 μ
g/

cm
2  o

r 
0–

20
0 
μg

/c
m

2  (
ce

ll 
vi

ab
ili

ty
)

Fo
r 

7 
da

ys

A
cc

um
ul

at
io

n;
 b

ot
h 

N
P 

ty
pe

s 
ca

us
ed

 d
ec

re
as

ed
 c

el
l s

iz
e 

an
d 

in
du

ce
d 

pr
o-

in
fla

m
m

at
or

y 
cy

to
ki

ne
 r

el
ea

se
—

T
iO

2-
S 

re
tu

rn
ed

 to
 b

as
al

 le
ve

ls
 a

ft
er

 
7 

da
ys

 b
ut

 T
iO

2-
B

 in
du

ce
d 

do
w

n 
re

gu
la

tio
n

M
ed

in
a-

R
ey

es
 e

t a
l. 

(2
01

5b
)

W
I-

38
N

ot
 s

pe
ci

fie
d

30
–2

50
 n

m
A

na
ta

se
/

ru
til

e
0–

40
0,

20
0 
μg

/c
m

2  f
or

 
up

 to
 4

8 
h

A
cu

te
 c

el
lu

la
r 

to
xi

ci
ty

; i
nc

re
as

ed
 

R
O

S 
an

d 
ox

id
at

iv
e 

st
re

ss
; 

m
or

ph
ol

og
y 

ch
an

ge
s;

 in
cr

ea
se

d 
am

ou
nt

 o
f 

ce
lls

 in
 G

2/
M

 p
ha

se
 

an
d 

de
cr

ea
se

d 
G

0/
G

1

Pe
ri

as
am

y 
et

 a
l. 

(2
01

5)

T
T

1
N

ot
 s

pe
ci

fie
d

N
ot

 s
pe

ci
fie

d
H

2O
: 6

–2
0 

nm
M

ed
iu

m
: 5

–2
0 

nm
H

2O
: 5

–1
2 

nm
M

ed
iu

m
: 2

–1
2 

nm

A
na

ta
se

R
ut

ile
0–

10
0 
μg

/m
l f

or
 u

p 
to

 
24

 h
N

o 
si

gn
ifi

ca
nt

 c
ha

ng
es

 in
 

vi
ab

ili
ty

 f
or

 e
ith

er
 N

P;
 in

cr
ea

se
d 

IL
-6

 a
nd

 I
l-

8;
 g

en
er

at
io

n 
of

 
O

2−
 f

or
 b

ot
h 

N
P 

ty
pe

s—
A

na
ta

se
 

tr
ea

te
d 

ce
lls

 r
ed

uc
ed

 O
2−

 a
t 2

4 
h 

bu
t r

ut
ile

 tr
ea

te
d 

ce
lls

 d
id

 n
ot

Sw
ee

ne
y 

et
 a

l. 
(2

01
5)

B
E

A
S-

2B
20

.9
9 

±
 6

.4
 n

m
M

ed
iu

m
: 

57
5.

9 
±

 8
 n

m
A

na
ta

se
0–

20
 μ

g/
m

l f
or

 u
p 

to
 

4 
w

ee
ks

A
cc

um
ul

at
io

n;
 s

ig
ni

fic
an

t 
in

cr
ea

se
 in

 I
L

-8
 e

xp
re

ss
io

n 
an

d 
IL

-6
 (

sl
ig

ht
)

V
al

es
 e

t a
l. 

(2
01

5)

(c
on

tin
ue

d)

12 Interaction of Food-Grade Nanotitania with Human and Mammalian Cell Lines…



314

Ta
bl

e 
12

.4
 

(c
on

tin
ue

d)

C
el

l t
yp

e
N

P 
pr

im
ar

y 
si

ze
N

P 
hy

dr
od

yn
am

ic
/

ag
gl

om
er

at
e 

si
ze

N
P 

st
ru

ct
ur

e
E

xp
os

ur
e 

pa
ra

m
et

er
s

R
es

ul
ts

R
ef

er
en

ce

16
H

B
E

14
o-

N
ot

 s
pe

ci
fie

d
H

2O
: 2

20
.4

 n
m

M
ed

iu
m

: 
29

5.
9 

nm

A
na

ta
se

/
ru

til
e

0–
10

0 
μg

/m
l f

or
 u

p 
to

 
72

 h
In

cr
ea

se
d 

E
R

 s
tr

es
s 

an
d 

di
sr

up
tio

n 
of

 M
A

M
s;

 
m

or
ph

ol
og

ic
al

 c
ha

ng
es

; 
de

cr
ea

se
d 

A
T

P;
 a

bn
or

m
al

 
au

to
ph

ag
y

Y
u 

et
 a

l. 
(2

01
5)

A
54

9
C

al
u-

3
N

an
ofi

be
rs

: 9
.9

 ±
 5

.8
 

le
ng

th
 ×

 0
.3

 ±
 0

.1
 d

ia
m

et
er

P2
5:

 2
1 

nm

N
ot

 s
pe

ci
fie

d
A

na
ta

se
A

na
ta

se
/

ru
til

e

0–
80

 μ
g/

cm
2  a

nd
 

1–
4 

m
g/

m
l (

he
m

ol
yt

ic
 

ac
tiv

ity
) 

fo
r 

up
 to

 7
2 

h

N
an

ofi
be

rs
: S

ig
ni

fic
an

tly
 r

ed
uc

ed
 

vi
ab

ili
ty

 a
nd

 m
or

e 
he

m
ol

yt
ic

 
th

an
 P

25
 in

 A
54

9;
 lo

w
er

ed
 T

E
E

R
 

in
 C

al
u-

3
P2

5:
 N

o 
ef

fe
ct

s 
on

 v
ia

bi
lit

y 
in

 
A

54
9 

or
 T

E
E

R
 in

 C
al

u-
3

A
lle

gr
i 

et
 a

l. 
(2

01
6)

A
54

9
24

 ±
 6

 n
m

H
2O

: 4
4 

±
 2

5 
nm

M
ed

iu
m

: 
34

2 
±

 1
5 

nm

A
na

ta
se

/
ru

til
e

0–
50

 μ
g/

m
l f

or
 u

p 
to

 
2 

m
on

th
s

A
cc

um
ul

at
io

n 
re

m
ai

ne
d 

up
 to

 
2 

m
on

th
s 

bu
t n

o 
N

Ps
 f

ou
nd

 in
 

nu
cl

eu
s 

or
 m

ito
ch

on
dr

ia
; 

pr
ol

if
er

at
io

n 
de

cr
ea

se
d;

 in
cr

ea
se

d 
R

O
S 

bu
t n

o 
ch

an
ge

s 
in

 G
SH

, 
G

SH
, C

A
T,

 a
nd

 S
O

D
 e

xp
re

ss
io

n;
 

ge
no

to
xi

ci
ty

 o
bs

er
ve

d 
up

 to
 

2 
m

on
th

s

A
rm

an
d 

et
 a

l. 
(2

01
6)

B
E

A
S

W
I-

38
M

21
2:

 2
8 

±
 8

.4
 n

m
 l 

10
 ±

 1
.4

 W
A

FD
C

: 1
42

 ±
 2

2.
7 

nm
A

FD
C

30
0:

 2
14

 ±
 4

6.
1 

nm
cN

R
s:

 
11

7 
±

 1
2.

5 
nm

 l 
×

 3
9 

±
 7

.8
 n

m
 W

N
ot

 s
pe

ci
fie

d
R

od
 

sh
ap

e
A

na
ta

se
A

na
ta

se
Sp

in
dl

e 
sh

ap
e

10
0 
μg

/m
l (

up
ta

ke
, 

ce
ll 

cy
cl

e,
 a

po
pt

os
is

 
as

sa
ys

),
 0

–8
00

 μ
g/

m
l 

(v
ia

bi
lit

y 
as

sa
y)

, a
nd

 
10

00
 μ

g/
m

l (
ca

sp
as

e 
as

sa
y)

 f
or

 u
p 

to
 7

2 
h

A
ll 

bu
t c

N
R

s 
ag

gr
eg

at
ed

 in
 

cy
to

pl
as

m
 o

f 
bo

th
 c

el
l t

yp
es

; 
cy

to
to

xi
ci

ty
 m

or
e 

si
gn

ifi
ca

nt
 in

 
B

E
A

S 
ce

lls
; a

po
pt

os
is

 in
du

ce
d 

in
 

B
E

A
S 

vi
a 

ca
sp

as
e 

3/
7 

ac
tiv

at
io

n

C
he

n 
et

 a
l. 

(2
01

6)

A. Sharma and A. Singh



315

C
el

l t
yp

e
N

P 
pr

im
ar

y 
si

ze
N

P 
hy

dr
od

yn
am

ic
/

ag
gl

om
er

at
e 

si
ze

N
P 

st
ru

ct
ur

e
E

xp
os

ur
e 

pa
ra

m
et

er
s

R
es

ul
ts

R
ef

er
en

ce

A
M

-l
ik

e 
T

H
P-

1,
 A

54
9,

 
H

PM
E

C
-

ST
1.

6R

N
ot

 s
pe

ci
fie

d
40

0 
nm

N
ot

 
sp

ec
ifi

ed
0–

80
0 
μg

/m
l f

or
 u

p 
to

 
24

 h
A

ll 
3 

ce
ll 

ty
pe

s 
sh

ow
ed

 in
cr

ea
se

d 
R

O
S 

an
d 

di
ff

er
en

t p
ro

fil
es

 o
f 

ac
tiv

at
ed

 s
ig

na
lin

g 
re

la
te

d 
to

 
D

N
A

 d
am

ag
e;

 c
yt

ot
ox

ic
ity

 
ob

se
rv

ed
 in

 T
H

P-
1 

an
d 

H
PM

E
C

; 
H

PM
E

C
 s

ho
w

ed
 c

el
l c

yc
le

 a
rr

es
t 

at
 S

 p
ha

se
 a

nd
 lo

ss
 o

f 
ce

lls
 in

 G
2

H
an

ot
-R

oy
 

et
 a

l. 
(2

01
6)

B
E

A
S-

2B
P2

5:
 3

0 
±

 4
 n

m
, 5

0 
±

 6
 n

m
A

A
: 7

 (
le

ng
th

) 
×

 2
 (

di
a)

 n
m

A
B

: 7
.0

 ±
 0

.9
 n

m
, 5

.6
 ±

 0
.7

 n
m

A
O

: 3
3.

3 
±

 1
2.

5 
nm

M
ed

iu
m

: 
34

4.
0 

±
 3

2.
8

M
ed

iu
m

: 
18

8.
8 

±
 4

.4
 n

m
M

ed
iu

m
: 

22
2.

7 
±

 9
.2

 n
m

M
ed

iu
m

: 
23

2.
4 

±
 0

.3
 n

m

A
na

ta
se

/
ru

til
e

A
na

ta
se

A
na

ta
se

A
na

ta
se

0–
50

 μ
g/

m
l f

or
 u

p 
to

 
72

 h
P2

5 
an

d 
A

B
 in

du
ce

d 
cy

to
to

xi
ci

ty
; 

in
cr

ea
se

d 
T

N
F-
α 

in
 P

25
, A

B
, a

nd
 

A
O

 g
ro

up
s;

 a
ll 

N
P 

ty
pe

s 
in

du
ce

d 
si

gn
ifi

ca
nt

 N
O

 p
ro

du
ct

io
n;

 
ov

er
al

l s
yn

th
es

iz
e 

N
Ps

 w
er

e 
le

ss
 

to
xi

c

V
er

ga
ro

 
et

 a
l. 

(2
01

6)

A
54

9
N

ot
 s

pe
ci

fie
d

N
ot

 s
pe

ci
fie

d
N

ot
 

sp
ec

ifi
ed

0–
20

0 
μg

/c
m

2  f
or

 2
4 

h
C

ha
ng

es
 to

 g
en

e 
ex

pr
es

si
on

 
re

la
tin

g 
to

 in
fla

m
m

at
io

n,
 p

ro
te

in
 

m
et

ab
ol

is
m

, c
el

l m
ig

ra
tio

n,
 

pr
ol

if
er

at
io

n,
 d

ea
th

, a
nd

 s
ur

vi
va

l; 
de

cr
ea

se
d 

A
T

P 
pr

od
uc

tio
n 

at
 

hi
gh

es
t d

os
e

V
uo

ng
 

et
 a

l. 
(2

01
6)

12 Interaction of Food-Grade Nanotitania with Human and Mammalian Cell Lines…



316

(2014) confirmed presence of TiO2 NPs in phagosomes in MH-S cells as well. In 
addition, uptake of TiO2 NPs in lung cell models has been shown to increase in a 
dose- and time-dependent manner (Tang et al. 2013; Vales et al. 2015). Interestingly, 
Armand et al. (2016) showed that accumulation of TiO2 NPs in A549 cells decreased 
after 1 month, although levels remained significant. This group also found TiO2 NPs 
in vacuole-like compartments within cells, similar to the uptake by phagosomes 
mentioned previously. This indicates uptake of TiO2 NPs in lung cell types may 
depend on phagocytosis, rather than solely crossing the cell membrane barrier due 
to small size alone. In vitro studies on uptake and accumulation echo those of in vivo 
results and are discussed further in the next section.

Cytotoxicity and cell viability are the factors that remain unsettled when discuss-
ing TiO2 NP toxicity on lung cell types. A wide variety of cell types has shown 
sensitivity to TiO2 NPs concerning cytotoxicity and viability. These include hamster 
lung fibroblasts (V79), AMs, MH-S, BEAS-2B, A-549, alveolar macrophage-like 
THP-1, and human pulmonary microvascular endothelial cells (HPMEC-ST1.6R). 
Studies have shown these cell lines to decrease in viability, increase in apoptosis, 
and/or increase in necrosis after exposure to TiO2 NPs (Hamzeh and Sunahara 2013; 
Liu et al. 2013; Park et al. 2014; Ursini et al. 2014; Kansara et al. 2015; Allegri et al. 
2016; Chen et al. 2016; Hanot-Roy et al. 2016; Vergaro et al. 2016). Both Liu et al. 
(2013) and Ursini et al. (2014) also demonstrated accompanying decreases in LDH, 
which is indicative of cytotoxicity. In addition, Chen et al. (2016) had reported that 
apoptosis was attributed to the induction of caspase-3 and caspase-7. Caspase path-
ways were shown to be activated after TiO2 NP exposure in many other studies of 
different cell types as well (Marquez-Ramirez et al. 2012; Meena et al. 2012; Park 
et al. 2014; Meena et al. 2012; De Simone et al. 2016). As with other cell types, lung 
cell toxicity in vitro has been shown to be dependent upon NP shape. Hamzeh and 
Sunahara (2013) demonstrated more significant decreases in viability with nanofila-
ments when compared to NPs, while Allegri et al. (2016) showed nanofibers to be 
more cytotoxic than NPs. In addition, Vergaro et al. (2016) showed low cytotoxicity 
of synthesized NPs when compared to commercial TiO2 NP.

However, these results are not without disparity. For example, Zhang et al. (2012) 
demonstrated no cytotoxicity after exposure to rutile TiO2 NPs. In addition, only 
high concentrations of 5 and 25 nm anatase TiO2 NPs over 400 μg/ml were found to 
be cytotoxic. LDH assay mirrored these results, showing low leakage overall. 
Studies on A-549 cells are particularly contrasting, with several pointing to low 
cytotoxicity and/or apoptosis after TiO2 NP exposure (Ursini et al. 2014; Armand 
et  al. 2016; Hanot-Roy et  al. 2016; Vuong et  al. 2016). It should be noted that 
although Armand et al. (2016) did not observe significant cytotoxicity, cell prolifera-
tion was significantly decreased in cells after NP treatment. However, Vuong et al. 
(2016) observed the opposite; with no decreases in proliferation or LDH levels after 
TiO2 NP treatment. Based on these results it is clear that variations in NP character-
istics and experimental design can critically influence overall outcomes when exam-
ining nanotoxicity. BEAS-2B have also been shown to be resistant to changes in 
viability induced by TiO2 with certain types of synthesized NPs, most likely due to 
differences in NP characteristics and their fabrication methods (Vergaro et al. 2016). 
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Other cell types which have shown no cytotoxic effects include human alveolar 
type-I-like epithelial cells (TT1) and Calu-3 cell lines, thus indicating a need to 
investigate these more thoroughly with regards to viability.

Several cell types have exhibited increases in ROS after TiO2 NPs. Hamzeh and 
Sunahara (2013) reported increased ROS in V79 cells at 24-hours post-exposure 
using three types of NPs. ROS generation in A549 cells has been investigated exten-
sively due to their wide use in lung toxicity studies. It has been demonstrated that 
TiO2 NPs induce dose-dependent and significant increases in ROS generation and 
oxidative stress in this cell type (Kansara et al. 2015; Armand et al. 2016; Hanot-
Roy et al. 2016). Armand et al. (2016) observed these effects in a long-term study, 
indicating possible damage from low dose, prolonged exposure. However, there 
were no significant changes in GSH, CAT, or SOD. Tang et al. (2013) also demon-
strated mitochondrial damage in a dose-dependent and proximity-dependent man-
ner in A549, as well as increased lipid peroxidation. WI-38, THP-1, and HPMEC 
cell types have also shown concentration- and/or time-dependent increases in ROS 
after TiO2 NP exposure (Periasamy et al. 2015; Hanot-Roy et al. 2016). Interestingly 
MH-S cells have exhibited selective effects concerning ROS generation after TiO2 
NP exposure, showing sensitivity to P25 TiO2 NPs but not to sheet-type titania (Park 
et al. 2014). Vergaro et al. (2016) used various types of TiO2 NPs on BEAS-2B cells 
and found all types induced significant ROS increases in a short-term study, but no 
significant lipid peroxidation or changes in GSH. This may indicate BEAS-2B cells 
are more sensitive to TiO2 NPs when compared to other cell types with respect to 
ROS generation. However, at similar concentrations Vales et al. (2015) observed no 
ROS induction in BEAS-2B cells after TiO2 NP exposure in a long-term study, 
which could suggest initial shock of TiO2 NP exposure is recoverable for these cells. 
This was followed by observation of no genotoxic effects, indicating low cytotoxic-
ity. Similar results for TT1 cells were observed, with increases initially in ROS 
using anatase NPs, but then levels reduced after 24  h (Sweeney et  al. 2015). 
Interestingly, in the same study, rutile NPs increase ROS significantly and levels 
remained high, illustrating once more that NP characteristics play a vital role in 
toxicity effects.

Along with increases in ROS, TiO2 NPs have demonstrated the ability to induce 
inflammation in certain lung cell types in vitro. Ursini et al. (2014) reported signifi-
cant increases in IL-6 in A549 after TiO2 exposure at 2 h, but this decreased over 
time to nonsignificant levels. In the same manner, Medina-Reyes et  al. (2015b) 
showed significant increases in several types of inflammatory cytokines in A549 
cells, including IL-6 and TNF-α, but many of these returned to nonsignificant levels 
within 7 days. BEAS-2B cells have also demonstrated release of inflammatory cyto-
kines after TiO2 NP contact. Ursini et al. (2014) and Vales et al. (2015) found com-
parable behaviors of IL-6, IL-8, and TNF-α release at similar concentrations of TiO2 
NP exposure in both short- and long-term studies, but variations in significance for 
each cytokine were reported. Vergaro et al. (2016) also reported significant increases 
in TNF-α at 72 hours of TiO2 NP contact in BEAS-2B cells using many NP types 
with different characteristics. Significant increases in IL-6 and IL-8 have also been 
demonstrated in TT1 cells (Sweeney et al. 2015). Since these biomarkers seem to be 
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sensitive to TiO2 NP exposure, they should be monitored in other cell types as well. 
This would also prove to be useful for in vivo studies, which would provide more 
insight into inhaled TiO2 NP effects in humans.

Genotoxicity is of major concern after NP exposure in any cell type. Genotoxic 
effects have been reported in A549, THP-1, and HPMEC cell types. A549 cells in 
particular have been used frequently, showing oxidative DNA damage, concentra-
tion-dependent DNA damage, double-strand breaks, and changes in signaling path-
ways relating to DNA damage (Ursini et al. 2014; Kansara et al. 2015; Armand et al. 
2016; Hanot-Roy et  al. 2016). THP-1 and HPMEC cell lines have also shown 
changes in DNA damage signaling pathways, indicating DNA-TiO2 NP interactions 
that can affect gene regulation (Hanot-Roy et al. 2016). The vast majority of in vitro 
studies used for this review that observed genotoxicity all indicated some level of 
DNA effects, indicating that this factor is a major concern when considering human 
TiO2 NP inhalation risk. In addition, changes to cell cycle regulation, such as accu-
mulation and loss of cells in certain phases and arrest in A549 and HPMEC cells, 
have been reported (Kansara et  al. 2015; Medina-Reyes et  al. 2015a; Periasamy 
et al. 2015; Hanot-Roy et al. 2016). Studies on A549 cells have also demonstrated 
changes in expression of genes relating to a wide variety of functions, such as mito-
chondrial activity, p53 signaling, inflammation, cell migration, proliferation, death, 
and survival (Lucie et  al. 2015; Vuong et  al. 2016). Given the data from recent 
research on TiO2 NPs and DNA interaction, it is clear there is an inherent risk to 
these NPs. However, more cell types need to be tested in terms of genotoxicity spe-
cifically with standardized dosages in order to understand this mechanism more fully.

Another aspect of lung toxicity in vitro to consider is that of physiological and 
morphological changes post-NP exposure. In MH-S cells, changes such as increases 
in vacuole number, dilated mitochondria, and swelling of endoplasmic reticulum 
(ER) have been reported (Park et  al. 2014). The widely used A549 cell line has 
shown significant increases in micronuclei and decreased cell size after TiO2 NP 
exposure (Kansara et al. 2015; Medina-Reyes et al. 2015b). Periasamy et al. (2015) 
observed intracellular changes such as cell nuclear collapse and disruption of col-
ony morphology in WI-38 cells. In addition, human bronchial epithelial cells 
(16HBE14o-) have shown disruption of inner and outer membranes and mitochon-
dria-associated ER membranes (MAMs) after TiO2 NP contact (Yu et  al. 2015). 
This study also indicates disruption of calcium ions, which are acquired by mito-
chondria and act as important secondary messengers within the cell. The aforemen-
tioned three cell types also exhibited decreased levels of cellular ATP, indicating 
mitochondrial disruption and effects on cell viability (Park et  al. 2014; Yu et  al. 
2015; Vuong et  al. 2016). Several in vitro studies reviewed here did not include 
studies on the cell morphology, which deserves attention in order to gain better 
understanding of the interaction.
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1.3.2  Brain Toxicity In Vitro

In vitro studies focusing on accumulation of TiO2 NPs in the brain have shown that 
their uptake is common across many cell types. As shown in Table 12.5, U373, C6, 
SH-SY5Y, D384, BV-2, ALT, N2a, primary cultured hippocampal neurons, dorsal 
root ganglion (DRG), and satellite glial cells (SGC) have all demonstrated ability to 
uptake TiO2 NPs after exposure. However, most of these studies utilized short expo-
sure time (up to 24 hr). Experiments utilizing longer >24 h would possibly yield 
better insight for in vivo studies representing daily human intake. Many of these 
investigations showed that Ti uptake was limited to the cytoplasm lysosomes, with-
out presence in other organelles or the nucleus (Marquez-Ramirez et al. 2012; Mao 
et al. 2015; De Simone et al. 2016). One particularly interesting finding by Hsiao 
et al. (2016) demonstrated BV-2 cells pretreated with bacterial lipopolysaccharide 
(LPS) took up more TiO2 NPs than BV-2 cells without LPS treatment. This indicates 
that pre-existing infections may affect TiO2 NP uptake in brain tissue. In addition, 
this group also showed that ALT and BV-2 cells were more sensitive to TiO2 NPs 
concerning uptake when compared to N2a cells, which may indicate some brain cell 
types are more sensitive to NPs (Hsiao et al. 2016). Hong et al. (2015) demonstrated 
presence of TiO2 NPs not only in the cytoplasm but also in the nuclei of primary 
cultured hippocampal cells. Genotoxicity was not observed for this particular exper-
iment, but future studies should focus on NP presence in brain cell nuclei and pos-
sible effects.

Cytotoxicity was demonstrated in all cell types examined here in the forms of 
reduced cell viability, reduced cell proliferation, and increased apoptosis. Marquez-
Ramirez et al. (2012) indicated proliferation of U373 and C6 cells to be inhibited in 
a dose-dependent manner using TiO2 NPs, while Rihane et al. (2016) demonstrated 
a slight inhibition of growth in BV-2 cells after exposure. Reduction in cell viability 
after TiO2 NP contact has been shown in D384, SH-SY5Y, primary hippocampal 
neurons, cortical rat astrocytes, ALT, and BV-2 cells (Coccini et  al. 2015; Hong 
et al. 2015; Sheng et al. 2015; Wilson et al. 2015; Hsiao et al. 2016). After 24 h of 
exposure, Sheng et  al. (2015) indicated severe cytotoxicity at all concentrations 
tested, indicating that low doses such as 5 μg/ml were enough to induce cell death. 
Coccini et al. (2015) also showed decreased mitochondrial activity over 7 days, as 
well as reduced colony size for D384 and SH-SY5Y starting at low doses of 1.5 and 
0.1 μg/ml, respectively. These results at such low doses indicate TiO2 NPs pose a 
significant risk to brain cell function in the cell environment. However, it has been 
reported in other studies that SH-SY5Y cells do not exhibit decreases in viability 
after TiO2 NP exposure (Valdiglesias et al. 2013; Mao et al. 2015). Apoptosis and 
increase in apoptotic rates have also been demonstrated in U373, C6, SH-SY5Y, 
DRG, SGC, D384, and primary hippocampal neurons (Marquez-Ramirez et  al. 
2012; Valdiglesias et al. 2013; Erriquez et al. 2015; Sheng et al. 2015; De Simone 
et al. 2016). De Simone et al. (2016) specifically demonstrated increases in expres-
sion of apoptotic genes, such as p53, p21, Bax, Bcl-2, and activated caspase-3. 
Interestingly, Erriquez et al. (2015) indicated that the rutile form of TiO2 NPs did 
not induce apoptosis, whereas an anatase/rutile mix initiated cell death. This lends 
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support to the common idea that NP characteristics can greatly influence toxicity. 
One particular cell type that should be investigated further is BV-2. Rihane et al. 
(2016) reported some cytotoxicity in this cell line, but no apoptosis was observed. 
Since there are few recent studies, which examine this particular cell type in terms 
of apoptosis, it may be worthwhile to further explore.

ROS production and oxidative stress, as with other cell types, are highly exhib-
ited throughout many cell line studies. Huerta-García et  al. (2014) demonstrated 
strong oxidative stress in both C6 and U373 cells, which led to lipid peroxidation 
and increases in GPx, CAT, and SOD2. Similar results showing increase in lipid and 
protein peroxidation, as well as changes in GSH, GPx, and glutathione reductase 
(GSR), have been reported in brain tissue mitochondria from rats (Nalika and 
Parvez 2015). Perhaps even more striking is that Nalika and Parvez (2015) reported 
significant decreases in NADH dehydrogenase and succinate dehydrogenase, two 
key enzymes required for cellular respiration. Decreases in these enzymes would 
cause drastic effects on ATP synthesis, which may contribute to the mechanism of 
overall toxicity of TiO2 NPs. D384 and BV-2 cells have shown increased oxidative 
stress with increasing ROS levels and overproduction of O2−, respectively (De 
Simone et al. 2016; Rihane et al. 2016). Interestingly, no genotoxicity was observed 
in BV-2 cells, even though slight cytotoxicity was observed. However, instances of 
direct genotoxicity have been observed in the forms of condensed and fragmented 
nuclei, as well as apoptotic bodies in U373 and C6 cells by DAPI staining (Marquez-
Ramirez et  al. 2012). Hong et  al. (2015) observed significant increases in nitric 
oxide (NO) and nitric oxide synthetase (NOS) in primary cultured hippocampal 
cells. Inflammatory responses have been demonstrated in DRG cells in the form of 
significantly elevated IL-1β mRNA expression after anatase/rutile mix TiO2 NP 
exposure (Erriquez et al. 2015). As with other toxicity indicators from this study, 
inflammatory response was not observed with rutile TiO2 NPs. ALT, BV-2, and N2a 
cells have also shown increased IL-1β after exposure to anatase TiO2 NPs, with N2a 
cells also demonstrating elevated levels of IL-6 (Hsiao et al. 2016).

Anatase TiO2 NPs have also been shown to cause ROS production and decrease 
mitochondrial membrane potential in DRG and rat cortical astrocytes, whereas 
rutile NPs did not show these types of effects (Erriquez et al. 2015; Wilson et al. 
2015). Hsiao et  al. (2016) demonstrated significant ROS production in ALT and 
BV-2 cells, but not in N2a cells, after 24 h of TiO2 NP exposure. Interestingly, how-
ever, BV-2 cells exposed first to bacterial LPS and then to TiO2 NPs showed more 
ROS generation in comparison to untreated BV-2 cells. As with results for Ti uptake, 
this indicates that BV-2 cells that have sustained some injury may be more suscep-
tible to TiO2 NP toxic effects. One exception to the ROS generated by TiO2 NP 
exposure is that of SH-SY5Y cells. Valdiglesias et al. (2013) observed no oxidative 
stress using anatase and anatase/rutile mix TiO2 NPs in SH-SY5Y cells. Although 
genotoxic effects were observed, they were not related to double-strand breaks that 
are normally associated with oxidative DNA damage. Mao et al. (2015) confirmed 
ROS formation in SH-SY5Y cells, but there was no decrease in viability and no 
associated morphological changes. Instead, it was observed that NPs interacted with 
tau proteins, which are found largely in neurons and help stabilize microtubules. 
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Mao et al. (2015) indicated this finding as the source of the observed neurotoxicity 
demonstrated by SH-SY5Y cells. Taken together, these results suggest SH-SY5Y 
cells may not undergo the usual route of ROS- and mitochondrial damage-induced 
toxicity, but instead may experience a different molecular mechanism in response to 
TiO2 NPs.

Notably, the areas most investigated relate to morphological and histological 
changes in cells after TiO2 NP contact. Markers of toxicity such as damage to mito-
chondria and changes to mitochondrial membrane potential have been documented 
in many brain cell types (Huerta-García et al. 2014; Sheng et al. 2015; Wilson et al. 
2015; Rihane et al. 2016). Other morphological change reported include reduced 
cell size and volume, membrane blebbing, loss of star shape, thinning neurites, 
microtubule disruption, inhibition of cell adhesion, enhanced cytoplasmic mem-
brane permeability, apoptosis, nucleus shrinkage, and dilation of ER (Huerta-García 
et al. 2014; Coccini et al. 2015; Mao et al. 2015; Rihane et al. 2016; Sheng et al. 
2015). In addition, changes to the cell cycle that inhibit progression from S phase 
have been demonstrated in SH-SY5Y cells, although no morphological changes 
were observed (Mao et al. 2015). This makes sense, given that the same study also 
reported microtubule disruption after TiO2 NP exposure. Disruption to the microtu-
bule system would undoubtedly have effects such as halting the cell cycle at S phase 
as reported in SH-SY5Y cells. For those cell types in which ROS generation and 
mitochondrial changes have been observed, it is most likely that a mitochondrial 
and/or ER-mediated pathway is being utilized to result in toxicity. Indeed, Ca2+ 
elevation has been reported in primary hippocampal neurons after TiO2 NP expo-
sure, which is an indicator of mitochondrial damage (Sheng et al. 2015). Loss of 
glutamate uptake and changes in glutamic acid metabolism, both of which are 
required for proper motor neuron function, has also been reported in rat cortical 
astrocytes and hippocampal cells after TiO2 NP contact (Hong et al. 2015b; Wilson 
et al. 2015). Changes in mitochondrial Ca2+ and glutamate are clinically present in 
amyotrophic lateral sclerosis (ALS), a neurodegenerative disease (Kawamata and 
Manfredi 2010), thus indicating that TiO2 NPs could potentially exacerbate such 
conditions.

1.4  Cardiotoxicity

Multiple in vitro and in vivo studies in the cardiovascular system have demonstrated 
myocardial damage, oxidative stress, inflammatory responses, and atherosclerosis 
in mice exposed to TiO2 NPs. Various experiments have been performed to elucidate 
the underlying mechanisms. Savi et al. (2014) conducted functional studies on iso-
lated adult rat cardiomyocytes by exposing them to TiO2. Interestingly, they also 
administered a single dose of 2 mg/kg TiO2 NPs via the trachea in healthy rats. 
Transmission electron microscopy was used to verify the TiO2 nanoparticles within 
cardiac tissue, and toxicological assays were used to assess lipid peroxidation and 
DNA alteration. An in silico method was used to model the effect on action  potential. 
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The investigators demonstrated that TiO2 NPs can reach the heart via the respiratory 
system, enter ventricular cardiomyocytes, and create arrhythmic conditions by 
shortening of repolarization time and by increasing cardiac excitability.

Huerta-García et al. (2018) evaluated the toxicity of TiO2 NPs on H9c2 rat car-
diomyoblasts. They assessed internalization of TiO2 NPs and their effect on cell 
proliferation, viability, oxidative stress, cell cycle alterations and cell death. It was 
found that TiO2 NPs reduced metabolic activity and cell proliferation. A signifi-
cantly increased H2DCFDA oxidation suggested the occurrence of increased oxida-
tive stress. TiO2 NPs disrupted the plasmatic membrane integrity and decreased the 
mitochondrial membrane potential. These effects correlated with changes in the 
distribution of cell cycle phases resulting in necrotic death and autophagy. Oxidative 
stress and cell death in cardiac myocytes induced by TiO2 NPs represent a potential 
health risk, particularly in the development of cardiovascular disease.

In multiple in vivo studies, TiO2 NPs were shown affecting different functional 
cardiovascular aspects, such as cytotoxicity of cardiomyocytes, altering hemody-
namic parameters, such as systolic blood pressure (SBP) and heart rate (HR) vari-
ability, induction of thrombosis, promotion of arrhythmogenesis, and the changes in 
vasomotor responses (Baranowska-Wójcik et al. 2020). The inflammatory response 
triggered by TiO2NPs is viewed as one of the main causes for cardiovascular system 
malfunction. Increased expression of inflammatory cytokines such as TNF-α, INF-g, 
and IL- 8  in blood after intake of TiO2 NPs has been reported previously. Earlier, 
Wang et al. (2007) reported that intragastric administration of TiO2 in different sizes 
(25 nm, and 80 nm) had increased lactate dehydrogenase (LDH) and alpha-hydroxy-
butyrate dehydrogenase (HBDH), compared to controls. Nano Ti treatment also 
induces an increased level of creatine kinase (CK). Some of these especially LDH 
and CK are used as markers of myocardial obstructive disease. However, it is unclear 
as to what kinds of LDH isoforms were elevated and that makes it difficult to assess 
a clear correlation between these elevations and myocardial ischemia/injury. Increases 
in CK and LDH levels after intragastric administration of TiO2 in mice were subse-
quently confirmed by Liu et al. (2009) and Bu et al. (2010). Furthermore, Nemmar 
et al. (2011) instilled rutile Fe-doped TiO2 nanorods intrathecally in rats and found a 
significant increase in SBP and HR in treated animals. This hemodynamic response 
could have been a result of the systemic inflammation induced by TiO2.

The currently available data regarding the TiO2 NP prothrombotic effect is some-
what unclear. Chen et al. (2009) had reported thrombosis in the pulmonary vascular 
system of mice treated via intraperitoneal injection with anatase TiO2 NPs measur-
ing 80–110 nm. However, Bihari et al. (2010) failed to confirm thrombosis induc-
tion in either the mesenteric or the cremasteric circulation of mice who were given 
intravenous TiO2 measuring 10 nm. Activation of platelets and induction of intrinsic 
pathway of plasmatic coagulation are the common mechanisms for increased clot-
ting induced by NPs. This mainly pro-coagulate action of NPs could be particularly 
dangerous for individuals suffering from hyper-coagulate states linked to common 
diseases, such as diabetes mellitus, arteriosclerosis, cancer, and obstructive 
 pulmonary disease (Fröhlich 2016). More research is needed to further confirm the 
thrombotic nature and assess the mechanism of TiO2.
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The vasomotor response of TiO2 probably has the most evidence among other 
cardiovascular patho-physiologic responses. The arteriolar dilatation in the bed of 
the spino-trapezius muscle arterioles was impaired by P25 anatase-rutile TiO2 
(21 nm) inhalation (LeBlanc et al. 2010) in rats. This vascular impairment was due 
to a dose-dependent reduction in NO endothelium production induced by microvas-
cular oxidative stress. Reactive oxygen species produced by TiO2 could deplete 
endothelium derived NO or adversely affect NO endogenous production that in turn 
would lead to vascular dysfunction. The loss of microvascular vasodilator capacity 
can significantly influence the normal homeostasis in any organ, causing impair-
ment of tissue perfusion and creating ischemic conditions. The ex vivo contractile 
response to prostaglandin F2α and KCl and the relaxant response to Ach were not 
altered by TiO2 NP treatment (LeBlanc et al. 2010). However, without appropriate 
particle characterization, it is difficult to compare findings between toxicological 
studies. Future studies are needed to provide more detailed knowledge regarding the 
toxic effects of TiO2 NPs on the cardiovascular system.

2  Conclusion

Perusal of in vitro studies discussed above clearly indicates that the food-grade TiO2 
NPs are acquired, intracellularly distributed and accumulated in the cell and its 
organelles by the majority of cell lines derived from human organs. These nanopar-
ticles increase the cell membrane permeability, but rarely affect the membrane 
integrity. However, changes in overall cell morphologies, for example, loss of 
microvilli in intestinal cells; cell shrinkage and detachment in kidney cells; dilated 
mitochondria, swelled endoplasmic reticulum, and increased number of vacuoles in 
lung cells; and membrane blebbing, thinning neurites, and microtubule disruption in 
brain cells were commonly observed. While the uptake of TiO2 NPs by different 
cells was shown adequately, few studies delineated the method of cellular transport 
across the membrane: whether just gradient-based passive absorption, facilitated 
endocytosis, or phagocytosis. However, some studies have reported the presence of 
phagosomes and involvement of phagocytosis in Ti uptake in lung cells. While scru-
tinizing the effects of Ti nanoparticles, the range of deleterious effects include, but 
not limited to, decreased cell viability or cell division, increased apoptosis or necro-
sis, presence of micronuclei, mitochondrial damage, and increased proinflamma-
tory cytokines. In most of the cases, occurrence of heightened oxidative stress and 
ROS production was common. Studies also demonstrate the changes in expression 
of genes relating to a wide variety of functions, such as mitochondrial activity, p53 
signaling, inflammation, cell migration, proliferation, death, and survival. 
Demonstrated genotoxicity effects include oxidative DNA damage, concentration-
dependent DNA damage, double-strand breaks, and changes in signaling pathways 
relating to DNA damage. The observed effects were largely dependent on the size, 
shape, concentration, crystal or surface characteristics of the nanoparticles used in 
the exposure experiments. TiO2 NPs–anatase crystal type was found more toxic that 
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the other crystal form, rutile. Data from human cell lines are compelling for envi-
sioning the harmful effects of TiO2 NPs on optimal organ functions in humans. We 
feel an urgent need for devising novel methods of investigation into the potential 
adverse effects of TiO2 NPs in humans. While researchers in this field make prog-
ress in laying out the role of these nanomaterials on overall human health, we feel 
that the governing bodies should consider mandating the disclosure of the quantity 
and nature of TiO2 NPs present in various consumer goods. This will allow the con-
sumers to make an informed decision on whether to use these products or not.
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1  Introduction

Currently, the nanomaterial-based drugs are playing a significant role in the field of 
pharmaceutical biotechnology and also provide the tools for the investigation of 
biological systems (Mohamed and van der Walle 2008). Nanoparticles exhibit dif-
ferent optical, electronic, and crystal properties than those of the bulk materials, and 
these novel properties are depending on the shape, size, and surface characteristics 
of a particular class of nanomaterials. Metal nanoparticles, especially silver and 
gold, have drawn great attention of scientists because of their extensive biomedical 
and therapeutic applications besides their roles in the development of new technolo-
gies related to electronics and material sciences at the nanoscale (Magudapathy 
et  al. 2001; Kohler et  al. 2001). Silver nanoparticles (AgNPs) display different 
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physiochemical and biological characteristics from those of bulk silver, such as 
increased optical, electromagnetic, catalytic properties and antimicrobial activity 
(Choi et al. 2009; Venkatachalam et al., 2015; Jinu et al., 2016). AgNPs are used in 
a wide range of medical applications, including in wound dressings, contraceptive 
devices, surgical instruments, and bone prostheses that are coated or implanted with 
the silver nanoparticles (Cheng et al. 2004; Chen et al. 2006; Zhang and Sun 2007). 
Nanoparticles can be synthesized by several physical, chemical, and biological 
methods. Chemical methods of nanoparticle synthesis cause accumulation of toxic 
and non-eco-friendly by-products.

The development of biological method for synthesis of nanoparticles is crucial 
for the production of environmental nontoxic nanoparticles. Several biological sys-
tems including plants, bacteria, fungi, and algae have been used for the synthesis of 
nanoparticles (Kalimuthu et al. 2008; Kowshik et al. 2003; Shahverdi et al. 2007; 
Sangi and Verma 2009). Among biological methods, plant extract-induced synthesis 
of nanoparticles is a common, feasible alternative to available conventional chemi-
cal and physical methods (Sreeram et al. 2008; Willner et al. 2006). Earlier studies 
suggest that bioactive compounds from medicinal herbs are found to be cost-effec-
tive and served as potential chemopreventive agents for inducing apoptosis in differ-
ent types of cancer cell lines in the recent past (Kalaiarasi et al., 2015; Kayalvizhi 
et al., 2016; Jinu et al., 2017). The formation of gold and silver nanoparticles was 
reported, for the first time, by using living plants (Gardea-Torresdey et al. 2002; 
Jose-yacamann et al. 2003). The plant material-based production of silver nanopar-
ticles has found applications in medical industries (Becker 1999; Kayalvizhi et al., 
2016; Jinu et al., 2017; Prasannaraj and Venkatachalam, 2017a, b, c; Venkatachalam 
et al. 2017).

Medicinal plants provide a rich resource for natural drug research and develop-
ment. Leucas aspera (Willd) Link is a species of annual medicinal herb that belongs 
to the family Lamiaceae (Labiatae). It grows abundantly in the high land crop fields, 
roadsides, and fallow lands of the wide area of South Asia (India, Bangladesh, and 
Nepal), Malaysia, and Mauritius (Shrestha and Sutton 2000). Leucas aspera exhib-
its biological activities like analgesic-antipyretic, antirheumatic, anti-inflammatory, 
antibacterial, and antifungal treatment (Gani 2003). Leucas aspera is also used tra-
ditionally as a medicine for coughs, colds, painful swellings, chronic skin eruptions 
(Chopra et al. 2002), and cytotoxic activities (Prajapati et al. 2010). Due to their 
immense medicinal importance, many scientific studies have been carried out on the 
phytochemical and pharmacological values of Leucas aspera. The selection of the 
plant species for the present study was principally based on the traditional uses of 
Leucas aspera for the treatment of various diseases such as ulcer, skin infection, 
and cancer.

Oxidative stress reactions and generation of free radicles are associated with a 
plethora of chronic conditions including cancer (Pourmorad et al. 2006). A large 
number of phytochemicals are being today used worldwide for the management of 
various cancers and chronic conditions (Moongkarndi et al. 2004). Silver nanopar-
ticles (AgNPs) have demonstrated a unique potential in cancer management because 
it is selectively involved in disruption of the mitochondrial respiratory chain that 
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leads to the production of ROS and interruption of ATP synthesis, which, in turn, 
causes DNA damage (AshaRani et al. 2009; Morones et al. 2005). Similarly, AgNPs 
were found having a great promise for the treatment of retinal neovascularization, 
cancer, hepatitis B, acquired human immunodeficiency syndrome (AIDS), and dia-
betes (Bhattacharya and Mukherjee 2008). Biological methods are considered to be 
the most powerful technique for the synthesis of AgNPs, as nanoparticles produced 
have a longer shelf life and constant stability as natural capping takes place. The 
bioengineering of nanoparticles has cost-effective, eco-friendly, and simple down-
stream processing, and obtained by effective purification and extracellular synthesis 
methods.

In view of the above, the present experiment was aimed for effective phytosyn-
thesis of silver nanoparticles using aqueous leaf extract of Leucas aspera and char-
acterization of synthesized AgNPs. Further, the synthesized silver nanoparticles 
were evaluated for their cytotoxic effect in HeLa cancer cell line as well as in nor-
mal cell line, Vero.

2  Materials and Methods

2.1  Preparation of Leaf Extract

Fresh leaves of Leucas aspera were collected from the Botanical Garden, Periyar 
University, and surface sterilized with running tap water, followed by distilled water 
to remove the dust particles adhered on the leaves. Biosynthesis of silver nanopar-
ticles was carried out by microwave irradiation method.

2.2  Synthesis of Silver Nanoparticles by Microwave Irradiation 
Method

Fresh leaves of Leucas aspera (10 g) were finely chopped and mixed with 50 ml of 
deionized water. The mixture was boiled in microwave oven for 10 min. After boil-
ing, the samples were allowed to cool at room temperature and the extracts filtered 
with Whatman No.1 filter paper. About 25 ml of plant aqueous extract prepared by 
microwave irradiation method was added into the 225  ml aqueous silver nitrate 
(AgNO3) solution in the Erlenmeyer flask. Then the extract was mixed with AgNO3 
to make the final volume concentration of 1 mM solution. The reaction mixture was 
placed on shaker and mixed thoroughly and kept in dark room condition until the 
color change was noticed. The reaction progress for the formation of AgNPs was 
monitored by visual color change and UV–Vis spectral scanning in the range of 
300–700 nm.
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2.3  Characterization of Synthesized Silver Nanoparticles

Synthesized silver nanoparticles were confirmed by sampling the reaction mixture 
at regular intervals and absorption maxima was scanned by UV–vis spectra, at the 
wavelength of 300–700 nm in Systronics 2350 double beam spectrophotometer. In 
X-ray diffraction analysis, crystalline metallic silver was examined by coating dried 
nanoparticles on XRD grid using Rigaku miniflex II. X-ray diffraction (XRD) mea-
surement of film of the biologically synthesized silver nanoparticles was performed 
at voltage 30 Kv with Cu k (α) radiation of 1.54187 nm wavelength. The scanning 
region of 2θ ranges from 20° and 80°. Purified AgNPs in the form of powder were 
analyzed using FT-IR spectral measurements. The measurements were carried out 
on a Bruker tensor 27 instrument. The samples were mixed with KBr to make a pel-
let and it was placed into the sample holder. The spectrum was recorded at a resolu-
tion of 4 cm−1. The shape and size of synthesized AgNP was examined using field 
emission scanning electron microscopy (FESEM, CARL ZEISS) and these images 
were operated at 5 kV. The presence of elemental silver was determined in order to 
check the surface inter-atomic distribution using energy-dispersive X-ray (EDX).

2.4  Cytotoxic Activity of Silver Nanoparticles

2.4.1  Culture of Cell Lines

HeLa (Cervical cancer) cell lines were obtained from the National Centre for Cell 
Sciences (NCCS), Pune, India. The cell lines were maintained in Eagle’s minimal 
essential medium (EMEM) supplemented with glutamine (2  mM), fetal bovine 
serum (10% V/V), 1.5 g/l sodium bicarbonate, nonessential amino acids (0.1 mM), 
and penicillin and streptomycin (1  IU/1  μg). The cell lines were maintained in 
25 cm2 culture flasks at 37 °C in a humidified CO2 incubator containing 5% CO2.

2.4.2  In Vitro Cytotoxicity Assay and Determination of IC50

The inhibitory concentration (IC50) value was determined by using MTT assay. 
Cells were cultured and seeded into 96-well culture plates approximately as 1 × 104 
in each plate incubated for 48  h. HeLa cells and Vero cells (normal cells) were 
treated with series of 10–100  μg/ml concentrations of phytosynthesized AgNPs 
along with plant extracts. The treated cells were incubated for 48 hours to study 
cytotoxicity effects by MTT assay. MTT assay was based on the measurement of 
the mitochondrial activity of viable cells by the reduction of the tetrazolium salt 
MTT (3-(4,5-dimethyathiazol-2-yl)-2,5-diphenyl tetrazolium bromide) to form a 
blue water-insoluble product, formazan. The stock concentration (5 mg/ml) of MTT 
(Sigma, USA), a yellow tetrazole, was prepared and 100 μL of MTT was added into 
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AgNPs and plant extract treated wells and incubated for 4 h at 37 °C. After incuba-
tion, the medium was removed and DMSO (100 μL) was added to dissolve the 
formazan crystals resulting from the reduction of the tetrazolium salt only by meta-
bolically active cells (Mosmann 1983; Kleihues and Ohgaki 2000; Kleihues et al. 
2002). The absorbance of dissolved formazan was measured at 620  nm using a 
multiwell ELISA plate reader (Thermo Multiskan EX, USA). Since the absorbance 
was directly correlated with the number of viable cells, the percentage of cell viabil-
ity was calculated by using the following formula:

 
Percentage of Cell Viability

OD value of experimental NPs tre
=

aated sample

OD value of experimental untreated sample
×100

 

3  Results and Discussion

In this investigation, the leaf extract was prepared by microwave irradiation method 
and the leaf extract was used for fabrication of silver nanoparticles. Microwave 
irradiation mediated synthesis of nanoparticles holds several advantages over tradi-
tional methods as its controlled temperature operation provides enhanced reaction 
kinetic properties, fast initial heating eventually leading to increased reaction rates 
with higher yields of nanoparticles (Nadagouda et al. 2011). Earlier studies have 
been documented that facile synthesis of nanoparticles using microwave irradiation 
(Nadagouda et al. 2011; Priyadharshini et al., 2014), and nowadays it has become 
an efficient alternative method for synthesis of various nanoparticles including sil-
ver nanoparticles.

3.1  Fabrication and Characterization of Silver Nanoparticles

The addition of Leucas aspera leaf extracts to silver nitrate solution resulted in color 
change of reaction mixture from yellow to brown due to the production of silver 
nanoparticles after 4 h of incubation in the dark room condition (Fig. 13.1). The 
formation of silver nanoparticles was recorded by UV–vis spectrum using the mix-
ture of Leucas aspera leaf extracts and 1 mM silver nitrate solution at various time 
intervals. The color changes arise because of the excitation of surface plasmon reso-
nance spectrum for the synthesized silver nanoparticles (Mulvaney, 1996). The 
reaction mixture of silver nitrate and leaf extracts exhibits the plasmon resonance 
peak at 400 nm. Bioactive molecules present in the leaf extracts served as capping 
and reducing agents for bioreduction of silver ions. This result indicates the forma-
tion of silver nanoparticles in the reaction mixture. The silver nanoparticles were 
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collected by centrifugation and washed thoroughly to remove impurities and the 
dried nanoparticles were used for further characterization and cytotoxicity studies.

The FTIR spectroscopy measurements were carried out to identify the possible 
bioactive molecules from the leaf extract that bound specifically on the silver ion 
surface (Fig. 13.2). The biologically synthesized silver nanoparticles obtained via 
microwave irradiation method were mixed with potassium bromide to make a pel-
let. The IR spectrum of biologically synthesized AgNO3 nanoparticles obtained 
from microwave method showed the absorption peaks located at 3786.11, 3700.37, 
3662.17, 3637.40, 2360.96, 1665.17, 1591.13, 1528.75, 1484.51, 1325, and 
671.02 cm−1. The bands appeared at 2360.96, 1325, and 671.02 cm−1 are due to 
phosphines (P-H), amines (C-N), and Alky halides (C-Br) stretching, respectively. 
The bands at 1650–1550 cm−1 are characteristic of amide groups (Caruso et  al., 
1998). The amide band arises either as a result of stretch mode of the carbonyl group 
coupled to the amide linkage or N-H stretching mode of vibration in the amide link-
age. The proteins can easily bind to silver nanoparticles through either free amine 
groups or cysteine residues in the proteins which ultimately stabilizes the silver 
nanoparticles (Gole et al., 2001). Biological components are known to interact with 
metal salts via these functional groups and mediate their reduction to nanoparticles. 
The IR spectroscopic studies confirmed that phosphines and amine groups possess 
strong binding ability and acting as capping agent to provide stability to the synthe-
sized silver nanoparticles.

X-ray diffraction analysis was performed to confirm the crystalline structure of 
synthesized silver nanoparticles (Fig.  13.3). XRD results indicate that the silver 
nanoparticles obtained by microwave method revealed diffraction peaks at 27.52° 
(210), 32.25° (122), 38.21° (111), 46.40° (231), 54.74° (142), 57.42° (241), and 
64.47° (220) (Fig. 13.5). The average crystal size of the silver nanoparticles formed 

Fig. 13.1 Visual observations of reaction mixtures by color changes: a- plant extract, b- synthe-
sized AgNO3 (microwave method) c- AgNO3

P. Venkatachalam et al.



339

37
86

.1
1

37
00

.3
7

36
62

.1
7

36
37

.4
0

36
01

.1
1

23
60

.9
6

16
65

.1
7

15
91

.1
3

15
28

.7
5

14
84

.5
1

14
41

.7
6

13
25

.4
2

95
7.

55

67
1.

02

500100015002000250030003500
Wavenumber cm-1

86
88

90
92

94
96

98
Tr

an
sm

itt
an

ce
 [%

]

Fig. 13.2 FTIR spectra pattern of biosynthesized silver nanoparticles using leaf extracts of Leucas 
aspera
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Fig. 13.3 XRD pattern of silver nanoparticles synthesized using Leucas aspera leaf extracts

13 Green Engineering of Silver Nanoparticles Using Leucas aspera Extract…



340

in the bioreduction process was determined by Full width at Half Maximum 
(FWHM) data along with Debye Scherrer’s eq. D  =  kλ/β cosθ (k  =  0.89; 
λ = 1.5406 A°).

FESEM images were recorded and topographical analysis was performed based 
upon the surface study. The FESEM studies provide the information on the mor-
phology and particle size of the synthesized silver nanoparticles. According to the 
FESEM micrograph, the morphology of the silver nanoparticle was found to be 
spherical and cubic structures (Fig. 13.4). The size of the Ag nanoparticle varied 
from 35 to 54 nm. The EDX analysis was carried out to identify the presence of 
silver ions at specific locations. Fig. 13.5 shows the EDX spectrum recorded in the 
spot-profile mode from one of the densely populated Ag nanoparticles area. Strong 
signals from the Ag atoms in the nanoparticles were observed and weak signals 
from Cl and O atoms were also recorded. The signals were likely due to the X-ray 
emission from carbohydrates/proteins/enzymes present in the cell wall of the bio-
mass (Mishra et al., 2010). Xu et al. (2002) noticed that the shape of metal nanopar-
ticles considerably change their optical and electronic properties.

Fig. 13.4 Topographical results of AgNps confirming the cubical and spherical shaped from 
FE-SEM analysis
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3.2  Evaluation of Silver Nanoparticle-Induced Cytotoxic Activity

The cytotoxicity of silver nanoparticles at different concentrations was evaluated 
using HeLa cancer cell line and Vero normal cell line by MTT assay. The dose-
dependent cytotoxicity was observed in AgNPs and plant extract treated HeLa and 
Vero cells and the increase in concentration of AgNPs and plant extract demon-
strated increased cytotoxicity in HeLa cells. The percentage values of cell viability 
obtained with continuous exposure for 48 h are depicted in Fig. 13.6. The in vitro 
screening of the AgNPs displayed maximum cytotoxic activity, compared to the 
plant extract, against both HeLa and Vero cell lines. The result displayed that HeLa 
cells proliferation were significantly inhibited by both, AgNPs and plant extract, 
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with an IC50 value of 36 μg/ml and 84.16 μg/ml, respectively (Fig. 13.6). Thus the 
synthesized silver nanoparticles were found to be stronger cytotoxic agent than the 
plant extract against HeLa cell lines. The cytotoxic effect of silver nanoparticles was 
higher against HeLa cells even at lower concentrations ranging from 37 to 100 μg/
ml. The effect of aqueous extract of Leucas aspera was lower, and the cytotoxic 
effect was increased with increasing concentrations ranges from 80 to 100 μg/ml.

The cytotoxic effects were compared between HeLa and Vero cells for both 
AgNPs and aqueous extract, as an antitumor agent should produce minimal toxicity 
against normal, healthy cells In Vero cell lines, the IC50 values of AgNPs and aque-
ous extract was observed to be 66.48 μg/ml and 72.4 μg/ml, respectively (Fig. 13.7). 
This study clearly shows a differential role of plant extract-derived AgNPs for can-
cer cell line (IC50 = 36 μg/ml) and normal cell line (IC50 = 66.48 μg/ml), as shown 
in Fig. 13.8. Hence, the phytosynthesized silver nanoparticles hold good promise 
for therapeutic applications. Similar results were also reported earlier by 
Venkatachalam et  al. (2017). It is speculated that the cytotoxic impact of silver 
nanoparticles is due to the presence of various bioactive molecules coated silver 
atom interactions with the cell macromolecules such as nucleic acids and functional 
proteins (Prasannaraj et al. 2017). It has been suggested that the cancer cell growth-
inhibitory role of silver nanoparticles was mainly associated with DNA-cleavage 
mechanisms which ultimately cause apoptosis.

Fig. 13.7 MTT assay results confirming the in vitro cytotoxicity effect of Leucas aspera silver 
nanoparticles and aqueous leaf extract against the normal cell lines (Vero cells)
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4  Conclusion

The present study was focused to develop an efficient protocol for fabrication of silver 
nanoparticles using cell-free aqueous leaf extracts of Leucas aspera by microwave 
irradiation method. Leucas aspera leaf extract is environmentally benign and renew-
able source which serves as reducing and capping agents for synthesis of nanoparticles. 
The synthesized silver nanoparticles were characterized and confirmed the presence of 
silver ions on nanoparticles. The presence of various  bioactive compounds that are 
involved in reduction of silver ions was confirmed by FT-IR analysis. Mostly the syn-
thesized nanoparticles were spherical in shape with average size of 55 nm. The impact 
of the silver nanoparticles on cell cytotoxicity was also investigated using HeLa cell 
lines. The cytotoxic effect of silver nanoparticles was positively correlated with dose 
on the cell line examined. It is interesting to note that the silver nanoparticles showed 

Fig. 13.8 Inverted microscopy images of LaLE and LaAgNPs treated cancer HeLa and normal 
Vero cell lines. (a) Untreated HeLa cells (b) Leucas aspera aqueous extract treated HeLa cells (c) 
Leucas aspera Silver nanoparticle treated Hela cells (d) Untreated Vero cells (e) Leucas aspera 
aqueous extract treated Vero cells (f) Leucas aspera Silver nanoparticle treated Vero cell
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highest anticancer activity against HeLa cell lines. Therefore, the nanoparticles synthe-
sized using Leucas aspera plant extracts hold therapeutic potential and deserve further 
detailed studies.
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1  Background

Herpesviruses are larger family members of viruses, which are known to infect wide 
variety organisms ranging from oysters to humans. They consist of a large linear 
double-stranded DNA genome, ranging in size from about 100,000 to 250,000 base 
pairs; an icosahedral capsid, which packages the genome and has 162 morphologi-
cal units; and a layer of proteins called the tegument, which surrounds the capsid 
and is in turn enclosed within a lipid-containing envelope (Roizman and Sears 1996; 
Whitley et al. 1998). To replicate, herpesviruses kill the infected cells via lytic cycle. 
In addition, these viruses also have the capacity to establish nonlytic, latent infec-
tions in cells that, under certain conditions, do not support viral replication. In 
latently infected cells, the viral genome is stably associated with the cell nucleus 
and expresses few if any viral proteins. There is little or no pathology associated 
with latent infections, but activation of the latent viral genomes may occur due to 
changes in the state of the cell, resulting in new rounds of virus replication and new 
episodes of disease.

Herpesviruses have been divided into three subfamilies containing eight differ-
ent type of herpesviruses, differing markedly in their biology (Whitley and Roizman 
2001). These include herpes simplex virus: types 1 and 2 (HSV-1, HSV-2), vari-
cella-zoster virus (VZV), cytomegalovirus (CMV), Epstein-Barr virus (EBV), 
human herpesvirus 6 (HHV-6), HHV-7, and HHV-8, or Kaposi sarcoma-associated 
herpesvirus. Based on genomic analysis and other biologic characteristics, the her-
pesviruses are classified into three subfamilies. The alphaherpesviruses subfamily 
contains HSV-1, HSV-2, and VZV, which are neurotropic cytolytic viruses. These 
viruses can establish asymptomatic latent infections in neurons of the peripheral 
nervous system. The betaherpesviruses subfamily includes cytomegalovirus (CMV), 
so named because infected cells become massively enlarged or “cytomegalic.” This 
subfamily also includes HHV-6 and HHV-7. Members of the gammaherpesvirus 
subfamily are lymphotropic and include EBV and HHV-8. Both HHV-8 and EBV 
are considered important cofactors in malignancies (Shukla and Spear 2001).

1.1  A Wide Spectrum of Clinical Manifestations 
in Herpesvirus Diseases in Humans

Herpes simplex virus type-1 (HSV-1) infections are extremely widespread in the 
human population. The virus causes a broad range of diseases ranging from labial 
herpes, ocular keratitis, genital disease, and encephalitis (Fatahzadeh and Schwartz 
2007; Anzivino et al. 2009). The herpetic infection is a major cause of morbidity 
especially in immunocompromised patients. Following initial infection in epithelial 
cells, HSV establishes latency in the host sensory nerve ganglia. (Whitley and 
Roizman 2001). The virus emerges sporadically from latency and causes lesions  
on mucosal epithelium, skin, and the cornea, among other locations. Prolonged or 
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multiple recurrent episodes of corneal infections can result in vision impairment or 
blindness, due to the development of herpetic stromal keratitis (HSK) (Farooq et al. 
2011). HSK accounts for 20–48% of all recurrent ocular HSV infections leading to 
significant vision loss (Wilhelmus 1998). HSV infection may also lead to other dis-
eases including retinitis, meningitis, and encephalitis 3.

Infections with each of the eight human herpesviruses, if one includes latent 
infections, are highly prevalent in all human populations. The clinical manifesta-
tions of infection can be divided into two categories: those evident after primary 
infection (primary disease) and those resulting from activation of latent virus (reac-
tivation disease) (Whitley and Roizman 2001; Nicoll et al. 2012) The importance of 
cell-mediated immunity in controlling herpesvirus replication and in limiting reac-
tivation of latent virus in vivo is apparent from the dramatic increase in severity and 
frequency of disease in immunodeficient persons. The transmission of herpesvi-
ruses usually requires intimate contact between persons, such as kissing or sexual 
intercourse. Often, the transmitting person is an asymptomatic shedder of infectious 
virus. Among the human herpesviruses, HSV has the broadest host range. Although 
HSV is normally isolated only from humans, many animal species can be experi-
mentally infected, and many types and species of cultured cells will support HSV 
replication (Wertheim et al. 2014). In contrast, the other human herpesviruses have 
a much more limited host range, are fastidious about the cell types in which they 
will replicate, and are often much more difficult to propagate in cell culture (Shukla 
and Spear 2001). For all the herpesviruses, the ability to establish latent infections 
and to reactivate from latency are key to their ability to persist for the lifetime of the 
infected host, to maintain a high prevalence in most human populations, and to 
cause significant disease long after the initial infection and primary disease, if any.

The most common form of disease caused by HSV in humans is manifested as 
mucocutaneous lesions, which occur usually in or near the mouth (cold sores or 
fever blisters), on the cornea (keratitis), or on genital tissues (Roizman et al. 2007). 
Because the virus that causes the primary lesions establishes latent infections in 
sensory or autonomic peripheral neurons and can be reactivated by appropriate 
stimuli, periodic recurrences of herpetic lesions are common and present one of 
the troublesome aspects of infections with HSV. Less frequently, HSV can also 
cause life-threatening disease affecting vital organs, including encephalitis in 
apparently normal adults and disseminated disease in infants and immunocompro-
mised individuals. Virus reactivation and replication may occur periodically in 
asymptomatic persons. Although HSV-1 and HSV-2 can infect the same body sites 
and cause indistinguishable lesions, the viruses are mostly associated with differ-
ent sets of diseases. The viruses isolated from cases of adult encephalitis, keratitis, 
and facial lesions are usually HSV-1, whereas those isolated from cases of neona-
tal disease, adult meningitis, and genital lesions are usually HSV-2 (Fatahzadeh 
and Schwartz 2007).

Like HSV, VZV can replicate in the epidermis and establish latent infections in 
neurons. In contrast to HSV, VZV is transmitted in an epidemic fashion, via aerosols 
and the respiratory route, and causes a systemic rather than local primary disease. 
Varicella or chicken pox has the hallmarks of an acute viral disease affecting the 
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entire lymphoreticular system with a generalized vesicular eruption of the skin  
and mucosal membranes. VZV establishes latent infections in sensory nerves. 
Reactivation of virus is infrequent and occurs usually in older individuals, resulting 
in zoster or shingles, an eruption of skin lesions that is limited to a single derma-
tome and often causes severe pain (Shukla and Spear 2001).

CMV infections are typically asymptomatic. The most common clinical manifes-
tation is a self-limited mononucleosis, although disease can be life threatening in 
immunodeficient individuals. CMV can cause hepatitis, chorioretinitis, pneumonitis, 
colitis, and congenital cytomegalic inclusion disease and can be a contributing factor 
to failure of organ transplantation. The cell types that harbor latent virus are probably 
of the monocytic lineage. The major means of CMV transmission are by the congeni-
tal, oral, and sexual routes and by blood transfusion or tissue transplantation (Britt 
2008). The other two human members of the betaherpesvirus family, HHV-6 and 
HHV-7, are T lymphotropic and are both capable of causing a childhood illness called 
sixth disease or roseola infantum. Most children become infected with these viruses, 
but very few show clinical manifestations of disease (Shukla and Spear 2001).

Primary infections of children with EBV are usually asymptomatic, but, in young 
adults, the consequence can be infectious mononucleosis. The virus establishes 
latent infections in B lymphocytes and can induce proliferation of B cells through 
expression of a limited number of viral genes. A competent immune system keeps 
these latently infected B cells in check, but abrogation of cell-mediated immunity 
can result in lymphoproliferative disease. The other human member of the gamma-
herpesvirus subfamily, HHV-8, is the cause of Kaposi sarcoma, a vascular tumor of 
mixed cell composition, and body cavity-based lymphoma found in AIDS patients. 
It is thus evident that the human herpesviruses differ markedly in their ability to 
infect various cell types and to establish productive or latent infections in these cell 
types (Shukla and Spear 2001).

1.2  Herpesvirus Entry into the Host Cells: A Dynamic Event

Enveloped viruses enter cells by inducing fusion between the viral envelope and a 
cell membrane. This membrane fusion can be triggered in at least two ways, result-
ing in different pathways of entry. For example, the binding of a virus to a cell may 
induce endocytosis of the virus, followed by acidification of the endosome, which 
can trigger fusion between the viral envelope and endosome membrane. Alternatively, 
the binding of a virus to a cell may result in multiple receptor-ligand interactions at 
the cell surface that can trigger fusion between the viral envelope and the plasma 
membrane. Most herpesviruses apparently enter cells via the latter pathway. They 
can fuse directly with the cell plasma membrane. Fusion might also occur after 
endocytosis of the virus particle in an early endosome, but may not be dependent on 
the acidification of endosomes. In addition, a novel mode of HSV entry via phago-
cytic uptake has been suggested by our group using primary cultures derived from 
human eye donors (Clement et al. 2006).
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The herpesvirus envelope is a lipid bilayer derived from a host cell membrane in 
which most cell proteins have been displaced by viral membrane proteins. As many 
as a dozen or more integral membrane proteins and glycoproteins encoded by the 
virus become incorporated into the viral envelope. For most herpesviruses, only 
four or five of the envelope proteins may participate in the process of viral entry 
(Shukla and Spear 2001). Rigorous proof that a viral envelope protein has a role in 
viral entry comes from characterizing the specific infectivity of a viral mutant that 
produces virions devoid of the protein in question. A viral mutant that cannot pro-
duce a protein required for viral entry will not be propagated. Such mutants can be 
propagated, however, in a cell line transformed to express the missing protein (a 
complementing cell line) so that the protein is supplied in trans for viral assembly. 
Passage of the virus once through a noncomplementing cell line results in produc-
tion of virus particles missing the protein in question, and these particles can be 
assessed for their ability to enter cells.

By constructing and characterizing many such HSV-1 mutants, it has been pos-
sible to identify five viral glycoproteins (gB, gC, gD, gH, and gL) that contribute to 
viral entry (Spear 1993). Four of them, gB, gD, gH, and gL, are essential for viral 
entry. In the absence of any one of these glycoproteins, the mutant virions can bind 
to cells but fail to enter them. Absence of gC results in reduced binding of virus to 
cells, although the virus that binds can enter cells and initiate infection (Herold et al. 
1991). Absence of both gB and gC severely reduces the binding of HSV-1 to cells 
(Herold et al. 1994). These findings, and others discussed below, indicate that either 
gC or gB can mediate the binding of virus to cells, whereas gB, gD, gH, and gL are 
all required for the membrane fusion that leads to viral entry (Eisenberg et al. 2012).

1.3  Current Limitations with Herpes Simplex Virus (HSV) 
Therapy

Herpes simplex virus (HSV) is among the ubiquitous human infections and persists 
lifelong as a latent infection in their host. The latency has potential to reactivate, 
thus causing a multitude of symptoms, the most common being painful blisters or 
ulcers at the site of infection. In immunocompromised people, HSV-1 can also lead 
to severe complications such as encephalitis or keratitis. The development of novel 
strategies to eradicate HSV is a global public health priority (Wilson et al. 2009; 
Schulte et  al. 2010; Schepers et  al. 2014; Pan et  al. 2014). While Acyclovir and 
related nucleoside analogs provide successful modalities for treatment and suppres-
sion, HSV remains highly prevalent worldwide (Wilson et al. 2009). The current 
focus of antiviral drugs solely on HSV replication, emergence of Acyclovir-resistant 
strains, and the ability of HSV to uniformly establish latency coupled with adverse 
effects of anti-herpetic drugs, demand search for new and more effective antiviral 
agents to replace or synergistically enhance efficacy of the current treatment meth-
ods (Superti et al. 2008). In addition, Acyclovir fails to prevent latency and the virus 

14 Nanoparticles-Mediated Interventions to Prevent Herpes Simplex Virus (HSV…



352

can reactivate and cause a clinical disease. Long-term use of drugs to treat ocular 
herpes often results in cataract and elevated intraocular pressure. Therefore, there is 
always a need to develop new interventions to prevent virus infectivity and control 
drug resistance.

1.4  Novel Approach to Fight HSV Infections with Broader 
Applications

The best way to control the HSV epidemic is prevention (Wilson et al. 2009). A 
novel strategy is to design the drugs that prevent viral entry into target cells. In this 
regard, cell-associated HS represents an attractive target. Heparin sulfate (HS) is 
endowed with the remarkable ability to bind numerous viral proteins including 
HSV-1 glycoproteins (Liu and Thorp 2002). The significance of HS in viral diseases 
is also evident from recent reports that polysulfated compounds and HS-mimetic are 
very effective in blocking viral infections (Copland et al. 2008; Tiwari et al. 2009a, 
b; Ekblad et al. 2010; Thakkar et al. 2010; Gangji et al. 2018; Majmudar et al. 2019). 
In addition, the cells that are defective in HS exhibit a dramatic reduction in suscep-
tibility to HSV-1 infection (Campadelli-Fume and Menotti 2007). It is worth noting 
that interaction with cell surface HS has been found to be a common pathway for 
attachment by several other human and animal viruses (Liu and Thorp 2002). Our 
recently published data indicates that the zinc oxide-based nanoparticles (ZnO-
NPs) capped with negatively charged nanospikes can trap HSV-1 virion and thereby 
reduce the viral infectivity, suggesting the strong possibility of developing NPs-
based enveloped viral infection antagonists (Mishra et al. 2011; Antoine et al. 2012). 
In recent years NPs have gained wide popularity in therapeutics, drug delivery, bio-
logical imaging, and biosensors (Eugenii and Willner 2004; De et al. 2008).

2  Virostatic Potential of Zinc Oxide Nanoparticles (ZnO 
NPs) on Herpes Simplex Virus Type-1 Entry and Spread

Multivalent interactions are important for many biological processes involving pro-
tein-protein interactions (Varga et al. 2014; Waldmann et al. 2014; Connolly et al. 
2011). However, efficient blockade of a multivalent process may not always be 
achievable by monovalent inhibitors. Such is the case for viral entry into host cell, 
which is mediated by multiple interactions between virus envelope proteins and 
host cell surface receptors. As shown (Fig.  14.1a), three major steps (I-III) are 
involved in HSV-1 entry. (I). Positive (+) residues in HSV-1 gB bind to negatively 
(−) charged cell surface heparan sulfate (HS) (Shukla and Spear 2001), (II) HSV-1 
gD then binds to its receptors to initiate virus-cell membrane fusion or endocytosis 
(Connolly et al. 2011). (III) Viral capsid is transported to the nucleus for replication 
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(Spear and Longnecker 2003). Viral infectivity can be blocked by ZnO-NPs bearing 
multiple negatively charged nanospikes (Fig.  14.1b), as they competitively bind 
multiple entry-related positively charged glycoproteins such as gB, gC, and gD 
(Mishra et al. 2011). For example, using cell culture model we tested the effect of 
ZnO nanoparticles on HSV-1 entry into the target cells. HSV-1 entry into a cell was 
determined by using β-galactosidase expressing HSV-1 reporter virus (gL86) into 
wild-type Chinese hamster ovary (CHO-K1) cells expressing gD receptor nectin-1. 
It was clear that HSV-1 preincubation with ZnO-NPs significantly blocked the viral 
entry in a dose-dependent manner in CHO-K1 cells expressing gD receptors. The 
control cells treated with 1× PBS (untreated) showed HSV-1 entry. The blocking 
activity of nanoparticles was pronounced even at low concentrations (0.01 mg/ml or 
100 μg/ml). We further confirmed the blocking activity of ZnO-nanoparticles on 
HSV-1 entry, using human corneal fibroblasts (CF)—a natural target for HSV-1 
infection. The CF expresses HVEM and 3-OST-3 as gD receptors (Tiwari et  al. 
2006). Similar results were found in HeLa cells that express all the known gD-
receptors. In all cases, the mock-treated control cells showed HSV-1 entry.

We further rationalized that viral entry inhibition property of ZnO nanoparticle 
is due to its partial negatively charged oxygen vacancies. Therefore, ZnO-NPs were 
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Fig. 14.1 A model depicting the significance of ZnO-micro-nano structures (MNs) in blocking 
HSV-1 entry by interfering multivalent interactions between the virus and the host cell. The panel 
a shows the three major steps (I-III) involved in HSV-1 entry. (I). Positive residues in HSV-1 gly-
coprotein B (gB) binds to negatively charged cell surface heparan sulfate (HS), (II) HSV-1 glyco-
protein D (gD) then binds to its receptors to initiate virus-cell membrane fusion or endocytosis, 
(III) Viral capsid is transported to the nucleus for replication. Viral infectivity can be blocked by 
using zinc oxide nanoparticles (ZnO NPs) bearing multiple negatively charged nanospikes (panel 
b), as they competitively bind multiple entry-related positively charged glycoproteins such as gB, 
gC, and gD. Thus, ZnO-NPs already have proven to interfere and block the multivalent interactions 
(Mishra et al. 2011 Antiviral Res)
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exposed to UV illumination for 30 min, which is known to generate additional oxy-
gen vacancies and hence additional negative charge centers on the atomic scale at 
the surface (Kong et al. 2008; Wu and Chen 2011). In order to visualize the UV-effect 
on ZnO MNSs to viral binding, the MNSs were stained red via phalloidin staining. 
The UV-treated red-ZnO-MNSs were mixed with green fluorescent protein (GFP)-
tagged HSV-1 (VP26). We noticed that the UV-exposed ZnO-MNSs (0.1 mg/ml or 
100 μg/ml) showed a significant viral trapping as evident by strong yellow co-local-
ization signal as compared to UV-untreated red-ZnO-Nps. In addition, we also com-
pared if enhanced viral trapping by UV-exposed ZnO-MNSs can translate into 
enhanced viral inhibition. HSV-1 (KOS) virions were preincubated with either 
UV-treated ZnO-NPs or UV-untreated ZnO-NPs before infecting target cells. 
Clearly, the UV-exposed particles were able to block HSV-1 entry better.

Our studies further explored the idea if ZnO NPs will have an impact on virus 
cell-to-cell fusion as a means of viral spread. Therefore, we further investigated the 
effect of ZnO-Nps during HSV-1 glycoprotein-mediated cell-to-cell fusion. The 
main emphasis of cell-to-cell fusion was to demonstrate the viral and cellular 
requirements during virus-cell interactions and also as means of testing viral spread. 
We sought to determine whether ZnO NPs interaction with HSV-1 envelope glyco-
proteins essential for viral entry affects cell-to-cell fusion. Surprisingly, effector 
cells expressing HSV-1 glycoproteins treated with ZnO NPs (0.01 mg/ ml) impaired 
the cell-to-cell fusion in CHO-K1 cells expressing gD receptor nectin-1. In parallel, 
the control-untreated effector cells cocultured with target cells showed expected 
fusion. This response was further confirmed when polykaryocytes formation was 
estimated. ZnO NP-treated effector cells failed to form polykaryons when cocul-
tured with target cells. The control-untreated effector cells efficiently showed larger 
polykaryons. Our results indicate that the presence of ZnO NPs significantly reduces 
viral penetration. We, therefore, propose that ZnO NPs can possibly disrupt the viral 
envelope glycoproteins binding to cell surface HS, thereby preventing the virus 
attachment, surfing, and fusion processes.

Since our studies with ZnO-NPs involved the lab strain of HSV-1, we thus 
decided to test the ability of NPs to block viral entry in different clinically relevant 
strains of HSV (F, G, and MP) (Dean et al. 1994). Here we used nectin-1 expressing 
CHO Ig8 cells that express β-galactosidase upon viral entry (Montgomery et  al. 
1996). The virulent strains were preincubated with MNSs and then used for infect-
ing the cells. The results from this experiment again showed that MNSs blocked 
entry of additional HSV strains as evident by using reporter-based ONPG assay. 
Finally, we asked whether an in vivo significance of NPs could be demonstrated in 
an animal model. For this, we chose embryos from zebrafish, which provide a quick 
and easy model for testing HSV-1 infection in vivo (Burgos et al. 2008). Our results 
showed that NPs were able to prophylactically block infection of the zebrafish 
embryos as well (Tiwari, Unpublished results). This result reaffirms that NPs hold a 
strong promise for development as an effective anti-HSV prophylactic agent.

Certainly, nanotechnology offers an opportunity to re-explore biological proper-
ties of known antimicrobial compounds by manipulation of their sizes (Travan et al. 
2011). ZnO has long been known for its antibacterial and antifungal properties 
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including the recent report for selective destruction of tumor cells by ZnO nanopar-
ticles and its potential in the development of anticancer agents (Rasmussen et al. 
2010). In addition, the use of ZnO nanoparticles in sunscreens is one of the most 
common uses of nanotechnology in consumer products (Donathan and Meyer 
2010). The uses of ZnO nanostructures have been suggested in nonresonant nonlin-
ear optical microscopy in biology and medicine (Aliaksandr et al. 2008). Cell sur-
face HS is involved in viral pathogenesis including viral binding, transport, and 
membrane fusion aiding to viral spread (Shukla and Spear 2001; Jihan and Shukla 
2009). Therefore, the use of ZnO NPs, in present case, represents a unique approach 
to antiviral therapy forcing a competition for the HS chain used by HSV-1 and, pos-
sibly, many other medically important herpesviruses that bind to the cell surface HS 
(Liu and Thorp 2002). Our efforts to synthesize structurally defined ZnO NPs bear-
ing nanoscopic filopodia-like spikes was based on the speculation that it will expand 
the surface area of partially negatively charged molecules, thereby mimicking the 
overall negative charge present on HS structures. Our initial quantitative viral entry 
assay revealed that pretreatment of HSV-1 with ZnO NPs significantly affected the 
viral entry at nontoxic concentrations. UV-irradiated ZnO MNSs were even more 
potent in blocking HSV-1 entry and spread. In addition, the fluorescent-based imag-
ing experiment further confirmed the quantitative viral entry data that UV-treated 
ZnO NPs neutralized the viral infectivity by “viral-trapping” or “virostatic activity,” 
which was evident from the enhanced accumulation of GFP-tagged virus around 
NPs. The viral trapping activity of NPs was expected as UV exposure to ZnO spikes 
enhanced the distribution of negative charge by oxygen vacancies and thereby 
allowing more viruses to bind. The use of functionalized nanoparticles to develop 
antivirals that act by interfering with viral infection, in particular attachment and 
entry, are gaining wide popularity (Tallury et al. 2010; Bowman et al. 2008; Lara 
et al. 2010; Vig et al. 2008). Similar studies with nanoparticles are known to inhibit 
cell-to-cell spread of HSV (Baram-Pinto et al. 2010).

The major advantage of ZnO NPs is their effectiveness at lower concentrations 
(μg), the low cost of their synthesis, molecular specificity to viral envelope protein 
without affecting the expression of native HS chain, and ease in designing nanopar-
ticle capsules coated with additional anti-HSV-1 agents, including envelop glyco-
protein B (gB) and D (gD)-based peptides, to block HSV-1 entry receptors, while 
keeping the HSV-1 virions trapped to MNSs. ZnO is an integral component of skin, 
face, and lip creams where HSV-1 infection or reactivation leads to painful blisters. 
Therefore, ZnO-NPs exhibit strong potentials to develop anti-HSV medication for 
cold sore in the form of protective gel or cream, which may be further activated by 
the UV part of the sun light. In addition, such MNSs will become the bench tool to 
create additional antiviral agents against many other viruses with the conjugation of 
peptides against specific virus envelope glycoproteins. Furthermore, they can also 
be used to deliver antiviral peptides with minimal pharmacokinetic problems 
together with enhanced activity of drug for the treatment of HSV infection.

Taken together our previously published findings support the model by which 
partially negatively charged ZnO NPs trap the HSV-1 to prevent virus-cell interac-
tion, which are key steps for successful viral infection of the host cells and, there-
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fore, MNSs-based compounds present a useful therapeutic approach. This is further 
supported by our observation that MNSs also block infection in vivo, in a zebrafish 
model of HSV-1 infection.

2.1  Unique “Tetrapod” Symmetry of ZnO-NPs

While screening different types of ZnO NPs, we discovered that ZnO with unique 
tetrapod symmetry can efficiently trap HSV at multiple steps of infection and pro-
vide preventive as well as significant therapeutic benefits by reducing the number of 
plaques formed. Keeping this key structural feature in mind, we plan to conjugate 
anti-HSV peptides to the tetrapod form of ZnO. ZnO-NPs with tetrapod symmetry 
can be commercially synthesized in large quantities (>kilograms). As indicated in 
Fig. 14.2 ZnO nano-micro scale tetrapod structures can be synthesized by flame 
transport approach (panels a: Mishra et  al. 2011) Glass bottle shows the large 
amount of ZnO tetrapod structures which were synthesized in just one run. 
Figure 14.2 (panels b–e) show the scanning electron microscopy images of different 
type of tetrapod structures from the ZnO powder shown in panel a (Fig. 14.2).

2.2  Precise Engineering of ZnO “Nanospikes” to Trap 
Multiple Strains of HSV and Associated Coinfections

Developing a “broad-spectrum inhibitor” against multiple strains of HSV and other 
viruses is ideal and possible because of our ability to create negative charges on 
ZnO spikes and add peptides against specific viral envelop proteins from one or 
multiple viruses (Di Gianvincenzo et al. 2012). For instance, it has been shown that 
HSV reactivation is associated with increased replication of HIV on mucosal sur-
faces (Rollenhagen et al. 2014; Meque et al. 2014; McConville et al. 2014); hence 
the ZnO-NPs that trap both HSV-2 and HIV will be of high value. Conjugation of 
anti-HSV-2 gB/gD together with anti-HIV gp41 peptides will specifically inhibit 
both HSV-2 and HIV, and therefore can be useful for future microbicide develop-
ment (Whaley et al. 2010).

2.3  Unique Ability of Micro–Nano Spikes of ZnO to Trap 
HSV-1

Our study further identified ZnO-nanostructures bearing nanospikes (Fig.  14.2), 
which trapped HSV virions and blocked both viral entry and cell-to-cell spread 
(Figs. 14.3 and 14.4). Interestingly HSV entry blocking activities of ZnO-NPs were 
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significantly enhanced by the addition of extra oxygen vacancies induced by 
UV-light illumination. We further provided the evidence for the broader significance 
of UV-treated ZnO as an anti-HSV agent affecting entry of clinical isolates of HSV 
(F, G, and MP), cell-to-cell fusion, and polykaryocyte formation examined by previ-
ously described methods (Mishra et al. 2011).

Fig. 14.2 Zinc oxide-based micro-nano structures. ZnO-MNs with unique tetrapod symmetry 
which efficiently traps HSV at multiple steps of infection and provide preventive as well as signifi-
cant therapeutic benefits by reducing entry and the number of plaques formed during viral spread. 
The panels a-e show the details of the micro nano structures. (a) Synthesis of the ZnO material can 
be done in large quantities, please note the 23 mm diameter coin. (b) Microscopic image, compari-
son between a standard powder (A) and the material synthesized here (B). (c) Electron micrograph 
showing the complex geometries. (d) The powder contains a larger quantity of filopodia-like struc-
tures, which have spikes down to the nanoscale (e) (Mishra et al. 2011, Antiviral Res)
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Fig. 14.3 Zinc oxide-based micro-nano structures (ZnO-MNs) trap HSV-1 virions and block viral 
entry. Panels (a–c). UV-illumination on ZnO MNSs significantly enhances HSV-1 binding. ZnO-
MNSs were exposed to UV illumination for 30 min. MNSs were stained as red via phalloidin 
treatment (panel a). UV-untreated (panel b) and UV-treated (panel c) ZnO MNSs were mixed with 
green fluorescent protein (GFP)-tagged HSV-1 (VP26). The UV-exposed ZnO-MNSs showing 
significant HSV-1 trapping as indicated by strong yellow co-localization signal (highlighted by 
arrows) compared to UV-untreated red-ZnO-MNSs. Panel d shows that the preincubation of 
UV-treated ZnO MNSs with HSV-1 significantly block viral entry. In this experiment, 
β-galactosidase-expressing recombinant virus HSV-1 (KOS) gL86 (25 pfu/cell) was preincubated 
for 90 min with the UV-pretreated (+) or -untreated (−) ZnO-MPs at 0.1 mg/ml. HSV-1 KOS gL86 
mock-incubated with 1 × phosphate buffer saline (PBS; black bar) was used as positive control. 
The uninfected cells were used as negative control (gray bar). After 90 min the soup was chal-
lenged to CF. After 6 h, the cells were washed, permeabilized, and incubated with ONPG substrate 
(3.0 mg/ml) for quantitation of β-galactosidase activity expressed from the input viral genome. The 
enzymatic activity was measured at an optical density of 410 nm (OD410). The value shown is the 
mean of three or more determinations (±SD) (Mishra et al. 2011; Antiviral Res)
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Fig. 14.4 Negatively charged UV-treated zinc-oxide-based micro-nano structures (ZnO-MNs) 
negatively impairs HSV-1 glycoprotein-mediated cell-to-cell fusion and polykaryocyte formation. 
Panel a: In this experiment, a reporter-based cell-to-cell fusion assay was used. Briefly, the “effec-
tor CHO-K1 cells” expressing HSV-1 glycoproteins (gB, gD, gH–gL) along with T7 plasmid were 
preincubated with 100 μg/ml UV-treated ZnO-MPs or with 1 × PBS for 90 min. The two pools of 
effector cells (ZnO-MNSs treated and PBS treated) were mixed with target CHO-K1 cells express-
ing luciferase gene along with specific gD receptor nectin-1. Membrane fusion as a means of viral 
spread was detected by monitoring luciferase activity. Relative luciferase units (RLUs) determined 
using a Sirius luminometer (Berthold detection systems). Black bars and gray bars represent 1× 
PBS-treated and ZnO-MNSs-treated cells, respectively. The effector cells devoid of HSV-1 glyco-
protein mixed with target CHO-K1 nectin-1 expressing cells was used a negative control (white 
bar). Error bars represent standard deviations. *P < 0.05, one-way ANOVA. Panel b: Microscopic 
visualization of polykaryocyte impairments by ZnO-MNSs. In this experiment effector CHO-K1 
cells expressing four essential HSV-1 glycoproteins (gB, gD, gH–gL) were either preincubated 
with ZnO-MNSs or with 1 × PBS for 90 min before they were cocultured in 1:1 ratio with target 
nectin-1 expressing CHO-K1 cells for 24 hrs. The cells were fixed (2% formaldehyde and 0.2% 
glutaraldehyde) for 20 min. and then stained with Gimesa stain (Fluka) for 20 min. Shown are 
photographs of representative cells (Zeiss Axiovert 200) pictured under microscope at 40 × objec-
tive. The upper a panel shows no polykaryocytes formation in the absence of HSV-1 glycoprotein 
(negative control), middle panel b shows significant inhibition of polykaryocytes formation in the 
presence of HSV-1 glycoprotein in effector cells fused with target nectin-1 CHO-K1 cells. Lower 
panel c shows no polykaryocytes formation in the presence of ZnO-MNSs during coculture of 
HSV-1 glycoprotein expressing cells with target nectin-1 expressing CHO-K1 cells (Mishra et al. 
2011; Antiviral Res)
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2.4  Prophylactic, Therapeutic, and Neutralizing Treatment 
of ZnO-Tetrapod (ZnOT) Result in Decreased 
Internalization of HSV

The virus entry into the cells results in the activation of transcription of immediate 
early gene. In case of HSV-2, a viral protein 16 (VP16) is released from the virion 
to activate the transcription of immediate early genes. Since VP16 can be immedi-
ately detected in cells, it also provides an alternative mechanism to verify HSV 
internalization. Therefore, to confirm our results obtained using a reporter virus, 
which could be subjective to the enzymatic activity of the substrate and the transla-
tion of the reporter gene, we also focused on detecting VP16 by Western blot analy-
sis (Antoine et al. 2012). Two hours post-infection HeLa cells were collected and 
total lysates were analyzed to determine the effects of ZnOT on the internalization 
of VP16. Cells were subjected to neutralization, prophylaxis, or therapeutic treat-
ment. VP16 expression was significantly (P < 0.001) decreased following neutral-
ization, prophylaxis, and therapeutic treatment (Fig.  14.5). Under neutralization 
condition, the effect of UV ZnOTs was most effective in reducing the internaliza-
tion of the viruses. The oxygen vacancies produced during the UV treatment 
increases the attraction between ZnOT and the viruses, thus enhancing the viral 
trapping ability of UV ZnOT in comparison to NUV ZnOT (Antoine et al. 2012). 
The prophylaxis treatment also resulted in a comparable decrease in HSV-2 (333) 

Fig. 14.5 Future utilization of ZnO-based tetrapod structures (ZnOT) as a prevention and a ther-
apy against genital herpes (HSV-2) infections. Using cell culture model with a reporter based 
HSV-2 virus, treatment with ZnOT resulted decrease in virus internalization suggesting neutraliza-
tion, prophylaxis, or therapeutic options with nanoparticles (NPs). Western blot analysis of VP16 
expression was performed to determine the effect of ZnOT on HSV-2 internalization. As indicated, 
VP16 protein expression was determined for neutralization, prophylaxis, therapeutic, or mock-
treated cells infected with wild-type HSV-2(333). The cell lysates were prepared at 2 h post-infec-
tion and Western blots were performed. VP 16 expression and relative protein intensity are shown. 
(a) Neutralization, (b) prophylactic, and (c) therapeutic treatment. GAPDH was measured as a 
loading control. Results are representative of three independent experiments (Adapted from 
Antoine et al. 2012; Antiviral Res)
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internalization in both UV and NUV ZnOTs conditions (Fig. 14.5). The decreased 
internalization, however, supports the preventative function of ZnOT against the 
ability of viruses to enter into susceptible cells. Lastly, the therapeutical usage of 
ZnOTs was found to decrease the viral internalization as tegument protein VP16 
expression was significantly decreased following UV and NUV ZnOT treatments 
(Fig. 14.5) (Antoine et al. 2012).

2.5  ZnOT Reduces Infectious Cell Cluster and Syncytia 
Formation

The ZnO NPs have also been sued to investigate if it has inhibitory effect on the 
syncytia formation. Using a reporter-based HSV-2(333) GFP virus we determine 
the effect of ZnOT on viral replication and cell-to-cell spread. Overall, we have 
found that the cellular expression of GFP and its distribution mark the ability of 
HSV-2 to form clusters of infected cells under various treatment conditions. Reduced 
clusters were noted in all conditions where ZnOT was present. Using a confocal 
microscope syncytia formation was recorded 24 h post-mixing suggesting the potent 
effect of NPs on viral spread (Antoine et al. 2012).

3  Effect of ZnO NPs in Corneal HSV Infection

HSV-1 is a leading cause of infectious blindness in developed countries, which causes 
keratitis, resulting in loss of vision. Although the infections are usually treatable, 
corneal epithelial keratitis can become devastating causing dendritic ulceration, cor-
neal neovascularization, scarring, and eventual blindness if left untreated or infection 
with the drug-resistant strains. Since the virus has ability to cause recurrent infection, 
and therefore there is also a need to develop a model system that not only facilitates 
testing of novel drugs in a timely manner but also accurately replicates the human 
host environment to study both viral cycles. Therefore, cornea based on ex vivo model 
was developed to visualize the spread of HSV-1 infection. Using a β-galactosidase 
reporter virus infection in the cornea using x-gal staining represents a highly specific 
and rapid method for confirming the active infection of corneal tissue with HSV-1 by 
visual inspection (Mockli and Auerbach 2004; Li et  al. 2012). Additionally, 
β-galactosidase is not expressed during the latent viral phase but is reexpressed during 
viral reactivation in secondary infected cells, providing an avenue for studying the 
latency establishment and reactivation mechanisms of HSV-1 (Lachmann et al. 1999; 
Shimeld et al. 2001; Summers et al. 2001). This was an important development in 
studying the ability of HSV-1 to penetrate corneal tissue, as use of reliable ex vivo 
tissue models is often more efficient and ethical in comparison to in vivo models. 
Given this, ex vivo models have been shown to be promising for developing next-
generation methods of drug delivery to combat lytic and latent HSV-1 infection 
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(Agarwal and Rupenthal 2016). UV-treated zinc oxide tetrapods (ZnOT) were used to 
test antiviral properties against the HSV-1(KOS)tk12 strain virus. Neutralization 
treatment, in which virus and the ZnOTs were incubated before infection, statistically 
significantly reduced the amount of β-galactosidase expression, as evidenced by the 
decreased presence of blue staining in the pig cornea epithelium and the HCE cells. 
Samples infected with the zinc oxide/ HSV-1(KOS)tk12 virus showed statistically 
significantly less blue coloring in the in vitro and ex vivo samples compared with the 
samples infected with HSV-1(KOS)tk12 alone. Quantification of X-gal via the 
amount of blue present in these samples was completed by using MetaMorph soft-
ware to compare the infection visualized infected versus the infected plus ZnOT-
treated samples. This represented a more objective method for determining the ability 
of zinc oxide to combat HSV-1 insult than simple visual assessment. To assess the 
antiviral effect of the UV zinc oxide tetrapods on proteins necessary for the spread of 
HSV-1, quantification of viral glycoproteins, gB (HCE cells) and gD (corneas), was 
undertaken. The infected samples were compared with the infected plus zinc oxide 
tetrapod-treated samples to assess the levels relative to GAPDH. Consistent with the 
decrease seen in β-galactosidase expression, these glycoproteins were significantly 
reduced in the in vitro (HCE cells) and ex vivo (cornea tissue) neutralization treat-
ment samples confirming the antiviral potential of ZnOT.

4  Broad-Spectrum Antiviral Effects of Zinc Oxide Tetrapod 
(ZnOT) Structures against Herpes Simplex Virus Type-2 
(HSV-2) Infection

HSV-2 is one of the most frequent sexually transmitted infections worldwide with 
global estimates of 536 million infected people and an annual incidence of 23.6 mil-
lion cases (Tronstein et al. 2011). HSV-2 is the prototype of the neurotropic alpha-
herpesviruses, all of which cause latency in sacral root ganglion (Avitabile et al. 
2007). The initial experiments were conducted with using both UV-treated ZnOT 
and (n)UV ZnOT treatment on the viability of HeLa and human vaginal epithelial 
(VK2/E6) cells using MTS cytotoxicity assay. A concentration range from 0.1 to 
1.5 mg/ml was examined and the highest ZnOT concentration resulted in up to 40 
percent loss of viability after the 24-h treatment. Viability assays also showed com-
parable effects on by both UV and NUV ZnOT. The concentration of ZnOT during 
the remainder of experiments was kept at a nontoxic concentration of 0.1 mg/ml 
throughout the study to preserve cell health during the investigation. The structures 
of ZnOT were synthesized by flame transport approach and verified using corre-
spond SEM images at different magnifications. SEM images show the tetrapod 
morphologies and homogeneity of synthesized structures. The diameters of tetrapod 
arms vary in the range from 200 nm to 2 μm and their lengths vary from 5 to 25 μm 
which have been successfully reproduced several times as per requirements.
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To establish the broad spectrum usage of ZnOT structures during different stages 
of infection, HeLa and V2K/E6 cells were infected at a concentration of 0.1 mg/ml 
under three different conditions: neutralization, prophylactic and therapeutic 
 treatment. Each group was contained with UV ZnOTs and NUV ZnOTs. Since 
UV-treated ZnO structures have been reported to show the enhanced antiviral prop-
erties (Wiesenthal et al. 2011), both UV and NUV ZnOTs were examined to deter-
mine their antiviral properties against HSV-2. Following either neutralization 
treatment in which the virus and ZnOTs were incubated first, prophylaxis treatment 
(pretreatment of cells with ZnOTs prior to infection), therapeutic treatment (viral 
infection prior to the addition of ZnOTs), or mock treatment (infection in the 
absence of ZnOTs), entry of a β-galactosidase-expressing reporter virus, HSV-2(333) 
gJ−, was determined. The experiment with the neutralization treatment resulted in 
a significant decrease in β-galactosidase expression in HeLa cells and vaginal epi-
thelial cells when treated with both UV and NUV ZnOTs. UV neutralization how-
ever resulted in more pronounced decrease of β-galactosidase expression. The 
prophylactic treatment effect on reporter virus strain HSV-2(333) gJ- also resulted 
in a significant decrease in HSV-2 entry in UV ZnOT-treated cells suggesting an 
enhanced effect of the UV-treated ZnOT on the virus. Lastly, the effectiveness of 
ZnOT in the presence of an active infection was studied through the therapeutic 
treatment. This condition allowed us to study the inhibiting effects of ZnOTs after 
viral entry. It has already been shown that HSV is able to enter the cells within the 
first 10 min of infection at 37 °C (Cheshenko et al. 2003); therefore, we allowed the 
infection to persist for 30 min prior to the addition ZnOTs. Therapeutic treatment 
with ZnOTs resulted in a decrease in viral entry as expression of β-galactosidase 
was reduced in UV and NUV ZnOT-treated cells; reduction in entry was not as 
significant as seen in other treatment groups.

The other mechanism that contributes to the pathogenesis of HSV-2 is its ability 
to infect the neighboring cells without diffusing through the extracellular environ-
ment; this is known as cell-to-cell fusion. Through this process, the virus spreads 
rapidly while evading detection by the immune system (Fischer et al. 2001; Sattentau 
2008). The cell-to-cell spread of viruses is mediated through the coordinated efforts 
of surface-exposed glycoproteins from infected cells that contact their specific 
receptors on neighboring uninfected cells. Through the specific glycoprotein-recep-
tor interactions, the cells fuse and generate multinucleated cells. Since ZnOTs treat-
ment resulted in a decreased viral entry and internalization, we decided to investigate 
its effect on virus-free cell-to-cell fusion. To create this scenario in vitro, CHO-K1 
cells were split into two populations: target cells and effector cells (Tiwari et al. 
2009a, b). Target cells were transfected with the gD receptor Nectin-1 and the lucif-
erase reporter gene under the control of the T7 promoter. Effector cells were trans-
fected HSV-2 glycoproteins essential for cell fusion and T7 polymerase. The fusion 
between both populations of cells allows the T7-polymerase to bind its promoter, 
thus initiating the synthesis of the luciferase gene. By addition of the substrate, 
firefly luciferase, we can analyze the amount of fusion that has occurred between 
the two populations of cells.
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5  Zinc Oxide Nanoparticles: A Platform for Future Live 
Virus Vaccine

Since the zinc oxide-based NPs show potent activity against virus entry and virus 
neutralization (Mishra et  al. 2011; Antoine et  al. 2012), the studies were further 
undertaken to address if they can be exploited to trigger the localized immune 
response for the future development of a live virus vaccine, which in turn may 
reduce infection without compromising local immune responses. Using a mouse 
model of HSV-2 infection, it was clearly visible that HSV-2 treated with ZnO NPs 
had comparable morphology and thickness in the vaginal epithelium with respect to 
the mock mice. Interestingly, ZnONPs/HSV-2-infected mice exhibited significantly 
larger draining lymph nodes than mock infected, comparable to HSV-2-infected 
mice without treatment, providing an indirect evidence that the presence of ZnO 
NPs mediates an immune response similar to non-treated infection. The elicited 
immune response by ZnO NPs/HSV-2 also decrease local cell infiltration and 
inflammation and, therefore, results in a global decrease of pathogenesis (Alex 
Agelidis et al. 2019). A trend of decreased infiltration of CD45+, Gr-1+, and F4/80+ 
cells was observed in the vaginal tissue upon ZnO NPs/HSV-2 genital infection. 
ZnO NPs also restored basal levels of CD49b + and CD11c + cells. It is understood 
that neutrophils (expressing Gr-1) are a major component of the innate inflamma-
tory infiltrate at the primary site of herpes infection (Wang et al. 2012). The observed 
trends of decreased CD45+ and Gr-1+ infiltrating cells in the vaginal epithelium in 
addition to lower levels of proinflammatory IL-1β transcripts further demonstrates 
the decreased local inflammation observed in ZnO NPs/HSV-2-infected mice. 
Therefore, it is clear that ZnO NPs treatment in mice activates immune response, 
which in turn suppresses clinical manifestation in the mice. Since NPs also responds 
well against both the HSV-1 and HSV-2 viruses, a major future application of NPs 
may herald the development of a potent microbicide as well as the strategy with the 
live virus vaccine.

6  High Impact of Emerging Designer NPs in the Treatment 
of Human Viral Infections

The use of NP dendrimers represents nanostructures with great promise against 
HIV (Domenech et al. 2010; Tyssen et al. 2010). Emulsified NPs containing inacti-
vated influenza virus and CpG nucleotides are being tested for the development of 
prophylactic vaccines (Huang et al. 2010). Use of gold NPs to deliver ssRNA in the 
form of nanoplex to inhibit H1N1 influenza virus replication has been demonstrated 
(Chakravarthy et  al. 2010). Recently, biodegradable NPs carrying HIV gp120 
showed protective effects in rhesus macaques (Himeno et al. 2010). NP-based vagi-
nal drug delivery system has also been proposed for HIV prevention (Mallipeddi 
and Rohan 2010). Gold or Silver NPs against HIV (Elechiguerra et  al. 2005; 
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Bowman et al. 2008) or modified Ag-NPs against monkey pox virus, hepatitis B 
virus, and HSV-1 have all shown strong inhibitory effects (Baram-Ointo et al. 2009; 
Rogers et  al. 2008; Liu et  al. 2008). Recently, a novel cellular nanosponge was 
reported to be an effective medical countermeasure to the SARS-CoV-2 virus 
(Zhang et al. 2020). These nanosponges display the same protein receptors, both 
identified and unidentified, required by SARS-CoV-2 for cellular entry. Therefore, 
a neutralized effect was visible in the presence of nanosponges for future possible 
future antiviral applications (Zhang et al. 2020).

7  Future Innovations: Construction of NPs Ligated 
with Anti-HSV-1 gB/gD Peptides to Develop “Virus-
Specific Capturing” Properties of ZnO

ZnO-NP in concept is similar to a vacuum cleaner that traps dust particles on the 
basis of charge distribution. Our results show that the anti-HSV-1 virostatic activity 
was further enhanced by the addition of extra negative charge by UV-light treatment 
by creating oxygen vacancies within the material (Mishra et al. 2011; Antoine et al. 
2012). One NP with negatively charged nanospikes can potentially trap multiple 
viruses. In addition, further structural variations introduced into NPs can fine-tune 
antiviral and cell survival activities. For instance, each HSV-1 virion contains 
600–750 glycoprotein moieties with variable packing densities (Grunewald et al. 
2003). Conjugation of anti-HSV-1 gB/gD peptide to ZnO-NPs will make them more 
potent and highly specific by targeting multiple critical sites embedded in HSV gB 
and gD, which are involved in cell interaction during viral entry.

8  Conclusions

Viruses are obligate intracellular parasites whose interactions with host cells often 
comprise a variety of receptor-ligand interactions. The intrinsic characteristics of 
viral disease, which include complexities in life cycles, different stages of replica-
tion in different sub-cellular compartments or organelles, differences in replication 
dynamics, the possibility of latent infection in inaccessible biological compart-
ments, and the development of drug resistance, all result in unique requirements for 
drug design. Our past work has demonstrated that nanoparticles provide an attrac-
tive platform for drug design to prevent viral entry and cell-to-cell spread.
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1  Introduction

Nanotechnology is emerging as a cutting-edge technology in several disciplines of 
biology and materials science research. The concept of nanotechnology was first 
presented by Richard Feynmann, and the word nanotechnology was introduced by 
Prof. Norio Taniguchi. The prefix “nano” refers to the Greek word nanos, which 
means “dwarf” (Hulkoti and Taranath 2014). Nanotechnology involves the synthe-
sis and development of various nanoscale systems, including nanoparticles (NPs). 
Nanoparticles refers to objects or engineered materials that range in sizes from 1 to 
100 nm and exist in different shapes (Hasan 2015). NPs are currently being used 
widely in cancer therapy and drug delivery treatments (Zhang et al. 2008; Dobson 
2006), food emulsions (Dickinson 2012), solar cells (Fahr et al. 2009), water treat-
ment (Pradeep 2009), and cosmetics industries (Patel et al. 2011). Synthesis of NPs 
has gained interest because of their electronic, magnetic, optical, thermal, chemical, 
dielectric, and photo-electrochemical properties. These unique physiochemical 
properties are attributed to their nanosize of <100 nm, crystallinity, solubility, sur-
face morphology, reactivity, chemical composition, purity, and shapes (Gatoo et al. 
2014). Recently, metal NPs made of gold, silver, copper, zinc, titanium, platinum, 
aluminum, iron, magnesium, cerium, and palladium have gained interest because of 
their technological importance (Kulkarni and Muddapur 2014).

Nanoparticles are commonly synthesized through two main strategies: bottom-
up and top-down approaches. The top-down approach involves the breakdown of 
bulk materials, and the bottom-up approach comprises the assembly of atoms or 
molecules into nanosized materials (Vollath 2008). NPs are generally synthesized 
through chemical and physical methods. However, chemicals absorbed on the sur-
face of the NPs make it undesirable for medical applications due to its toxicity. To 
overcome these drawbacks, NP synthesis through eco-friendly biological methods 
using microorganisms, enzymes, fungus, algae, actinomycetes, and plants has 
gained attention in the areas of green nanotechnology (Gahlawat and Choudhury 
2019; Kulkarni and Muddapur 2014; Hulkoti and Taranath 2014). Microbes serve as 
potential nanofactories for green synthesis of metal NPs and metal oxide NPs in 
different shapes and forms such as nanowires, nanoparticles, nanotubes, nanoconju-
gates, and nanorods (Gahlawat and Choudhury 2019). The synthesis of such nano-
forms is inexpensive and has shown promising anticancer and antimicrobial 
properties for biomedical applications (Thanh and Green 2010; Nune et al. 2009).

2  Mechanisms of NP Synthesis Using Microbes

Microorganisms synthesize NPs through intracellular and extracellular mechanisms 
based on different biological agents. The intracellular synthesis of NPs involves the 
transportation of a particular ion through the microbial cell wall. The mechanism 
involves the attachment of the negative charge of the microbial cell wall with the 
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positive charge of the NPs through electrostatic attractions, and the ion reduces in 
the cell walls by the enzymes present (Hulkoti and Taranath 2014). The mechanisms 
of producing NPs vary with different microbial systems. The fungal plant pathogen 
Verticillium sp. follows the mechanism of trapping, bioreduction, and capping to 
synthesize NPs (Mukherjee et al. 2001). In Lactobacillus sp., the construction of 
nanoclusters occurs by the electrostatic interactions between the bacterial cell and 
nucleated nanoclusters during the early steps (Nair and Pradeep 2002). The extra-
cellular synthesis of metal NPs (particularly silver) using microorganisms generally 
involves the nitrate reductase mediated mechanism. Several studies have reported 
that the bioreduction of metal ions occurs through the enzyme nitrate reductase 
secreted by the microbes (Ingle et al. 2008). The mechanism was proven evident 
through nitrate reductase assay that indicated the reaction of nitrate with 2,3-diami-
nophthalene. Fluorescence emission intensity peaks at 405 nm and 490 nm demon-
strated the maximum emission of nitrate, and the presence of enzyme nitrate 
reductase with 0.1% KNO3 solution has confirmed the reduction of silver in fungi 
(Kumar et al. 2007; Ingle et al. 2008). A similar mechanism was observed in the 
bacterium Rhodopseudomonas capsulata with the synthesis of gold nanoparticles, 
where the cofactors NADH and NADH-dependent enzymes secreted by the bacte-
rium assisted with the bioreduction of gold ions for NP synthesis (He et al. 2007; 
Hulkoti and Taranath 2014).

3  Synthesis of Different Nanoparticles Using Bacteria

Bacteria are considered an ideal candidate for the synthesis of NPs because of its 
unique properties in reducing metal ions into NPs, possessing high growth rates, 
and enabling easy handling in laboratory environments (Table 15.1). Compared to 
other microbes, bacteria can be easily molded and genetically modified for the 
biomineralization of metal ions (Gahlawat and Choudhury 2019). Besides, bacteria 
have proven to withstand harsh and toxic environments consisting of high concen-
trations of heavy metal ions (e.g., Pseudomonas stutzeri and Pseudomonas aerugi-
nosa) in their surroundings (Kumar and Mamidyala 2011). Bacteria have evolved 
with defense mechanisms to combat such lethal environments through intracellular 
sequestration, efflux pumps, extracellular precipitation, and altering metal ions con-
centration (Iravani 2014). Bacteria exhibit both intracellular and extracellular mech-
anisms to synthesize NPs. The deposition of gold NPs extracellularly was first 
reported (Beveridge and Murray 1980) in the unfixed cell wall of Bacillus subtilis 
with the suspension of gold chloride solution. The intracellular synthesis of silver 
NPs using bacteria was identified in Pseudomonas stutzeri, resulting in NPs with a 
size less than 200 nm. The NADH-dependent reductase enzyme enables the transfer 
and supply of electrons by oxidizing itself to NAD+ necessary for reducing silver 
ions to silver NPs (Klaus-Joerger et al. 2001; Haefeli et al. 1984). The capability of 
Pseudomonas aeruginosa to intracellularly synthesize a wide variety of NPs such as 
Pd, Ag, Rh, Ni, Fe, Co, Pt, and Li in the absence of external stabilizing agents, 
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Table 15.1 Biosynthesis of metal nanoparticles using bacteria

Bacteria Size and shape of NPs References
Extracellular or 
intracellular

Gold nanoparticles (AuNPs)
Bacillus subtilis 168 5–25 nm; octahedral Beveridge and Murray 

(1980)
Both

Marinobacter pelagius 
sp.

20 nm; spherical Joerger et al. (2000) Intracellular

Lactobacillus sp. 20–50 nm; hexagonal Nair and Pradeep (2002) Intracellular
Pseudomonas 
aeruginosa

15–30 nm Husseiny et al. (2007) Extracellular

Rhodopseudomonas 
capsulata

10–20 nm; spherical He et al. (2007) Extracellular

Escherichia coli 20–25 nm Deplanche and Macaskie 
(2008)

Intracellular

Klebsiella pneumoniae 35–65 nm; spherical Nangia et al. (2009) Intracellular
Pseudomonas fluorescens 50–70 nm; spherical Rajasree and Suman 

(2012)
Extracellular

Stenotrophomonas 
maltophilia

40 nm; spherical Sharma et al. (2012) –

Geobacillus sp. 5–50 nm; 
quasi-hexagonal

Correa-Llantén et al. 
(2013)

Intracellular

Silver nanoparticles (AgNPs)
Acinetobacter 
calcoaceticus

8–12 nm; spherical Singh et al. (2013) –

Aeromonas sp. 6.4 nm Mouxing et al. (2006) Both
Bordetella sp. 63–90 nm Thomas et al. (2012) Extracellular
Enterobacter aerogenes 25–35 nm; spherical Karthik and Radha 

(2012)
Extracellular

Escherichia coli 42–90 nm; spherical Gurunathan et al. (2009) Extracellular
Gluconobacter roseus 10 nm Krishnaraj and 

Berchmans (2013)
Extracellular

Idiomarina sp. 25 nm Seshadri et al. (2012) Intracellular
Klebsiella pneumoniae 15–37 nm; spherical Kalpana and Lee (2013) Intracellular
Morganella sp. 10–40 nm; 

quasispherical
Parikh et al. (2008) Extracellular

Proteus mirabilis 10–20 nm; spherical Samadi et al. (2009) Both
Rhodobacter sphaeroides 3–15 nm; spherical Bai et al. (2011) Extracellular
Rhodopseudomonas 
palustris

5–20 nm; spherical Chai and Bai (2010) Intracellular

Shewanella oneidensis 2–16 nm; spherical Debabov et al. (2013) –
Xanthomonas oryzae 15 nm; spherical, 

triangular and 
rod-shaped

Narayanan and Sakthivel 
(2013)

Extracellular

Bacillus sp. 5–15 nm Pugazhenthiran et al. 
(2009)

Intracellular

(continued)
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Table 15.1 (continued)

Bacteria Size and shape of NPs References
Extracellular or 
intracellular

Bacillus flexus 12 and 65 nm; 
spherical and 
triangular

Priyadarshini et al. 
(2013)

Extracellular

Bacillus licheniformis 19–63 nm; spherical Shanthi et al. (2016) Extracellular
Bacillus safensis 5–30 nm; spherical Lateef et al. (2015) Extracellular
Bacillus 
methylotrophicus

10–30 nm; spherical Wang et al. (2016) Extracellular

Bacillus thuringiensis 44–143 nm; spherical Banu et al. (2014) Extracellular
Brevibacterium casei 10–50 nm; spherical Kalishwaralal et al. 

(2010)
Extracellular

Exiguobacterium sp. 5–50 nm; spherical Tamboli and Lee (2013) Extracellular
Geobacillus 
stearothermophilus

5–35 nm; spherical Fayaz et al. (2011) Extracellular

Lactobacillus mindensis 2–20 nm; spherical Dhoondia and 
Chakraborty (2012)

–

Rhodococcus sp. 10–15 nm; spherical Otari et al. (2014) Extracellular
Thermoactinomyces sp. 20–40 nm; spherical Deepa et al. (2013) Extracellular
Ureibacillus 
thermosphaericus

10–100 nm; spherical Juibari et al. (2011) Extracellular

Pseudomonas meridian 2–21.5 nm; spherical Shivaji et al. (2011) Extracellular
Pseudomonas 
proteolytica

3–23 nm; spherical Shivaji et al. (2011) Extracellular

Zinc oxide nanoparticles (ZnO NPs)
Aeromonas hydrophila 57.72 nm; spherical, 

oval
Jayaseelan et al. (2012) –

Lactobacillus sporogenes 5–15 nm; hexagonal Prasad and Jha (2009) –
Pseudomonas 
aeruginosa

35–80 nm; spherical Singh et al. (2014) –

Rhodococcus 
pyridinivorans

100–120 nm; 
hexagonal

Kundu et al. (2014) Extracellular

Bacillus licheniformis 400 × 40 nm; 
nanoflowers

Tripathi et al. (2014) –

Serratia ureilytica 170–250 nm; spherical 
to nanoflowers

Dhandapani et al. (2014) –

Bacillus megaterium 45–95 nm; rod and 
cubic

Saravanan et al. (2018) –

Halomonas elongata 10–27 nm; multiform Taran et al. (2018) Extracellular
Lactobacillus johnsonii 4–9 nm; spherical Al-Zahrani et al. (2018) Extracellular
Lactobacillus paracasei 1100–3000 nm; 

spherical
Król et al. (2018) Intracellular

Lactobacillus plantarum 7–19 nm; spherical Selvarajan and 
Mohanasrinivasan 
(2013)

–

(continued)
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 electron donors, and preventing modifying pH step during biomineralization have 
also been investigated (Srivastava and Constanti 2012). Different types of NPs syn-
thesized using bacteria with their sizes, shapes, and mechanisms are summarized in 
Table 15.1 and described in the following paragraphs.

4  Silver Nanoparticles (AgNPs)

In recent years, AgNPs have gained enormous interest because of its wide range of 
applications in electronics, nanomedicine, energy, biosensors, catalysis, and antimi-
crobial activities (Srikar et al. 2016). The green synthesis (using algae, fungi, bacte-
ria, and plants) of AgNPs is preferred over chemical (microemulsion technique, 
Tollens’s method, pyrolysis, electrochemical method, and microwave-assisted tech-
nique) and physical processes (irradiation, ball milling, laser ablation, and evapora-
tion-condensation) due to its cost-effectiveness, safety, nontoxicity, and eco-friendly 
approach (Singh et  al. 2015; Iravani et  al. 2014). Compared to other biological 

Table 15.1 (continued)

Bacteria Size and shape of NPs References
Extracellular or 
intracellular

Sphingobacterium 
thalpophilum

40 nm; triangle Rajabairavi et al. (2017) Extracellular

Rhodococcus 
pyridinivorans

100–120 nm; spherical Kundu et al. (2014) Extracellular

Staphylococcus aureus 10–50 nm; acicular Rauf et al. (2017) Intracellular
Streptomyces sp. 20–50 nm; spherical Balraj et al. (2017) –
Iron-based nanoparticles (Fe3O4)
Thermoanaerobacter 
ethanolicus

35–65 nm Yeary et al. (2005) –

Magnetospirillum 
magnetotacticum

50–100 nm Prozorov (2015) Intracellular

Aquaspirillum 
magnetotacticum

40–50 nm; octahedral 
prism

Mann (1985) Extracellular

Magnetospirillum 
gryphiswaldense

35–120 nm Lang and Schüler (2006) Intracellular

Geobacter 
metallireducens

10–50 nm Lovley et al. (1987) –

Actinobacter sp. 10–40 nm Bharde et al. (2005)
Titanium oxide nanoparticles (TiO2 NPs)
Bacillus subtilis 66–77 nm; spherical 

and oval
Kirthi et al. (2011) Extracellular

Bacillus 
amyloliquefaciens

22.11–97.28 nm; 
spherical

Khan and Fulekar (2016) –

Lactobacillus crispatus 92.65 and 112.26 nm; 
spherical and oval

Abdulsattar (2014) –
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agents, the use of bacteria in synthesizing AgNPs is widely accepted because of its 
biocompatibility, sustainability, nontoxicity, and mass production. The extracellular 
synthesis of AgNPs using bacteria (e.g., Bacillus licheniformis, Bacillus pumilus, 
and Bacillus persicus produces 72–92 nm) involves the biogenic reduction of Ag+ to 
Ago, with the activity of proteins or small secreted enzymes present on the bacterial 
cell wall. The extracellular mechanisms produce NPs of varied shapes and sizes, 
such as hexagonal, spherical, triangular, circular, disc, and cuboidal (Nanda and 
Saravanan 2009; Pugazhenthiran et al. 2009). The size of AgNPs produced using 
bacteria ranges from 1 to 200 nm and greatly depends on the reducing agents and 
the type of bacterial species. However, nanoscale synthesis of AgNPs is preferred 
because of its high surface-to-volume ratio, low melting point, superconductivity, 
transition temperature, optical property, and high reactivity (Bogunia-Kubik and 
Sugisaka 2002; Baker et al. 2005). Extracellularly synthesized AgNPs are generally 
extracted through ultracentrifugation (at 10,000 to 12,000  rpm), forming a pellet 
that can be resuspended in the desired solvent (Javaid et  al. 2018). Intracellular 
synthesis of AgNPs by bacteria involves the transportation of metal ions inside the 
bacterial cell facilitated by membrane proteins. The silver restraining property of 
some bacterial species reduce Ag+ to Ago, and the resulting NPs accumulate either 
on the cell wall or periplasmic space (Narayanan and Sakthivel 2010). Bacterial 
species Pseudomonas stutzeri AG259 produces AgNPs (size ~200 nm) and a small 
fraction of the product Ag sulfide acanthite by reducing AgNO3 solution (Klaus 
et  al. 1999). Similarly, Corynebacterium sp. synthesizes AgNPs ranging in size 
from 10 to 15 nm, forming a diamine Ag complex on the cell wall (Zhang et al. 
2005). The AgNPs produced through intracellular mechanism require additional 
extraction steps such as cell lysis by ultrasonication, heat treatment through auto-
claving, and use of chemical salts and detergents for the release of NPs accumulated 
inside the bacterial cell (Iravani et al. 2014; Javaid et al. 2018).

Several research studies have investigated the synthesis of AgNPs through extra-
cellular and intracellular methods in the literature (Table 15.1) (Iravani 2014; Kulkarni 
and Muddapur 2014; Hulkoti and Taranath 2014). Green synthesis of AgNPs using 
culture supernatant of Bacillus subtilis has yielded monodispersed AgNPs in size 
range of ~5–50  nm and was combined with microwave irradiation to prevent the 
aggregation of AgNPs, while increasing the rate of reaction (Saifuddin et al. 2009). 
Monodispersed AgNPs (~50 nm) synthesized extracellularly using Bacillus licheni-
formis by bioreduction of Ag ion have been reported (Kalimuthu et  al. 2008; 
Kalishwaralal et al. 2008). The biosynthesis of monodispersed spherical, circular, and 
triangular-shaped AgNPs with efficient antimicrobial activity has been reported with 
Bacillus flexus and Bacillus amyloliquefaciens with size ranging from 12–65 nm and 
14.5 nm (Wei et al. 2012; Priyadarshini et al. 2013). Studies have also reported the 
biosynthesis of stable AgNPs (8 months stability in the dark) with cell-free culture 
extracts of psychrophilic bacteria (such as Phaeocystis antarctica, Pseudomonas pro-
teolytica, Pseudomonas meridiana, Arthrobacter kerguelensis, and Arthrobacter gan-
gotriensis) and mesophilic bacteria (Bacillus indicus and Bacillus cecembensis). The 
synthesized AgNPs range in size 6–13 nm, and its stability varied with pH, tempera-
ture, and bacterial species involved in the process. AgNPs synthesized using cell-free 
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culture supernatants varied with bacterial species, i.e., A. kerguelensis supernatant 
could not synthesize AgNPs at the same temperature as P. antarctica that produced 
the AgNPs (Shivaji et al. 2011; Iravani 2014).

5  Gold Nanoparticles (AuNPs)

AuNPs are commonly used in the field of bio-nanotechnology because of its unique 
properties and multiple surface functionalities. The simplicity in functionalizing 
AuNPs surface makes it a versatile tool for biological assemblies with biomolecules 
and the design of novel biomaterials for investigation of biological systems (Yeh 
et al. 2012). Synthesis of spherical AuNPs is of great interest because of its opto-
electronic properties, large surface-to-volume ratio, high biocompatibility, and less 
toxicity. Besides these properties, AuNPs have unique properties such as surface 
plasmon resonance (SPR), surface-enhanced Raman scattering (SERS), fluores-
cence quenching, and redox activity. These properties make AuNPs exhibit broad 
applications in electronic devices, electrochemical sensing, imaging and sensing, 
photothermal therapy, sensor fabrication, and materials science (Eustis and El-Sayed 
2006). Spherical AuNPs changes colors with the variation in the core size of NPs 
from 1 to 100 nm in aqueous solutions, and it is generally observed with the size-
relative absorption peak from 500 to 550 nm (Link and El-Sayed 1999; Jain et al. 
2006). The biosynthesis of AuNPs in bacteria occurs with the reduction of Au (III) 
ion into Au atoms and adheres to the bacterial cell wall that further aggregates to 
form AuNPs. AuNPs with different shapes and sizes produced by diverse microor-
ganisms are widely used in medical fields as anti-angiogenesis, anti-arthritic, and 
antimalarial agents (Moshfegh et al. 2011).

Several bacterial species have shown the ability to reduce Au3+ ions into different 
shaped gold NPs. Bacillus subtilis 168 shown to reduce Au3+ ions into octahedral 
gold NPs with size ranging from 5 to 25 nm using gold chloride solution under 
ambient temperature and pressure conditions (Beveridge and Murray 1980). 
Biosynthesis of AuNPs occurs in both extracellular and intracellular mechanisms 
with the reduction of chloroaurate and silver ions using Bacillus subtilis, in contrast 
to AgNPs predominantly synthesized through extracellular mechanism (Iravani 
2014; Reddy et al. 2010). Biosynthesis of AuNPs using Pseudomonas aeruginosa 
and Rhodopseudomonas capsulata has shown to produce spherical AuNPs in the 
size range of 10–20 nm (pH 7) and nanoplates at pH 4. The study involved the incu-
bation of R. capsulata biomass and aqueous HAuCl4 solution at varying pH values 
ranging from 7 to 4, which is an important parameter for controlling the size and 
shapes of AuNPs (Singh and Kundu 2014). Bacillus megaterium has shown promis-
ing results with the production of spherical AuNPs (~1.5–2.5 nm) with a self-assem-
bled layer of thiol. These synthesized monodispersed spherical AuNPs stayed stable 
over several weeks (Ahmad et  al. 2003). Similarly, Lactobacillus sp. produced 
AuNPs when exposed to gold ions resulting in the nucleation of AuNPs on the bac-
terial cell wall and further movement of Au nuclei into the cell for  aggregation of Au 
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atoms into large-sized AuNPs (Nair and Pradeep 2002). Escherichia coli DH5α 
showed the ability to produce spherical AuNPs (~17–33 nm) with mixed amounts 
of triangular and quasi-hexagonal shaped AuNPs (Du et al. 2007). E. coli MC4100 
and Desulfovibrio desulfuricans ATCC 29577 produced spherical AuNPs at acidic 
pH, and varied sizes (~10 nm and ~ 50 nm) of well-defined triangle-, hexagon-, and 
rod-shaped AuNPs at pH 7–9 (Deplanche and Macaskie 2008).

6  Zinc Oxide Nanoparticles (ZnO NPs)

Zinc is an essential nutrient for living organisms and is observed to have wide bio-
logical applications due to its antimicrobial activity (Sirelkhatim et al. 2015). Zinc is 
a trace mineral that plays a vital role in many physiological functions of the body 
(Vallee and Falchuk 1993) and also effectively inhibits the growth of a broad-spec-
trum of pathogens (Saravanan et al. 2018). Due to the increased absorption of zinc in 
the body, it is widely investigated for health and productivity. It has already shown 
potential use in the poultry and livestock industries as a supplement feed for animals 
(Swain et al. 2016). The application of zinc includes improving growth performances, 
enhancing antioxidative property, improving immune response, and increasing the 
bioavailability of zinc (Swain et al. 2016; Li et al. 2016). ZnO NPs use in the cos-
metic and sunscreen industry has shown potential use because of its transparency and 
ability to reflect, scatter, and absorb UV radiation (Jayaseelan et al. 2012).

The synthesis of ZnO NPs using chemical and physical methods (vapor condensa-
tion, interferometric lithography, physical fragmentation, sol-gel process, solvent 
evaporation, and microemulsion method) has drawn disadvantage due to its low bio-
compatibility, high cost, and is toxic, making it unsuitable for clinical and biomedical 
applications. Biosynthesis of ZnO NPs using microbes is commonly preferred due to 
its cost-effectiveness and eco-friendly technique (Mirzaei and Darroudi 2017; Ahmed 
et al. 2017). Compared to other microbes, bacteria have shown promising results with 
the production of ZnO NPs because of its ease of handling and manipulative genetic 
attributes compared to other eukaryotic organisms (Table  15.1) (Velusamy et  al. 
2016). Lactic acid bacteria (e.g., Lactobacillus plantarum, Lactobacillus sporogenes) 
are facultative anaerobic that contain negative electrokinetic potential making it an 
ideal candidate to absorb metal ions for the reduction/oxidation process (Selvarajan 
and Mohanasrinivasan 2013; Mishra et al. 2013). Additionally, lactic acid bacteria are 
gram-negative bacteria containing a thick cell layer made of peptidoglycan, teichoic 
acid, lipoteichoic acid, protein, and polysaccharides that assists with the biosorption 
and bioreduction of metal ions (Chapot-Chartier and Kulakauskas 2014). 
Exopolysaccharides that exist in such bacteria help in combatting the metal ions, 
thereby acting as an additional site (Korbekandi et al. 2012). A reproducible bacteria 
Aeromonas hydrophila as a reducing and capping agent showed the synthesis of ZnO 
NPs through an inexpensive and easy procedure. The presence of ZnO NPs was con-

15 Nanoparticle Biosynthesis and Interaction with the Microbial Cell, Antimicrobial…



380

firmed with a peak at 374 nm on the UV-Vis spectrum. The size of the ZnO NPs was 
~57 nm and shaped in spherical and oval forms (Jayaseelan et al. 2012).

7  Magnetic Nanoparticles

Nanocrystalline iron-based particles (such as magnetite and maghemite) possess a 
high surface-to-volume ratio with magnetic properties, unlike bulk materials. Such 
magnetic nanoparticles are highly important in scientific and technological applica-
tions due to their biocompatibility (Revati and Pandey 2011). Magnetite (Fe3O4) is a 
ferric material consisting of a cubic inverse spinel structure with unique electric and 
magnetic properties that depend on the transfer of electrons from Fe2+ to Fe3+ in the 
octahedral sites. These magnetic NPs have great applications in storage devices, sen-
sors, separation processes, imaging, environmental remediation, targeted cancer 
treatment, drug delivery, and gene therapy (Bharde et  al. 2005). Biosynthesis of 
magnetite crystals in culture solution follows the biologically induced biomineral-
ization process. The process depends on parameters such as pH, pO2, pCO2, redox, 
potential, and temperature. The general process involves the release of metabolites 
by the microbes into the surrounding medium. The metabolites further react with 
specific ions or compounds in the solution or the cell wall surface, resulting in min-
eral particle formation (Revati and Pandey 2011). Fe(III) reducing bacteria such as 
Geobacter metallireducens and Shewanella putrefaciens are common microbes that 
produce magnetite in the solution as a by-product. The secretion of Fe(II) in the sur-
rounding medium occurs when iron-reducing bacteria respire oxidized Fe(III) com-
pound in the form of Fe(III) oxyhydroxide under anaerobic conditions. The released 
Fe(II) crystals unite with the abundant ferric hydroxide grain resulting in magnetite 
formation, the process which is generally favored at high pH (Bazylinski and 
Schübbe 2007; Bazylinski et al. 2007). Biosynthesis of magnetite through sulfate-
reducing bacteria such as Desulfuromonas strains, releasing H2S under anaerobic 
conditions, has been reported (Mandal et al. 2006; Revati and Pandey 2011).

Other ways of magnetite NPs formation involve the biologically controlled biomin-
eralization process. The process involves the synthesis of magnetite crystals intracel-
lularly within the cytoplasm or cell wall, which is kept encapsulated as a geochemical 
environment. The sequestered specific ions from the organic matrix get transferred to 
an isolated compartment within the cell, where the nucleation occurs and results in the 
growth of highly ordered magnetite crystals. Bacteria such as Magnetospirillum mag-
netotacticum, M. gryphiswaldense, and Desulfovibrio magneticus follow the biologi-
cally controlled biomineralization mode to synthesize well-ordered crystalline, 
consistent morphology, and nearly uniform-sized magnetite NPs (Table 15.1). These 
magnetotactic bacteria (Yan et al. 2012) are gram-negative and microaerophilic, gen-
erally found in freshwater swamps and ponds, salt marsh ponds, and sediments of 
freshwater and marine, and places containing high iron content with neutral pH and 
less oxygenated (Bazylinski and Schübbe 2007; Bazylinski et al. 2007; Sparks et al. 
1989). These species come under the heterogeneous group of aquatic microorganisms 
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that aligns with the magnetic field lines (a phenomenon known as magnetotaxis). This 
orientation is due to the presence of magnetosomes that consist of magnetic crystals 
such as magnetite or greigite encapsulated intracellularly within a membrane (Faivre 
and Schuler 2008; Blakemore 1975; DeLong et al. 1993).

8  Titanium Dioxide Nanoparticles (TiO2 NPs)

TiO2 NPs have been widely studied due to their interesting properties of catalysis, 
photocatalysis, and antibacterial activity (Haider et al. 2019). TiO2 generally exists 
in rutile, anatase, and brookite form. TiO2 NPs possess unique properties of high 
specific surface area, optimum electronic band structure, high quantum efficiency, 
chemical innerness, and stability. Due to its extensive applications, the synthesis of 
TiO2 NPs through biological methods has gained importance. Several bacterial spe-
cies (e.g., Lactobacillus sp., Bacillus subtilis) have successfully synthesized TiO2 
NPs through biological processes. Lactobacillus sp. has reported producing TiO2 
NPs biosynthetically in smaller sizes of 5–9 nm and larger particles of 60–80 nm 
(Al-Zahrani et al. 2018; Prasad et al. 2007). The synthesis of TiO2 NPs observed to 
be dependent on the energy source, pH, and overall oxidation-reduction potential. 
Lactobacillus crispatus showed the synthesis of TiO2 NPs, resulting in spherical- 
and oval-shaped NPs ranging from 70 to 115 nm (Abdulsattar 2014). Furthermore, 
studies have shown that TiO2 NPs produced from L. crispatus has the ability to 
reduce biofilm formation, hemolysin, and also urease that are responsible for devel-
oping multidrug resistance in pathogens (Ibrahem et al. 2014). In Lactobacillus sp., 
the formation of TiO2 NPs occurs due to the electrostatic interactions between the 
bacterial species and metal clusters (Nair and Pradeep 2002). Studies involving the 
synthesis of TiO2 NPs using Bacillus subtilis (NPs size 66–77 nm) and Bacillus 
amyloliquefaciens (NPs size 15–90 nm) have also been reported (Khan and Fulekar 
2016; Kirthi et al. 2011).

9  Interaction of Nanoparticles with Extra- and Intracellular 
Structures

Advancement of NP synthesis and biosynthesis practices has greatly increased the 
interest in utilizing them in biomedical applications. Implementing metal NPs for 
medicinal purposes is of particular interest as they have shown to interact with bacte-
rial extra- and intracellular components (Fig.  15.1), eliciting differing types and 
degrees of toxicity in gram-negative and gram-positive bacteria. NPs exhibit antibac-
terial properties by predominantly engaging in cell-surface attachment and  disruption, 
alteration of membrane potential, enzyme and protein inhibition, DNA damage, and 
induction of reactive oxygen species (ROS), and subsequently oxidative stress (Sondi 
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and Salopek-Sondi 2004; Chang et al. 2012; Park et al. 2009; Dibrov et al. 2002; 
Ramalingam et al. 2016). Differing metal NPs elicit varying bactericidal properties; 
however, cell membrane disruption in tandem with oxidative stress damage is 
believed to play the largest role in cell toxicity (Morones et al. 2005).

The toxicity of NPs is primarily influenced by physicochemical properties such 
as size, shape, and surface charge, in addition to NPs concentration (Arakha et al. 
2015; Raza et al. 2016). Spherical AgNPs ≤10 nm (10 nm, 7 nm) have shown to 
possess greater bactericidal effect against Pseudomonas fluorescens, Staphylococcus 
aureus, and Escherichia coli than corresponding 20 nm – 89 nm NPs (Ivask et al. 
2014; Martínez-Castañon et al. 2008). Likewise, in comparison to 0.3 and 0.6 μm 
MgO NPs, 20  nm MgO NPs expressed greater bactericidal effect against 
Xanthomonas perforans at half the concentration (50 μg/ml) (Liao et al. 2019). It is 
also observed that the reduction of size permits easy bacterial penetration by the 

Fig. 15.1 Effects of nanoparticles on the microbial cell structure and function. This illustration 
shows the many ways in which nanoparticles can interact with the bacterial cell via intracellularly 
or extracellularly. 1. NPs can interfere with autoinducer synthesis and secretion. 2. NPs can alter 
ATP synthesis via inhibition of ATP synthase or alteration of membrane potential. 3. NPs disrupt 
the thick peptidoglycan layer of gram-positive cells. 4. NPs can cause membrane damage, result-
ing in spillage of intracellular contents. 5. NPs influence up- and downregulation of various genes. 
6. NPs generate reactive oxygen species (ROS), which can lead to DNA damage. 7. NPs can influ-
ence the efficacy of autoinducer signaling via the receptor. 8. NPs can disrupt the outer membrane 
in gram-negative bacteria, resulting in pit formation. 9. NPs interact with thiol groups of proteins 
causing inhibition. 10. NPs generate reactive oxygen species (ROS) via oxidative stress of the cell. 
11. NPs can pass through porins found in the outer membrane of gram-negative bacteria. 12. NPs 
alter the function of bacterial swarming via flagellar movement. 13. NPs can disrupt all layers of 
gram-negative bacteria, resulting in NP entry to the cell and spillage of intracellular contents. 14. 
NPs interfere with secondary metabolite secretion
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NPs (Manuela et al. 2013). A series of four bacteria (E. coli, Pseudomonas aerugi-
nosa, Bacillus megaterium, and Staphylococcus epidermidis) treated with fluores-
cent 1.5  nm AgNPs exhibited uniform antimicrobial activity (MIC 1.95 μg/ml), 
wherein the most plausible explanation was membrane penetration (Bera et  al. 
2014). Some studies have observed contradicting outcomes. One study showed that 
spherical 25 nm AuNPs penetrated the membrane of Corynebacterium pseudotu-
berculosis, while in a similar study spherical 16 nm AuNPs were incapable of pen-
etrating Salmonella typhimurium, implicating the influence of other physicochemical 
characteristics of NPs and bacteria (Mohamed et al. 2017; Wang et al. 2011). High 
concentrations of metal NPs generally elicit bactericidal effects, although result 
diversity exists when comparing responses of gram-negative and gram-positive spe-
cies against concentrations. Upon exposure of E. coli and S. aureus to varying ZnO 
NPs concentrations (0.125 ml/ml–16 mg/ml), it has been observed that the former 
resisted the bactericidal effect until 16 mg/ml, whereas the latter resisted up to 8 mg/
ml (Emami-Karvani and Chehrazi 2011). Moreover, exposure of negative bacteria 
E. coli, P. aeruginosa, and Vibrio cholera to 25–100 μg/ml AgNPs showed bacteri-
cidal effects surfacing at 75 μg/ml AgNPs (Morones et al. 2005). The surface charge 
of NPs is a main determinant in initial attachment to bacteria cell surfaces. As gram-
negative and gram-positive cell surfaces generally express a negative net charge, 
cationic NPs will have stronger electrostatic attraction towards these bacteria 
(Dickson and Koohmaraie 1989). Cationic NPs have shown increased affinity 
towards gram-negative bacteria however, as their negative charge is greater due to 
physiological differences in membrane structure (Mandal et al. 2016).

10  Interaction of Nanoparticles with Gram-Positive 
and Gram-Negative Bacteria

Gram-negative bacteria such as E. coli and P. aeruginosa are composed of a three-
layer cell wall structure: an inner plasma membrane (PM), a thin peptidoglycan 
layer, and an outer membrane (OM), respectively (Fig. 15.1). The NPs-cell surface 
electrostatic attraction observed in gram-negative bacteria interactions is attribut-
able to the lipopolysaccharide layer of the OM (Arakha et al. 2015). Embedded in 
the OM are porins, transmembrane proteins which mediate the passive diffusion of 
molecules into the periplasmic space of gram-negative bacteria, and exist as either 
specific or nonspecific types, with the latter serving as the gateway of acquiring 
antimicrobial resistance (Iyer et al. 2017; Smani et al. 2014). Comparatively, gram-
positive bacteria such as S. aureus and S. epidermidis comprise a two-layer  structure: 
an inner plasma membrane and a thick outer peptidoglycan layer embedded with 
teichoic and lipoteichoic acids, which give the cell rigidity, its overall negative net 
charge, and act as a chelating agent for metal NPs (Wickham et al. 2009). While OM 
protection partly attributes to the antibacterial resistance of gram-negative bacteria, 
the overall physiological composition of gram-negative membranes is more perme-
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able, and thus more compromised to invasion than gram-positive bacteria. Spherical 
10 and 35 nm AgNPs were observed to have stronger antibacterial activity against 
gram-negative bacteria E. coli and P. aeruginosa compared to gram-positive bacte-
ria S. aureus, in which the AgNPs were approximately only half as effective as the 
latter (Kaviya et al. 2011). The effectiveness of NPs penetration is more substantial 
following NPs cell-surface interactions in which membranes become disrupted and 
highly permeable. Observation of bacteria-NP interactions requires consideration of 
NPs and bacterial physiochemical properties as studies have shown gram-negative 
species such as E. coli, P. aeruginosa, and Klebsiella pseudomonas to be equally or 
more resistant to toxicity in the presence of ZnO and Ag (Ag2S, Ag2Se) NPs than 
gram-positive counterparts (S. aureus, Streptococcus agalactiae); results which 
appear to indicate NP capability of overcoming gram-positive bacterias’ antibacte-
rial resistance mechanisms (Fig.  15.1) (Cakić et  al. 2016; Emami-Karvani and 
Chehrazi 2011; Delgado-Beleño et al. 2018).

11  Nanoparticle Effects on Membrane Disruption 
and Reorganization

The electrostatic attractions heavily influence initial attachment of NPs to gram-
negative and gram-positive cell surfaces (Fig. 15.1). Adherence of NPs to cell sur-
faces primarily results in physical disruption and degradation of lipid membranes, 
and leads to further intracellular damages upon penetration of NPs, including dis-
ruption of permeability (Xie et al. 2011). Some NPs-cell membrane interactions—
as seen with graphene nanosheets and E. coli—pierce and incise lipid membranes 
or extract phospholipid molecules, effectively removing and thinning sections of the 
membrane (Tu et al. 2013). Similar interactions see the release of lipopolysaccha-
rides from the membrane, creating “pits” in the cell surface (Sondi and Salopek-
Sondi 2004; Mandal et al. 2016). Direct physical damage to cell membranes leads 
to leakage of intracellular components as the membrane gradually comes apart and 
lyses (Brayner et al. 2006). Such a mechanism occurred in gram-negative and gram-
positive bacteria Proteus vulgaris and Enterococcus faecalis, where the species 
experienced both degrees of pit formation, leakage, and membrane fragmentation 
when treated with AgNPs (Mandal et al. 2016). Although adherence of NPs to cell 
surfaces to cause extra- and intracellular damages is a major antibacterial mecha-
nism, mere presence does not inherently indicate toxicity. Rather, accumulation 
(i.e., concentration) of NPs in and near intracellular spaces are regarded as a clearer 
indicator (Simon-Deckers et al. 2009).
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12  Interaction of Nanoparticles with Enzymes and DNAs

At the intracellular level, NPs are capable of altering membrane potential (Fig. 15.1) 
and inhibiting enzymes with roles in DNA synthesis, membrane synthesis, and pro-
tein folding (Sohm et al. 2015; Wigginton et al. 2010). Much of metal NPs toxicity 
to intracellular components is due to their affinity for thiols (-SH), a functional 
group found in respiratory and cell wall synthesis enzymes, and cysteine, an amino 
acid essential for protein folding (Slavin et al. 2017). Furthermore, the prevention of 
DNA unwinding may also occur upon binding of DNA by NPs; AgNPs induced 
such a reaction when paired with P. aeruginosa (Batarseh 2004). An E.coli pro-
teome analysis following TiO2 NPs treatment revealed significant downregulation 
of 152 genes, including genes involved in cell structure, protein folding, energy 
metabolism, transcription, and translation (Sohm et  al. 2015). Likewise, another 
proteome analysis of E. coli following AgNPs treatment identified membrane integ-
rity proteins such as those associated with porins, chaperonins, lipopolysaccharide 
assembly, and OM assembly as targets for AgNPs binding (Wigginton et al. 2010). 
It is also reported that metal NPs may act as an antivirulence property by inducing 
virulence factor inhibition of pathogens, as biofilm disruption, modulation of 
swarming motility, and quorum sensing inhibition of P. aeruginosa occurred upon 
treatment with ZnO NPs and FeOOH NPs (Pham et al. 2019; Saleh et al. 2019).

Moreover, the inactivation of plasma membrane respiratory proteins upon chem-
ical group binding may induce reactive oxygen species (ROS) accumulation near 
and within bacterial cells. ROS are produced endogenously in prokaryotes as a by-
product of oxygen metabolism and occur in the forms of highly reactive free radi-
cals, peroxides, and superoxides, all of which are ultimately toxic to bacterial cells 
in superfluous amounts (Park et al. 2009). Bacteria have become capable of respond-
ing and maintaining ROS levels below the lethal threshold; however, upon pro-
longed exposure to stressors such as UV radiation and NPs, endogenous ROS 
production increases above the threshold and induces oxidative stress, damaging 
DNA, proteins, and lipids, and may subsequently result in cell death (Stohs and 
Bagchi 1995).

13  Nanoparticle Effects on Bacterial Metabolism 
and Signaling Systems

The use of nanoparticles as antimicrobial agents significantly impacts different 
aspects of bacterial metabolism, such as ATP synthesis, secondary metabolite syn-
thesis, and redox reactions (Slavin et al. 2017). Additionally, impacts on common 
cellular signaling pathways such as quorum sensing and chemotaxis are observed 
with different nanoparticles in groups of bacteria. The effects of such nanoparticles 
on microbial cellular processes is highly dependent on the size, shape, and concen-
tration of the nanoparticle as well as length of exposure (Azam et  al. 2012; 
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 Gómez-Gómez et al. 2019). The magnitude of impact that the nanoparticle exhibits 
on the cell is highly species-specific, although some bacteria exhibit similar effects 
(Baek and An 2011).

Nanoparticles influence the secretion of secondary metabolites from bacterial 
cells, resulting in positive and negative impacts on the surrounding environment. 
This phenomenon is commonly important for agricultural and soil studies due to its 
specificity with species and nanoparticles. Two different nanoparticles (Ag and 
SiO2) have shown to induce expression of pyrrolnitrin, an antifungal compound 
produced in the soil bacterium Pseudomonas protegens CHA0, leading to inhibition 
of the common plant fungal pathogen C. albicans (Khan et al. 2018). Zinc oxide and 
titanium oxide nanoparticles exhibited negative effects on the secretion of beneficial 
secondary metabolites such as siderophore and indole acetic acid (IAA) molecules 
by three different soil bacteria (Pseudomonas aeruginosa, P. fluorescens, and 
Bacillus amyloliquefaciens) (Haris and Ahmad 2017).

14  ATP Synthesis and Cellular Respiration

Gold nanoparticles alter the activity of adenosine triphosphate (ATP) synthase in 
four different enteric pathogens by adjusting the membrane potential of the cells, 
resulting in a decrease of ATP levels within the bacteria (Shamaila et al. 2016; Cui 
et al. 2012). D. vulgaris, a sulfur-reducing bacterium which is responsible for utiliz-
ing sulfur in energy synthesis, was shown to have a decrease in sulfur reduction 
upon exposure to copper oxide nanoparticles (CuO-NPs). Genes involved in elec-
tron transfer and cellular respiration were downregulated; however, upregulation in 
genes involved in ATP synthesis was present, suggesting that the toxic nanoparticle 
exposure generated a stress response in the cell leading to the utilization of a differ-
ent mechanism of synthesizing ATP in the bacterium (Chen et al. 2019).

Iron oxide nanoparticles (Fe3O4-NPs) were observed to reduce proton movement 
across both Escherichia coli and Escherichia hirae membranes, with E. coli having 
a larger fold reduction when compared to E. hirae. The decrease in proton transport 
correlated with a decrease in activity of the F0F1-ATPase (Gabrielyan et al. 2019), 
which is responsible for utilizing the transmembrane proton gradient to synthesize 
ATP molecules from ADP precursors (Kagawa 1978). However, impacts were much 
more severe for E. hirae than E. coli, indicating a species-specific mechanism for 
ATPase inhibition by the nanoparticles (Gabrielyan et al. 2019).

15  Quorum Sensing and Chemotaxis

Quorum sensing is a method in which bacteria interact with their surrounding envi-
ronment, particularly with other bacterial cells, via secretion of secondary molecules 
known as autoinducers (Fig. 15.1). Once the bacteria interact with a particular con-
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centration of autoinducers, networks of genes will become transcriptionally active to 
alter the bacterial cell for adaptation to the environment (Hagen 2014). The purpose 
of quorum sensing in bacteria is important for synchronizing gene activation among 
bacterial cell communities, which can lead to events such as biofilm formation and 
increased pathogenicity (Schuster et al. 2003; Xiong et al. 2020). In the bacterium 
Chromobacterium violaceum, metallic nanoparticles such as ZnO NPs, TiO2 NP, and 
Ag NPs were shown to negatively impact different steps within the quorum-sensing 
pathway via quorum quenching. Ag-NPs and TiO2-NPs disrupted the synthesis of 
N-acyl-L-homoserine lactones (AHL), an autoinducer of C. violaceum. Additionally, 
exposure to ZnO NPs led to a decrease in the bacterium’s ability to recognize chang-
ing concentrations of autoinducers in the surrounding environment (Gómez-Gómez 
et al. 2019). Green synthesized silver nanoparticles (AgNPs) were observed to nega-
tively impact the quorum sensing ability of Serratia marcescens and also downregu-
late virulence genes mediated by quorum sensing of the bacterium (Ravindran et al. 
2018). A decrease in pyocyanin (a molecule mediated by AHL synthesis) demon-
strated inhibition of quorum sensing in P. aeruginosa upon exposure to increasing 
concentrations of gold nanoparticles (Samanta et al. 2017).

Chemotactic signaling in bacteria is responsible for the directional movement of 
the cell towards a chemically favorable or away from a chemically unfavorable 
environment. In chemotactic signaling, certain gene expressions lead to activation 
or inactivation of flagellar movement. Unfavorable environments generate a swarm-
ing response from the bacterium to move away from the chemical concentration, 
thus utilizing ATP for flagellar activation (Baker et al. 2006). Nanoparticles exhibit 
both positive and negative effects of chemotactic signaling in bacteria. Upon initial 
exposure to gold nanoparticles, Escherichia coli cells showed an increase in chemo-
tactic gene transcription, resulting in an increased swarming motility. This phenom-
enon, which utilizes large amounts of ATP, was quickly diminished over time, 
presumably due to the negative impacts of the AuNPs on the bacterial metabolism 
(Cui et al. 2012). In contrast, the bacterium Desulfovibrio vulgaris was shown to 
have a decrease in gene expression of cell motility genes when exposed to copper 
oxide nanoparticles (CuO NPs), thus indicating a decline in chemotactic signaling 
and movement (Chen et  al. 2019). Silver nanoparticles synthesized by the plant 
Vetiveria zizanioides were shown to inhibit the swarming motility of S. marcescens, 
thus impacting the efficacy of virulence by the bacterium (Ravindran et al. 2018).

16  Antimicrobial and Antibiofilm Activity of Nanoparticles

Microbial cells are densely crowded on solid surfaces to form biofilms and are natu-
rally found as simple or composite bacterial communities in the abiotic and biotic 
environment. Microbial cells produce and secrete extracellular polymeric sub-
stances (EPS), such as proteins, polysaccharides, and DNA (Lasa 2006; Whitchurch 
et al. 2002), and these substances together form the matrix in which microbial cells 
are embedded. Altered metabolic activity of the microbial cells in the biofilm fur-
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ther increases the rates of EPS production, activation, or inhibition of specific genes 
associated with biofilm formation, and/or decrease microbial growth rate providing 
bacterial community an adaptation to these specific environments (Fulaz et al. 2019; 
Flemming et al. 2007).

Bacterial biofilms not only afford the protection to the microorganisms against 
altered environmental conditions, such as pH, osmolarity, nutrient availability, 
mechanical, and shear forces (Fux et al. 2005; Costerton et al. 1995), but they also 
protect bacterial cells from host-defense system, including antibodies and macro-
phages (Stewart and Costerton 2001; Costerton et al. 1999). Therefore, the increased 
resistance to bacteria to the harsh conditions and antimicrobial treatments leads to 
the emergence of multidrug resistance to the latent, persistent, and recurrent bacte-
rial infections. Bacterial biofilms were observed in several types of intracellular 
microbial infections (Olsen 2015; Donlan and Costerton 2002), which cause dis-
eases such as tuberculosis, salmonellosis, periodontitis, endocarditis, and chronic 
lung infection in cystic fibrosis (Davies 2003; Singh et al. 2002; Gómez and Prince 
2007). Of the total chronic microbial infections, 80% microbial infections are bio-
film-related, which are 10–1000 times more antibiotic resistant than the planktonic 
cells (Hall and Mah 2017). It has been previously shown that the two-third of the 
antibiotics are futile against biofilm-related intracellular pathogens (Stewart and 
Costerton 2001).

The structural and physiological complexity of the biofilms not only reduces the 
antibiotic diffusion, but also keep retention of antibiotics at low concentration in the 
cells. The low diffusion and retention of antibiotics in the biofilm are circumvented 
by naturally produced D-amino acids and polyamine by the microbial cells, and 
avert reformation of bacterial biofilms in S. aureus and E. coli (Tack and Sabath 
1985; Schlessinger 1988). It has also been shown that the matrix digesting enzymes 
of S. aureus, Vibrio cholerae, and Pseudomonas aeruginosa promote the degrada-
tion of biofilms. Inhibitors of the quorum sensing genes also dysregulate the reorga-
nization of biofilms and are used as an effective treatment of biofilm-related bacterial 
infections (Flemming et al. 2007).

In recent years, metal nanoparticles, organic nanoparticles, and green nanopar-
ticles have been used as antimicrobial and antibiofilm agents to dismantle and eradi-
cate several biofilm-related bacterial infections (Luo et  al. 2016). However, 
synthesizing metal nanoparticles using microorganisms and plants has now been 
well recognized for rapid, ecofriendly, and easily scaled-up production of bio-
nanoparticles (Singh et al. 2016). Recently, the employment of the nanoparticle-
based antimicrobial therapies has allowed inhibition, disruption, and abolition of 
multidrug resistance bacterial biofilms (Koo et al. 2017). We have only discussed 
selected major types of nanoparticles, which have presented novel delivery applica-
tions as antibiofilm and antibacterial activities (Wu et al. 2015).

Metal oxide nanoparticles (MgO, CuO, CaO, ZnO, Fe2O3, and TiO2) have impor-
tant characteristics, such as small size and shape, high stability and catalytic activ-
ity, and significant antibacterial activity against bacterial biofilms (Dizaj et  al. 
2014). CuO NPs and Fe2O3 NPs were investigated for their antibacterial activity 
against methicillin-resistant Staphylococcus aureus (MRSA) and E. coli (Agarwala 

R. Prabhu Balaraman et al.



389

et al. 2014), where CuO NPs were observed to be more toxic and antibiotic suscep-
tibility than Fe2O3 NPs. TiO2 NPs showed a breakdown of organic compounds and 
form superoxide ions under nonlethal ultraviolet light exposure, and are highly effi-
cient in inhibiting the growth of MRSA biofilm (Shah et al. 2008).

CaF2 NPs especially suppress the effects of major virulence factors (vicR, gtfC, 
ftf, sapP, comDE) in Streptococcus mutans by inactivating the enzyme activity asso-
ciated with glucan synthesis, cell adhesion, acid production and tolerance, and 
genes associated with the quorum sensing pathway (Kalia and Purohit 2011), which 
drastically reduced the rate of biofilm reformation. NO-silica NPs have been 
observed to release silica nanoparticles to destroy 99% biofilm-based microbial 
cells of Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus, 
Staphylococcus epidermis, and Candida albicans (Falsetta et al. 2014; Hetrick et al. 
2009). AgNPs are renowned for in vivo and in vitro antimicrobial activity with 95% 
inhibition in biofilm formation of many bacterial species, including P. aeruginosa 
and Staphylococcus epidermis. Results have indicated that the loosely bound EPSs 
of the wastewater biofilms were invariably removed with Ag-NPs exposure, which 
has exhibited various levels of susceptibility to different bacterial species (Sheng 
and Liu 2011).

Phosphatidylcholine-associated gold nanoparticles (PA NPs) with gentamicin 
have revealed that GPA NPs maintained their antibiotic activities and are more 
effective in disrupting biofilms and inhibited biofilm reformation of pathogens, 
including gram-positive and gram-negative bacteria. In addition, GPA-NPs were 
observed to be nontoxic to the host cells and radially taken up by the macrophages, 
facilitating the killing of intracellular bacteria in infected macrophages. These 
results suggested GPA NPs might be a promising antibacterial agent for effective 
treatment of intracellular biofilm-related chronic infections (reference). The differ-
ential toxicity of these metal-based nanoparticles are seen against multidrug resis-
tance bacterial biofilms and have also been applied as indicative tools for surgical 
devices (Adams et al. 2006; Sawai 2003).

Several synthetic nanoparticles and bio-nanoparticles, including the described 
NPs, have currently emerged as alternatives to the traditional antibiotics for biofilm-
related microbial infections.

17  Environmental Impact of Nanoparticles

With the increasing applications of nanotechnology in medicine and the environ-
mental sector, the role of engineered and biosynthesized NPs for clinical use and its 
release in the environment makes it inevitable. Understanding the impact of these 
released NPs into the environment further provides information on the interactions 
between metal-NPs and the microorganisms, particularly bacteria that constitute the 
majority of the biosphere over three billion years (Saif et al. 2016).

Nanotechnology products and by-products have become a predominant ingredi-
ent in industrial wastes that merge with the aquatic environment through waterways 
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such as drainage, ditches, lakes, and rivers despite effective risk assessment proce-
dures (Moore 1990; Daughton 2004). Nanoscale particles are well understood to 
associate with larger biotic and non-biotic particles in both deposited and suspended 
sediments. The chemical contaminants from industrial wastes get transported 
through suspended sediments over long distances, and their distribution of NPs 
greatly depends on the hydrodynamic and morphological characteristics of water 
bodies (Smedes 1994; Bucheli and Gustafsson 2000). Uptake of these NPs by the 
aquatic biota through direct ingestion or epithelial ways such as gills, olfactory, and 
body walls is a major concern to the marine environment. Unlike eukaryotes, pro-
karyotes (particularly bacteria) are greatly protected from bulk transport of supra-
molecular and colloidal particles across the cell wall because of their defense 
mechanisms. In comparison, eukaryotes such as metazoans undergo endocytosis 
and phagocytosis mechanisms with the cellular internalization of nanoscale parti-
cles into the body. In invertebrate animals, NPs likely target the cellular immune 
system, hepatopancreas, and gut epithelium (Panyam et al. 2003). The liver is highly 
targeted in fishes after the endocytotic transport across the intestinal epithelium and 
endocytosis into hepatocytes. Fullerenes (coated and uncoated) have reported oxi-
dative damage and lipophilicity in mammalian cells, and also inducing oxidative 
damage in the brains of largemouth bass (Oberdörster 2000). The release of such 
metal NPs from industrial effluents into waterways and aquatic systems affects 
human health through direct exposure by skin contact, inhalation of water aerosols, 
direct ingestion of NPs absorbed on foods, and drinking NPs contaminated water 
(Livingstone 2001). Indirect exposure of NPs to humans occurs through the inges-
tion of fish and shellfish, such as mollusks and crustaceans. Mollusks have the char-
acteristics of accumulating suspended nanoparticles and sediments with conventional 
pollutants from environmental release (Livingstone et al. 1990; Moore 2006).

The toxic effect of AgNPs studied on the zebrafish model due to its fast develop-
ment and transparent have reported the deposition of NPs on organs and severe 
developmental effects (Yeo and Kang 2008). A study involving in vivo imaging of 
single AgNPs with a diameter of ~13 nm showed the biocompatibility and toxicity 
of AgNPs inside embryos of zebrafish at each development stage. The study also 
demonstrated the transport in and out of embryos through chorion pore canals 
exhibiting Brownian diffusion (Lee et al. 2007). The antibacterial effect of AgNPs 
against E. coli analyzed through the proteomics method indicated that AgNPs desta-
bilize the outer membrane resulting in depletion of intracellular ATP and break-
down of plasma membrane potential. Dissipation of protein motive force was seen 
with the accumulation of envelope protein precursors with AgNPs penetration 
(Abdelhamid and Wu 2015; Lok et  al. 2006). The inhibitory effect of AgNPs in 
wastewater treatment has been evaluated with extant respirometry and automatic 
microtiter fluorescence assay techniques. The study showed that AgNPs inhibited 
the nitrifying bacteria involved in the nitrification process, which is critical for bio-
logical nutrient removal in wastewater treatment. This impact has initiated stringent 
regulations with the use of AgNPs in wastewater treatment plants (Choi et al. 2008; 
Sharma et al. 2009).

R. Prabhu Balaraman et al.



391

AgNPs also inactivate other microorganisms including fungi, viruses, and algae. 
AgNPs with a diameter size of ~3 nm have shown significant antibacterial effect on 
fungi Candida albicans by inhibiting mycelial formation, cell membrane disrup-
tion, inhibition of normal budding process, and hinder growth and biofilm formation 
in catheter coated AgNPs (Kim et al. 2009). Studies involving AgNPs on viruses 
have reported inhibition of hepatitis B virus replication, adhesion on HIV-1 surface 
and preventing its attachment with the host cells, and reduction of the Syncytial 
virus infection by 44% (Lu et al. 2008; Elechiguerra et al. 2005; Sun et al. 2008).  
In higher organisms, the toxicity effect of AgNPs is observed in Diptera species 
(Drosophila melanogaster) and mammalian cell lines such as fibroblasts of human 
and mice (Arora et al. 2009; AshaRani et al. 2009). The toxicity in these organisms 
occurs through cell leakage, reduction of mitochondrial function, cytotoxic, geno-
toxic, antiproliferative, and reduction in lung function and inflammatory lesions 
(Marambio-Jones and Hoek 2010).

Gold nanomaterials occur in different sizes (1–500 nm) and geometrical shapes 
such as rods, spheres, tubes, wires, and ribbons. Its small size and needle-like struc-
ture makes it an ideal candidate for penetrating inside the cells important for bio-
medical and biomolecular applications (Yah 2013). The needle-like form makes it 
easy for absorption, penetration, circulation, and distribution of AuNPs into cell 
biosystems without cell injury and toxicity (Connor et  al. 2005; De Jong et  al. 
2008). The release of excess AuNPs into the aquatic environment was investigated 
in zebrafish Danio rerio, which showed various effects in fish including genome 
composition. The AuNPs exposure showed variations in oxidative stress, mitochon-
drial metabolism, detoxification, and DNA repair. Also, acetylcholine esterase 
activity increased in brains when exposed to sediments containing AuNPs showing 
altered neurotransmission (Dedeh et al. 2015). The impact of AuNPs on the activity 
of five extracellular enzymes important in nutrient cycling was investigated on agri-
cultural soil with 50 nm citrate-coated and PVP-coated AuNPs. The soil enzyme 
activities and the bacterial community composition increased with the incorporation 
of surface coated AuNPs (Asadishad et al. 2017).

Though iron NPs have wide environmental applications, it presents a risk to the 
environment through improper waste management from industries, leakage, pollu-
tion remediation that has proven serious harm to the soil and groundwater. Zero-
valent nano-iron particles used as a permeable reactive barrier for in situ treatment 
of groundwater undergo transformation in the presence of contaminants and the 
environment, resulting in toxic impacts on microorganisms and soil fauna (Saif 
et al. 2016). These iron NPs showed a high impact on soil microorganisms (such as 
Bacillus cereus) and change microbial biomass by inducing transcriptional and pro-
teomic stress responses (Vittori Antisari et al. 2013; Saccà et al. 2014; Fajardo et al. 
2013). The cytotoxic impact of nanoparticles (zero-valent, magnetite, and maghemite 
iron NPs) towards gram-negative bacteria E. coli showed that the toxicity depends 
on the oxidation state of the NPs generated from reactive oxygen species (ROS). 
ROS include highly unstable superoxide and hydroxyl radicals that get absorbed on 
the bacterial cell membrane and disrupt the functioning of the cell (Auffan et al. 
2008). Zero-valent iron NPs are more toxic than other iron NPs and exhibit strong 
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bactericidal activity under anaerobic conditions (Li et al. 2010; Lee et al. 2008), and 
also their toxicity varies based on age and surface modifications (Phenrat et  al. 
2009). Unlike engineered NPs, green nanomaterials show less toxicity towards 
microorganisms and human cell lines such as human keratinocyte cells. Highly 
toxic zero-valent iron NPs showed no or less toxicity when green synthesized using 
green tea (Nadagouda et al. 2010; Saif et al. 2016).

18  Conclusion

Nanotechnology is an emerging field in science that involves the synthesis and 
development of nanoparticles of various sizes, shapes, composition, and properties. 
Metal NPs are currently used in various fields such as medical imaging, water treat-
ments, and cosmetics industries. Due to its diverse applications, synthesis of metal 
NPs using various methods such as physical and chemical methods has gained 
attention. Biogenic approaches with clean, nontoxic, and cost-effective processes 
are being carried out to overcome the drawbacks of high toxicity and high cost asso-
ciated with such physical and chemical methods. Biosynthesis of metal NPs using 
bacteria through intracellular and extracellular mechanisms is a greener approach 
and eco-friendly technique. It is necessary to classify the types of metal NPs pro-
duced through biological methods, their interactions with the bacterial structures, 
and mechanisms involved in their antibacterial activity for therapeutic applications. 
Hence, we have provided a detailed review of the several metal NPs synthesized 
using different bacterial species through extracellular and intracellular mechanisms. 
Besides, we have highlighted the interactions of NPs at the bacterial cell membranes 
and their antibacterial activity. We believe this can provide a resourceful insight 
while developing a nontoxic metal NPs through biogenic approaches.
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1  Introduction

Living organisms interact with nanomaterials (NMs) of natural and synthetic origin. 
Natural NMs include those from meteorites dust, seashells, smoke particles derived 
from combustion and volcano ashes, or others originated in different physical pro-
cesses such as erosion. Engineered NMs (ENMs) are those produced by man either 
intentionally or unintentionally. ENMs are used in agriculture, cosmetics, medicine, 
energy, packaging, textiles, construction, electronic, optic, sensors, wastewater 
treatment, food, and environmental remediation, among others. Since NMs size is 
similar to that of biological macromolecules, and because of their antibacterial and 
odor-fighting properties, they are extensively used for a number of commercial 
products including wound dressing, detergents, or antimicrobial coatings.

During the last years, the synthesis of new ENMs has grown rapidly. Different 
international institutions including the National Nanotechnology Initiative (Roco 
2004), Carbon Nanotechnology Research Institute (Dai 2006), and Woodrow Wilson 
International Center for Scholars’ Project on Emerging Nanotechnologies (PEN; 
Maynard 2006) have estimated the products and residues containing NMs that could 
be released to global markets and the environment. Keller et al. (2013) predicted that 
the global distribution of ENMs released to the environment could be as follows: 
63–91% to landfills, 8–28% to soils, 0.4–7% to water, and 0.2–1.5% to the atmosphere.

Soil, water, and air embrace different types of biota. Moreover, they display a 
profound interrelationship which at times makes it difficult to treat them as indepen-
dent matrixes. Due to physical and chemical interactions, nanoparticles are able to 
cross the soil layers eventually permeating to groundwater and other water bodies. 
Similarly, NMs present in water may ultimately end in the soil matrix and sedi-
ments. It has been reported that most NMs imbedded in organic matter are physi-
cally stable (Lu et al. 2012); however, some of them may suffer modifications that 
can facilitate their incorporation into plants (Kumar et al. 2018).

Limited processes are reported for the release of NPs into the air, i.e., catalysis 
(Barge and Vaidya 2018; Davies et al. 2018; Fu et al. 2018), lubricants and fuel 
additives production and use (Ali et al. 2018), paint and coatings (Saber et al. 2018; 
Scifo et al. 2018), and the use of agrochemicals (Kah et al., 2018; Xin et al. 2018). 
It is expected that the aerial concentration of nanomaterials be significantly lower 
than those concentrations in soil and water (Loureiro et al. 2018; Meng et al. 2018). 
The most known routes by which nanoparticles dispersed in air can be in contact 
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with living organisms are deposition either in dry and wet conditions (Fang et al. 
2018) followed by their incorporation into the organisms.

In the last years, important efforts have been made to understand the mechanisms 
of interaction of NMs with living organisms. However, systemic effects are still 
unclear, and this includes toxicological processes. Toxicology is the study of adverse 
effects of chemicals on living organisms (Klaassen 2001), and as such requires a 
good understanding of physical and chemical phenomena in order to properly 
explain the processes, and eventually prevent negative effects.

This chapter intends to summarize current knowledge on physical and chemical 
phenomena behind toxicological processes of metallic nanoparticles. This analysis 
would serve for decision-making purposes, mainly when ENMs are intended for 
biomedical purposes.

2  Classification and Properties of Nanomaterials

The word nanomaterial includes the prefix “nano,” which is used to describe objects 
in the range of nanometer units. In the regulatory realm, a complete and constant 
consideration is that of materials in the size range of 1–100 nm. There are several 

Table 16.1 Classification of nanostructured materials

Classification Types Examples

Dimensionality Zero 
dimension—0D

Clusters and Q-dots

One 
dimension—1D

Thin films and surface coatings

Two 
dimensions—2D

Strands of fibers, nanostructured films, nanopore 
filters and free particles

Three 
dimensions—3D

Free nanoparticles with several morphologies, 
colloids, fixed small nanostructures, membranes with 
nanopores

Morphology High-aspect ratio Wires (with shapes as helices or zig-Zag), tubes, belts 
and helices.

Low-aspect ratio Particles or powder in the form of suspension or 
colloids with spherical, oval, cubic, and prism shapes

Composition Single constituent 
material

Can be synthetized by different methods. They can be 
compact or hollow particles and tubes

Composite of 
several materials

Often found in nature as different agglomerated by 
mixed materials. Or can be synthetized to produce 
coated, encapsulated, barcode or grafted materials

Uniformity and 
agglomeration 
state

Isometric size Based in their chemical and electromagnetic 
properties they can exist as dispersed aerosol, 
colloidal and suspension or in agglomerated state. 
This effect can have repercussions in their size and 
surface reactivity

Inhomogeneous 
size
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classifications for NMs; Table 16.1 shows some of them as well as a brief descrip-
tion based on Buzea C. et  al. (2007). NMs are classified according to their 
 dimensionality, morphology, composition, and nature of agglomeration (Table 16.1). 
Other considerations may include the type of approach for their production, i.e., 
bottom-up or top-down. Given the diversity of ENMs, evaluation of toxicity 
becomes complex and several organisms are working towards providing regulations 
of these type of materials. In this context, understanding physical and chemical 
nature of the interactions of living organisms with ENMs becomes crucial.

Physicochemical behavior of NMs differs from their bulk counterparts mainly 
because surface area is extremely different in both materials. The smallest the par-
ticle, the highest the surface area (Zarschler et al. 2016), and the number of atoms at 
the surface. Since surface atoms are less tightly bound as compared to inner atoms, 
those are more likely to interact with the surrounding environment. Some of the 
consequences include a higher reactivity and changes in melting points, among oth-
ers (Schmid 2008). These characteristics will also direct their interaction with living 
organisms. This will be discussed in further sections.

3  Characterization Techniques to Study Physical 
and Chemical Interaction of NMS and Living Organisms

Multiple techniques have been used to study the physical and chemical interactions 
between ENMs and living organisms. Numerous methodologies exist and usually 
they are used in combination. In addition, the choice of one technique over another 
will depend on the objective or goal to be pursued. Herein, we summarize some of 
the main techniques and approaches applied to study the interactions between 
ENMs and organisms.

3.1  Scanning and Transmission Electron Microscopy (SEM 
and TEM)

Electron microscopy uses a beam of electrons to create an image of a sample or 
specimen. In nanotoxicology studies, specimens are mainly cells, insects, leave, 
roots, and tissue samples. An electron beam is generated using a filament or “elec-
tron gun,” which passes through a thin specimen in the case of transmission electron 
microscopy (TEM), or scans over the surface of the sample in the case of scanning 
electron microscopy (SEM). Although SEM and TEM are used for imaging, the 
information provided by both of them is different. SEM gives a detailed surface 
analysis of a given specimen and is a better option than TEM in terms of resolution 
and depth of field. However, the magnifying power is commonly higher in TEM (up 
to 5,000,000×) as compared to SEM (up to 200,000×), because of the efficiency in 
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electrons passing through the specimen. An important consideration with the mag-
nifying power is that TEM applies more energy (80–120 kV) than SEM (5–10 kV), 
which may damage the sample after long exposition to the electron beam. Biological 
sample preparation procedure has few differences for TEM and SEM. Biological 
samples prepared for TEM and SEM need to be dehydrated, then embedded in 
epoxy resin for TEM or coated with a conductive layer for SEM, commonly gold. 
In both cases, the embedding and coating of samples reduce the thermal damage 
and enhances sample imaging.

Nanotoxicology has taken advantage of electron microscopy in order to under-
stand the physical interactions between ENMs and cells. The main interactions 
observed by TEM and SEM are the presence of ENMs in the cell membrane and in 
the cell wall for plant cells. TEM also provides cytoplasm images; therefore, ENMs 
can be observed in this space either unbound or bound to organelles. Some exam-
ples of application for SEM and TEM are the in vitro experiments, where samples 
are analyzed to observe the cell damage of specific strains such as Escherichia coli, 
Staphylococcus aureus, and Bacillus subtilis, among others. TEM has been also 
applied to observe the interactions between ENMs and complex culture of microor-
ganisms in biological reactors (Cervantes-avilés et al. 2018). To avoid misinterpre-
tation of artifacts with ENMs during TEM observation, it is important not to use 
staining agents such as uranyl acetate or lead citrate in sample preparation. 
Therefore, it is highly recommended to combine electron microscopy techniques 
with any analytical or diffraction technique, in order to verify the chemical compo-
sition of materials interacting with cells.

3.2  Energy Dispersive X-Ray Spectroscopy (EDS) and High-
Angle Annual Dark Field (HAADF)

Some spectroscopic techniques such as energy dispersive X-ray spectroscopy (EDS) 
and high-angle annual dark field imaging provide compositional and chemical 
information of ENMs. These techniques are frequently coupled to SEM and TEM 
to analyze specific imaging fields. The purpose is to determine the chemical compo-
sition in selected fields by detecting the electrons released. In samples containing 
microorganisms and nanoparticles (NPs), EDS coupled to SEM or TEM is the most 
reproduced approach (Hondow et al. 2011). However, this technique considers only 
small areas of a cell. The HAADF-STEM imaging has been used to identify the 
chemical composition and perform elemental mapping of single bacteria (Cervantes-
Avilés et al. 2017). A limitation for elemental mapping in HAADF-STEM is the 
high energy level applied in beam (200–300 kV), which may burn the sections of 
the biological samples after some minutes of exposition.
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3.3  Cryo-Transmission Electron Microscopy (Cryo-TEM)

In cryo-transmission electron microscopy (Cryo-TEM), a beam of electrons is fired 
at a frozen hydrated sample. The emerging scattered electrons pass through a lens to 
create a magnified image of the structure (Callaway 2017). Thousands to hundreds 
of thousands of high-resolution 2D images are recorded and aligned to construct 3D 
images of organelles as well as molecules. However, the amount of radiation 
required to collect an image of a specimen in the Cryo-TEM is high enough to be a 
potential source of specimen damage for delicate structures (Wang et  al. 2018). 
Cryo-TEM is complemented with several spectroscopic techniques to reveal some 
interactions between ENMs and organisms as well as molecules such as lipids and 
proteins. For example, the use of X-ray crystallography provides structural details 
(Wang and Wang 2017), while nuclear magnetic resonance (NMR) enables the 
study of specimens larger than 150 kDa (Perilla et al. 2017). Nowadays, the single 
particle Cryo-TEM is an increasingly popular technique to study interactions of 
ENMs with viruses, small organelles, as wells as molecular interactions in cells 
(Stewart 2017), which is due to its ability to solve structures at atomic resolution 
and affinity with X-ray crystallography.

3.4  Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a mechanical-optical instrument based on a 
physical probe, which simultaneously measures specimen surface morphology in 
three dimensions with high resolution. AFM has been employed to study the inter-
action of positively charged dendrimer nanoparticles with lipid bilayers (Nievergelt 
et al. 2015). The limitations in AFM are the softness of biological samples, which 
are easily deformed or damaged by the AFM tip (Wang et al. 2018). AFM has been 
complemented with X-ray 2D imaging methods to differentiate NPs transported 
inside the cells with those adhered to the cell surface (Ma and Lin 2013).

3.5  Laser Scanning Confocal Microscopy (LSCM)

Confocal laser scanning microscopy (CLSM or LSCM) builds an image in a com-
puter from collected points of light by a photomultiplier tube, which is positioned 
behind a confocal pinhole. LSCN is a valuable tool for obtaining high-resolution 
images and 3-D reconstructions (Paddock 2000). Confocal images are obtained in 
the XY and XZ confocal planes through optical sectioning (Z-stack mode). This 
technique has been used to track the permeation of the fluorescent chitosan nanopar-
ticles through deeper skin layers (Abdel-Hafez et al. 2018). LSCN is well  compatible 
with fluorescence labeling and imaging (Sulheim et al. 2016) that allows the target-
ing of ENMs and particular receptors in living organisms.
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3.6  Enhanced Darkfield Microscopy (EDFN) 
and Hyperspectral Imaging System (HIS)

In enhanced darkfield microscopy (EDFM or EDM), darkfield-based illuminators 
emits highly collimated light to the sample. Scattered light from the specimen is 
collected to obtain improved contrast images with bright objects on a black back-
ground. Hyperspectral imaging system (HSI) uses continuous and contiguous 
ranges of wavelengths to obtain the spectrum for each pixel of an image, with the 
purpose of identifying objects. Spectral profiles of known materials can be gener-
ated and saved as reference libraries, in order to be compared with unknown sam-
ples. By using the different spectrum, HSI systems can generate 2D and 3D 
dimensional representation of spatial and spectral data, known as a plane and hyper-
cube or data cube, respectively (Kiani et al. 2018). The simultaneous uses of EDFM 
and HSI have provided a solution for the characterization of NPs in histological 
samples (Roth et  al. 2015), and in wastewater samples (Théoret and Wilkinson 
2017). EDFM-HSI approach allows a faster image acquisition and analysis, which 
saves time and cost in comparison to more intensive conventional techniques such 
as TEM, SEM, and LSCM (Kiani et al. 2018). Additionally, sample preparation for 
EDFM-HSI is typically minimal as well as nondestructive (Roth et  al. 2015). 
Validation and comparison of this approach with traditional techniques (TEM, 
SEM, etc.) in more applications fields will help to extend and intensify its applica-
tion. Despite this, one of the major advantages of EDFM-HSI is the combination of 
imaging with spectroscopy, which allows determining the location and distribution 
of ENMs on in vivo or ex vivo experiments.

3.7  Fluorescence Lifetime Imaging Microscopy (FLIM) 
and Thermometry

Fluorescence lifetime imaging microscopy (FLIM) is based on the timely and inten-
sity response of a fluorophore signal within a sample, which usually corresponds to 
cells from culture or tissues (Orte et al. 2013). To investigate interactions between 
ENMs and living organisms, some macromolecules including proteins and lipids, as 
well as ENMs, are labeled with a fluorophore and analyzed by photon detection 
(Sulheim et  al. 2016). The employment of quantum dots (QDs) has allowed the 
detection of intracellular pH (Orte et al. 2013). One of the most advanced approaches 
of FLIM is the coupling with time-correlated single photon counting (TCSPC). This 
approach has been used in cellular thermometry for spatially resolved temperature 
measurements in living cells by tracking gold nanoclusters (Shang et  al. 2013). 
Since TCSPC-FLIM has demonstrated the potential at spatial and temperature reso-
lution, it can be used to target subcellular areas in biological samples exposed 
to ENMs.
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3.8  Flow Cytometry

Flow cytometry is a laser-based technology employed for cell counting, where fluo-
rescent, quantum dots, or isotopes are used as biomarkers. The capacity of many 
ENMs to reflect light is used as an advantage to visualize and quantify their pres-
ence inside cells to some extent. Recently, a standard operating procedure (SOP) for 
the quantification of nanoparticle uptake by flow cytometry has been developed by 
interlaboratory studies (Salvati et  al. 2018). Absolute nanoparticle numbers con-
sisted in calibrating the label signal in cells followed by relative measurements, 
which were carried out by comparing samples signals with the determined dose-
response calibration curves or uptake kinetics (Kim et al. 2012). The application of 
flow cytometry is a suitable technique to identify the uptake and storage of ENMs 
within cells, which is one of the most critical interactions with living organisms.

3.9  Surface-Enhanced Raman Scattering Detection (SERS)

SERS is an advanced technique that incorporates nanoscale noble metal substrates 
(Ag, Au and Cu) into normal Raman spectroscopy (Sharma et  al. 2012). Weak 
Raman signals can be improved by many orders of magnitude because the excita-
tion of localized surface plasmon resonance (LSPR) on nanoscale-roughened sur-
faces can generate a large electromagnetic field, which increases the Raman cross 
section from the molecules adsorbed to noble metal nanostructures (Guo et  al. 
2016). Ag, Au, and Cu NPs have LSPRs that cover most of the visible and near-
infrared wavelength range (400–1200  nm). SERS intensity is dependent on the 
inherent properties of the ligand molecules and NPs. Therefore, SERS was used to 
know the chemical and physical interactions of those NPs onto fresh spinach leaves 
and pond water samples by analyzing the ligand molecules (Guo et al. 2016). SERS 
has also been applied to detect ENMs inside cells due to the clear difference from 
the cell background. Although Raman signals are limited to the detectable LSPR, 
SERS seems to be appropriate to determine the physicochemical interactions 
between ENMs and organisms.

3.10  Fourier Transform Infrared Spectroscopy (FTIR): 
Surface Functionalization

Fourier transform infrared (FTIR) is a spectroscopy technique based on the infrared 
spectrum of a solid, liquid, or gas, and it is used for qualitative and quantitative 
analysis of mainly organic compounds. FTIR spectroscopy has become a popular 
technique in the field of cancer therapy with an ability to elucidate molecular inter-
actions (Kalmodia et al. 2015). In agriculture, this technique has been used to study 
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interactions between ENMs and cucumber fruit (Servin et al. 2013), as well as at 
molecular level to elucidate the extracellular polymeric substances binding to ENMs 
(Adeleye and Keller 2016). A new approach for infrared spectroscopy is the attenu-
ated total reflectance (ATR) or ATR-FTIR, which is a useful and noninvasive method 
for the study of phospholipid structures in aqueous solutions exposed to magnetic 
nanoparticles (Kręcisz et al. 2016). The application of infrared techniques, either 
FTIR or ATR-FTIR, is useful to elucidate the chemical interactions along ENMs 
and cell macromolecules commonly attached to surface of the particles.

3.11  Techniques Based on Synchrotron Radiation (SR)

Synchrotron radiation (SR) is an advanced light source with a wide frequency range, 
from infrared up to the highest-energy X-rays. SR is an outstanding technique due 
to its brilliance and pulsed light emission. Brilliance is much higher than conven-
tional sources, while pulse durations can be at or below one nanosecond. Also, SR 
is highly polarized, tunable, and collimated and can be focused over a small area 
with much more photons than a conventional source (Li et al. 2015). The radiation 
beam may interact with specimen by the absorption and the scattering phenomena. 
Probably the most used SR techniques to study the nanotoxicology on living organ-
isms are X-ray absorption near edge structure (XANES) and extended X-ray absorp-
tion fine structure (EXAFS). The exposition of a specimen to X-ray induces the 
ejection of one or more electrons from inner levels of energy in the atoms. The 
releasing of electrons generates energy gradients between orbitals, which is detected 
as photons fluorescence. X-ray fluorescence spectrometry (XRF) measures the 
characteristic fluorescence to determine the elemental composition of a sample (Li 
et al. 2015). XRF has allowed a more direct observation of NPs crossing the nasal 
barrier to cerebral cortex and hippocampus region in mice (Wang et al. 2008).

The transmission X-ray microscopy (TXM) based on SR is another excellent 
method for studying the distribution of ENMs in biological samples, in both 2D and 
3D. The combined application of TXM and XANES was able to determine the dis-
tribution and biotransformation of La2O3 NPs in cucumber (Ma et al. 2011). One of 
the most powerful SR approaches for nanotoxicological studies is the combination 
of XRF with XAFS. This strategy is useful to track ENMs inside organisms and to 
get information about both spatial distribution and chemical species from metals of 
interest (Li et al. 2015). This combined approach was useful to know the fate and 
biotransformation of ENMs in microorganisms (Qu et al. 2011), in fruits (Servin 
et al. 2013), and in biological reactors for wastewater treatment (Ma et al. 2014). 
Therefore, the use of single or multiple SR methods clarify both physical and chem-
ical interactions between ENMs and living organisms. However, it is important to 
highlight that some of these approaches and techniques applied for biological and 
histopathological samples rely on statistical confidence and operator expertise.

Of course, other techniques exist and the selection of one over another will 
depend on the purpose of the study. For example, if the researcher intends to deter-
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mine the impact of NPs on protein expression, biochemistry-based techniques 
would be needed. In any case, detection limit and quantification limit are important 
parameters to be taken into account.

4  Physicochemical Interactions of ENMs with Living 
Organisms

When living organisms encounter NPs, physical and chemical properties both dic-
tate the way these entities interrelate. These interrelationships may be influenced by 
particle size, shape, chemical composition, and surface charge (Kamaly et al. 2012; 
Allegri et al. 2016). Chemistry cannot be separated from physics in this intent to 
explain how NPs interact in different media and/or with different organisms. For 
example, a given NP coated with distinctive functional groups will behave differ-
ently, resulting in a selected mechanism of absorption/adsorption (Lin et al. 2010). 
Figure 16.1 depicts physical interactions between ENMs and living organisms from 
terrestrial and aquatic ecosystems. In summary, these correspond to adsorption, 
ingestion, absorption, internalization, and translocation. This section examines gen-
eral physicochemical interactions of ENMs with selected models including plants, 
human cells, and microorganisms. A more detailed discussion on the chemistry 
related to nanotoxicity processes will be provided lately.

4.1  Microorganisms

Bacteria are more abundant in soils than in water and air (Coleman et al. 2018). 
They, along with fungus, allow maintaining and enhancing crop production. Since 
they are ubiquitous in ecosystems and rivers and are vital for nutrient cycles, these 
organisms are an important target for studying the toxic effect of nanoparticles. In 
fact, bacterial diversity and richness are an easy and feasible bioindicator of envi-
ronmental equilibrium and soil productivity (Cravo-Laureau et al. 2017; Asadishad 
et al. 2018; Huang et al. 2018).

Diverse studies have demonstrated that the microbial populations in soils are 
rapidly affected after exposition with NMs (Liu et al. 2017). Due to the economic 
importance of crops, the concerns are focused on the toxicity of nanomaterial on 
microorganisms that promote the plant growth and those that affect the nutrient 
cycling in soils, i.e., plant growth promoting rhizobacteria (PGPR) like Pseudomonas 
aeruginosa, P. putida, P. fluorescens, Bacillus subtilis and N cycle bacteria (Kashyap 
et al. 2017). Regarding to the N-cycling bacteria, some nitrifying and denitrifying 
bacteria have shown varying degrees of inhibition when exposed to ENPs in culture 
conditions or aqueous suspension (Mishra and Kumar 2009).
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It seems that antibacterial mechanisms of a variety of ENMs include the produc-
tion of reactive oxygen species (ROS) that induces oxidative stress and lipid peroxi-
dation, as well as non-ROS pathways (Tang and Lv 2014; Leung et al. 2014; Aurore 
et al. 2018). In some cases, membrane rupture caused by ENMs has been identified 
(Liu et al. 2018). Evidence of nanotoxicity and decrease in population growth has 
also been reported in freshwater and marine microorganisms (Daphnia magna and 
phytoplankton) (Keller et al. 2012).

4.2  Plants

Plants are all covered by a lipophilic cuticle (Meng et al. 2018), which protects them 
from uncontrolled water loss, pathogens, particles, and dirt (Barthlott et al. 2017; 
Tafolla-Arellano et al. 2018). Thus, cuticle is the first barrier for NPs interaction 
with these living organisms. NPs uptake by plants via gas transporters (stomata) has 
been reported. When CeO2 NPs were applied to cucumber leaves, around 3% of the 
total cerium in the plant was found in the roots, demonstrating the leaf-root translo-
cation process (Hong et al. 2014). Foliar application of TiO2 NPs in lettuce resulted 
in their internalization into leaf tissue (Larue et  al. 2014). According to these 

Fig. 16.1 Physical interactions between ENMs (orange dots) and living organisms from terrestrial 
and aquatic ecosystems. ENMs-organisms interface represents interactions corresponding to the 
processes of ingestion (a, d), absorption, and internalization (c, e), adsorption (b, f) and transloca-
tion (g)
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researchers, this process may involve endocytosis, as well as damage to the cellu-
lose wall and cuticle.

As for roots, there are two main pathways for NPs uptake: (a) the apoplastic, and 
(b) the symplastic transport. The NPs that cross porous cell walls can diffuse 
between cell walls and plasma membrane and be subjected to osmotic pressure and 
capillary forces (Pacheco and Buzea 2017; Yanik and Vardar 2018). It has been 
reported that the nanoparticles that pass through the apoplast can reach endodermis 
(Tripathi et al. 2017; Rawat et al. 2017). Depending on materials’ properties, some 
ENMs may form complexes and interact with membrane transporter proteins or root 
exudates, and subsequently translocate into the plant system (Avellan et al. 2017; 
Martínez-Fernández et al. 2017).

4.3  Terrestrial Animals

Insects and aquatic invertebrates are used as models to determine ENPs toxicity. A 
limited number of efforts have been carried out by some researchers to clarify how 
SiO2, Al2O3, Ag, Au, and TiO2 NPs, as well as graphene, act against arthropod pests 
and vectors (Benelli 2018). The most common interactions of those particles with 
insects are by attachment to the body as well as ingestion, which induce metabolic 
damage (Benelli 2018). More specific modes of action include modification of wax 
layer in cuticle resulting in insect dehydration (Stadler et al. 2017), and inhibition of 
enzymes. A very complete review on the interaction of NPs with insects was written 
by Benelli (2018).

In different in vivo an ex vivo experiments with mice, the main physical interac-
tions of NPs were due to absorption, distribution, metabolism, and excretion in dif-
ferent organs such as lungs and gastrointestinal tract (Srivastava et  al. 2015). 
Toxicological responses to the absorption of ENMs in mice organs has been the 
persistent inflammation and fibrosis (Shvedova et al. 2010). In rats, brain damage 
induced by Cu NPs has been reported (Trickler et al. 2012).

As for humans, there are three pathways to get into the body: (a) inhalation, (b) 
oral uptake, and (c) via the skin, called dermal uptake (Guleria et al. 2018). There is 
no doubt that the respiratory system is the most important exposure route for ENMs 
in the human occupational environment (Savolainen et al. 2010). Diverse studies in 
controlled conditions have evaluated the uptake of ENMs via inhalation, especially 
for cosmetics products. Nazarenko et al. (2012) determined the potential effect for 
human contact and inhalation exposure to nanomaterials when using nanotechnol-
ogy-based cosmetic powders; in this study it was suggested that this exposure was 
mainly in the form of agglomerates or NMs attached to larger particles that would 
deposit in the upper airways of the human respiratory system rather than in the 
alveolar and tracheobronchial regions of the lung.

As previously mentioned, skin is the largest organ in the human body and an 
entrance pathway of ENMs in humans. Some evidences confirm that ENMs depos-
ited in the skin may reach the gut lumen through hand-mouth contact (Pietroiusti 
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et  al. 2016). For epithelial layer uptake mechanisms, it has been reported that 
major routes are macropinocytosis, clathrin-mediated endocytosis and caveole-
mediated and non-clathrin, and finally non-caveole-mediated uptake (Fröhlich and 
Roblegg 2012).

Concerning the orogastrointestinal pathway, NPs should reach different tissue 
structures including a cellular layer, an acellular structure (mucus; mucin of pro-
teins), as well as epithelial layers, which represent the highest resistance against the 
passage of chemical compounds and NMs. Dietary intake of TiO2 NPs has been 
estimated as 2.5 mg/individual/d (0.036 mg/kg for a person of 70 kg (Lomer et al. 
2000)). Once ingested, ENMs are subjected to modifications due to the physico-
chemical environment in the orogastrointestinal tract. For instance, the pH varia-
tions from acid to neutral in the oral cavity and intestine have a strong effect on 
surface charge of the particles and, as a consequence, on the agglomeration and 
cellular uptake, among other factors, that can affect bioavailability and absorption.

The mucus barrier is composed by glycosylated extracellular proteins with gel-
forming properties. Mucus layers are formed after the saliva binds to mucins and 
these are deposited in the surface of the epithelium. The thickness of this layer may 
be around 70–100 μm, depending of its composition and location through the gas-
trointestinal section. Thus, in mucus, the interaction of NPs may result in change 
and variation of NPs permeability (Cone 2009). In addition, it has been proven that 
TiO2 NPs induce mucus production (Chen et al. 2011).

4.4  Human Cells

The physical interaction of ENMs with different organs has been studied during 
in vitro assays by exposing histological samples to ENMs. It has been determined 
that the main physical interactions at cell level are the uptake, intracellular distribu-
tion, transformation, and expulsion of ENMs (Li et al. 2015; Srivastava et al. 2015). 
Receptor-ligand interactions, hydrophobic interactions, electrostatic attractions, and 
hydrogen bonds are often involved in the adsorption of ENMs into the cell mem-
brane (Srivastava et al. 2015). Membrane fusion, endocytosis and passive movement 
through the clathrin and caveolae-independent endocytosis or  caveolae-mediated 
endocytosis may occur during the internalization of ENMs (Zhao et  al. 2011). 
Passive diffusion across cell membrane has been observed (Mühlfeld et al. 2008). 
Metal ions released from dissolvable metal oxide nanomaterials can be transported 
into the cells via membrane channels (He et al. 2015; Ma and Lin 2013).

Long-term effects studies are still needed and this information may help in elab-
orating proper regulations.
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5  The Chemistry behind Nanotoxicological Processes 
in Living Organisms

Identifying chemical changes in living structures when they interact with ENMs is 
necessary to understand and evaluate their positive and negative systemic effects. 
This information is crucial for decision-making purposes, for example, in agro and 
biomedical areas. This section discusses selected chemical reactions that take place 
when various metallic ENMs interact with living organisms.

The chemistry of an ENM can be affected even before they enter in contact 
with a biosystem. In addition, NPs per se may be able to modify environmental 
conditions. For example, Vítková et al. (2015) demonstrated that nano-maghemite 
(γ-Fe2O3, NMa) decreased pH of water to 3.0, and that of a simulated root exu-
date solution from 6.42 to 4.93. In addition, NMa, as well as nano-hydroxyapa-
tite and nano-hematite were able to reduce soluble As, Pb, and Sb in a mine soil 
(Arenas-Lago et al. 2019), which indicates possible adsorption of these elements 
to the ENMs. Because of hydration, maghemite surface displays Fe-OH and 
Fe-O(−) motifs (Liu et al. 2008), which may be the responsible for cation removal 
from waters. Also, at low pH, protonated maghemite is able to interact with 
anions (As and Sb). Similar processes remove mineral nutrients from growth 
media affecting their availability for living organisms, potentially causing nutri-
ent deficiency. In this case, cation or anion exchange may be the processes behind 
NP toxicity.

Another source of nutrient deficiency in plants is membrane pores and xylem 
vessel obstruction by NPs. Dimkpa et al. (2013) reported that roots of wheat plants 
grown in ZnO and CuO NPs for fourteen days were surface covered with the NPs. 
Also, Chen et al. (2016) found that Y2O3 NPs nanotubes (31 × 236 nm in size) were 
uptaken by cabbage lateral roots; however, no translocation occurred. In addition, 
they observed NP aggregation and accumulation in external root epidermis.

Interaction of ENMs with cell membrane depends on NP surface charge, size, 
shape, topology, and composition, as well as on cell type. When a cell membrane 
meets NPs, Brownian collisions, wrapping, and internalization may occur, the inter-
nalization particularly through both active and passive transport. These phenomena 
are influenced by factors such as: (a) adhesion energy; (b) membrane bending mod-
ulus; and (c) membrane surface tension (Contini et al. 2018), which in turn depend 
on the chemical structure of the biomolecules. It has been proven that CuO NPs may 
cause membrane rupture (Liu et al. 2018), which may imply that energetic interac-
tions of CuO NPs with cell membrane are higher than the forces maintaining mem-
brane integrity. Also, production of ROS leads to membrane rupture.

Wang et  al. (2012) found CuO NPs in epidermal cell wall, intercellular area, 
cortical cells cytoplasm, nuclei, xylem and phloem, and leaves in maize plants. 
These researchers hypothesized that untransformed CuO NPs may have entered the 
plant system through root apex, transported to the stele with subsequent mobiliza-
tion to xylem and phloem. Dimkpa et al. (2013) demonstrated that, in wheat plants, 
CuO NPs were uptaken in the form of CuO NPs and Cu2+. Moreover, Cu speciation 
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indicated the presence of Cu(II) and Cu(I), this last mainly forming Cu-S bindings. 
Cu(I) and Cu(II) are able to react with H2O2 in Fenton-like reactions to produce 
ROS. Additionally, Pham et al. (2013) determined that Cu(I) also leads to the for-
mation of the extremely oxidant Cu(III) species. In summary, it seems that physico-
chemical phenomena leading to CuO NPs toxicity includes (a) dissolution of CuO 
NPs to yield Cu2+; (b) reduction of Cu(II) to Cu(I) by the action of reductases, fer-
redoxins, or sugars (Wang et al. 2012); (c) Cu(I) and Cu(II) reaction with H2O2 to 
produce reactive oxygen species (O2•, •OH, and 1O2); (d) Cu(I) reaction with H2O2 
to yield the very reactive Cu(III); (e) Lipid peroxidation in cell membrane; (f) pro-
duction of malondialdehyde (MDA) as a result of ROS reaction with unsaturated 
fatty acids and phospholipids (Halliwell and Gutteridge 1989); (g) modifications in 
cell membrane architecture, including potential rupture due to MDA, among others; 
(h) oxidative damage mediated by ROS in proteins and DNA; and (i) unspecific Cu 
binding to proteins. Other metallic NPs yielding specific ROS are TiO2, CeO2, ZnO, 
Fe2O3, and Ag, (Li et al. 2012; Oukarroum et al. 2013).

In some cases, it has been proven that ENMs affects not only DNA but also 
RNA. Sui et al. (2018) demonstrated that TiO2 NPs promote cell apoptosis in mouse 
cells by affecting mi-RNA (miR-350), which are RNA fragments participating in 
the expression of proteins. A great deal of research has been dedicated to study the 
antibacterial properties of a variety of ENMs. Similar to what was observed in 
plants, it seems that main toxic mechanisms include the production of reactive oxy-
gen species (ROS) that induces oxidative stress and lipid peroxidation, as well as 
non-ROS pathways (Tang and Lv 2014; Leung et al. 2014; Aurore et al. 2018).

Photocatalysis is another toxicity mechanism in living organisms. TiO2 NPs 
interact with UV light to promote a valence electron to the conduction band. This 
leaves a vacancy that allows TiO2 to extract an electron from H2O or OH−, yielding 
radicals OH•, which in turn reacts with biomolecules as previously explained 
(Zhang et al. 2015).

Regarding NP surface characteristics, Asati et al. (2010) demonstrated that CeO2 
NPs displaying dissimilar surface charges were differentially uptaken by normal 
(cardiomyocytes H9c2; human embryonic kidney cells, HEK293) and cancer cell 
lines (lung carcinoma A549; breast carcinoma, MCF-7). They also determined that 
endocytosis may be the mechanism of CeO2 NP uptake by the studied cells.

Table 16.2 shows CeO2 NPs distribution in the cells, as per the results of either dye-
ing with Lysotracker or tracking lysosome activity. Researchers also determined cell 
viability, which was negatively correlated with the presence of ceria in the  lysosomes. 
Thus, CeO2 NPs toxicity is associated with lysosomic activity which may lead to deg-
radation of biological material causing cell death. These researchers concluded that 
positively charged CeO2 NPs were the most toxic to the tested cell lines.

A similar conclusion was reached by Fröhlich (2012) who stated that a positive 
surface charge in some polymeric NPs results in a higher toxicity in nonphagocytes 
because of plasma membrane rupture and organelles dysfunction. However, phago-
cytes prefer negatively charged NPs. This researcher also concluded that Clarthin 
mediated the endocytic process.
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Nutrient competition appears to be another toxic mechanism. Dimkpa et  al. 
(2013) observed that the aerial plant tissue Zn was in the form of Zn phosphate in 
wheat plants fed with ZnO NPs. These researchers proved that the phosphate was 
formed inside plant tissue and not in the rhizosphere environment. Phosphate is an 
important constituent of nucleic acids and phospholipids. It is also essential for 
energy conversion in the cell. Since Zn phosphate is insoluble in water, this process 
may be involved in the toxicity, as no phosphate was available for the formation of 
the mentioned biomolecules. Further research is needed to confirm this hypothesis.

6  Conclusions

Different physicochemical interactions take place when a nanoparticle/material 
encounters living organisms. To study these phenomena, a variety of analytical 
techniques can provide different types of information. Even before entering biosys-
tems, ENMs interact with different chemical species by adsorbing them, avoiding 
nutrient availability. First contact of ENMs with cells involves physicochemical and 
thermodynamic interactions where NMs surface charge, as well as membrane adhe-
sion and surface tension dictate uptake and toxicity rates. Endocytic processes and 
ROS generation are the main events responsible for NPs internalization, and toxic-
ity, respectively. ROS react with a variety of biomolecules to disrupt mechanical 
integrity or metabolic activity. Further kinetic models detailing metals and metal 
oxides reactions of ENMs with biomolecules will provide extremely useful infor-
mation to evaluate and compare nanotoxicity of different materials.
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1  Introduction

Nanomaterials are defined by the U.S.  National Nanotechnology Initiative as  
materials that are 1–100 nm in size in at least one dimension. In recent years, nano-
technology has been involved in the creation and manipulation of materials at 
nanoscale levels to generate products that exhibit novel properties (Hussain et al. 
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2005; Sanjay et al. 2014). The novel physical characteristics of nanomaterials can 
result in their having drastically different chemical and biological properties com-
pared to the same material in bulk form. The unique chemical and biological proper-
ties of nanomaterials make them useful in many products for humans, including 
some in industry, agriculture, business, medicine, clothing, cosmetics, and food 
(Gonzalez et al. 2008; Brar et al. 2010; Ganguly et al. 2019). Nanotoxicology is an 
emerging field of research as a response to an exponential growth in the develop-
ment and production of engineered nanoparticles (NPs) worldwide. The interactions 
of NPs with biological systems as well as their environmental and human health 
effects have not been fully explored (Gwinn and Vallyathan 2006). There is concern 
that research on the possible health risks of NPs is not keeping pace with the rapid 
growth in the number of NP products entering the industry and market. Due to their 
special physicochemical features, NPs biological behavior may differ from that of 
larger particles (Maurya et al. 2012). Nanotechnology research and development by 
industry and governments worldwide have been increasing dramatically. It has been 
expected that NPs will contribute approximately trillion dollars to the global econ-
omy (Nel et al. 2006; Xia et al. 2008). These particles may exist in aggregated or 
discrete form and can be tube like, spherical, hexagonal, or irregularly shaped. Since 
the use and manufacture of NPs are increasing day by day, humans and animals are 
more likely to be exposed through consumer products and the environment contami-
nation. The rapid growth and commercialization of nanotechnology along with the 
health and safety recommendations for engineered nanomaterials are currently the 
area of greatest concern. With increase in production and use of nanomaterials 
increase, the possibilities of exposure of workers and the public to these NPs will 
surely increase (Stebounova et al. 2012). It has been seen that manufactured NPs can 
cause potential harmful effects on heath. Due to their unlimited utilization potential, 
metal and metal oxide NPs are now a major health concern. Metal and metal oxide 
NPs are widely used in the manufacturing of various commercial products and their 
applications are expected to massively expand during the next few years.

Oxidative stress (OS) has been implicated in NPs toxicity. OS elicits a wide 
variety of cellular events, such as apoptosis, cell cycle arrest, and the induction 
of antioxidant enzymes, and hence it is thought to be involved in nanoparticle 
toxicity (Fig. 17.1). Previous studies on NP toxicity with various cell types and 
NP types have reported that OS is one of the most important toxicity mechanisms 
related to NP exposure (Shvedova et  al. 2003; Green and Howman 2005; Lin 
et al. 2006; Monteiller et al. 2007). Cellular redox homeostasis is carefully main-
tained by an elaborate antioxidant defense system, which includes antioxidant 
enzymes, proteins, and low molecular-weight scavengers. Excessive ROS pro-
duction or a weakening of antioxidant defense could lead to OS. It is a state of 
redox disequilibrium that is defined as a decrease in the cellular glutathione 
(GSH)/glutathione disulfide (GSSG) ratio but functionally should be seen as a 
cellular stress response that activates a number of the redox-sensitive signalling 
cascades (Li et  al. 2003; Sharma et  al. 2019). The GSH/GSSG redox pair not 
only serves as the principal homeostatic regulator of redox balance but also func-
tions as a sensor that triggers the stress responses that depending on the rate and 
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level of change in this ratio could be protective or injurious in nature (Xiao et al. 
2003; Kumar et al. 2015).

OS includes various deleterious processes resulting from an imbalance between 
protective antioxidants and damaging oxidants, reactive oxygen and nitrogen species 
(ROS and RNS, respectively). High levels of ROS or RNS are deleterious to all 
classes of cell components: lipids, proteins, nucleic acids, and other macromolecules. 
However, these species are also produced during normal physiological  processes, 
reacting with cellular components, leading to the activation of intracellular signalling 
pathways and nuclear transcription factors, inducing gene expression and cell 
responses such as repair, adaptation, or transformation. Cumulatively these processes 
are described as redox signalling (Sen 1998; Allen and Tresini 2000; Forman and 

Fig. 17.1 Overview of signalling cascade-mediated nanotoxicity
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Torres 2001; Sharma et  al. 2017a, b). Currently, most of the reported methods to 
evaluate whether NP can induce OS have been ascertained by classical oxidative 
stress assays. However, these techniques designed for testing established drugs and 
chemicals are not always well adapted to evaluate impact of NPs. Indeed, some NPs 
can interfere with assay components and readout systems leading to conflicting 
reports and the generation of unreliable data due to their unusual physicochemical 
properties that include:

• High surface area, and as a consequence increased reactivity.
• Different optical properties that can interfere with fluorescence or visible light 

absorption detection systems.
• Increased catalytic activity due to enhanced surface energy.
• Magnetic properties that make them redox active and lead to interference with 

methods based on redox reactions (Pulskamp et al. 2007; Doak et al. 2009; Kroll 
et al. 2009).

2  Cellular Uptake of Nanoparticles

The advancement of NPs for a broad range of biomedical applications anticipates 
safer and more efficient resolutions to numerous medical issues. NPs are very small 
in size and some of them are also polar, but they cannot diffuse through the plasma 
membrane. The process by which the NPs enter into the cell is a crucial factor for 
deciding the toxicity, biomedical functions, and bio-distribution of NPs. The secured 
entry of NPs into the cells is a crucial step to accomplish high output of prognostic 
and therapeutic efficacy (Behzadi et al. 2017). Along with this, the intracellular des-
tiny of NPs is crucial to their success. It is believed that NPs are important with 
respect to delivery of specific molecules such as drugs, genes, and contrast agents to 
the cytosol, nucleus, or other specific intracellular sites. However, efficient and con-
trolled entry/trafficking of NPs into cells is a tough task. NP interactions with cell 
membranes and understanding of cellular uptake and trafficking mechanisms are 
very vital for the designing of harmless and effective nanomedicines. Addressing 
these issues in the light of NPs physicochemical properties, optimized cellular 
uptake, targeting, and trafficking can be appropriately achieved.

The exterior of NPs in biological fluids is changed by the process of biomole-
cule’s adsorption on the surface (Walkey and Chan 2012). The adsorbed proteins on 
the surface of NPs are known as “protein corona.” Protein corona coated NPs are 
available for the cellular uptake instead of native surfaces of NPs and thus the bio-
logical identity of NPs is recognized by the coated protein (type, quantity, and con-
formation) layers by the cells (Walczyk et al. 2010).

Some critical factors influencing biological recognition of the NPs are out-
lined below:

 1. Physicochemical properties of NPs such as surface chemistry, size, shape, 
charge, surface hydrophilicity/hydrophobicity, and polydispersity collectively 
affect their biological attributes. These physicochemical features provide a sub-
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stantial impact in regulating NPs uptake, endocytotic route, as well as the pro-
cess of cytotoxicity.

 2. The biological factors revealing the protein sources such as human or rat serum 
and the profusion of protein molecules are important factors.

 3. Experimental factors such as change in the local temperature during the hyper-
thermic events, incubation period temperature, adsorption temperature, ionic 
strength, and osmolarity directly affect the properties of NPs.

Interaction of NPs with microenvironment present around the target cells is an 
important step for their biological recognition before their interaction with the outer 
target cell membranes. The microenvironment includes extracellular matrix (ECM), 
pH, fibrosis, etc. that can interfere with the interaction of the NPs with the cells, 
their entry, characteristics, and eventually alter their intracellular destiny. 
Furthermore, some other microenvironmental factors, e.g., vascular endothelial 
growth factor, matrix metalloproteinases, bradykinin, and prostaglandins, can also 
regulate the interaction of NPs and cell.

NPs interact with the membrane components or with the ECM when coming 
closer to the external surface of the cellular target. Endocytosis mainly facilitates 
the entry of the NPs inside the cell. After endocytosis of NPs, endocytic vesicles are 
formed and NPs are moved to specific intracellular sorting/trafficking compart-
ments. Different endocytotic pathways can be used by the different cells to internal-
ize the same NPs.

2.1  Intracellular Trafficking

The ultimate fate of cell and therapeutic or imaging effectiveness of NPs mainly 
depend on their intracellular trafficking. When NPs enter into the cells by the endo-
cytosis process, intracellular trafficking process starts with the help of cellular endo-
somes network along with endoplasmic reticulum, Golgi apparatus, and lysosomes 
(Zhao et al. 2011). However, in other studies it has been reported that the endocy-
tosed NPs leave the endocytic pathway at any stage and enter directly into the cell 
cytoplasm. In such cases NPs evade the fusion step with the lysosome, hence cir-
cumventing the lysosomal degradation process. As a result, NPs interact with the 
cytoplasm of the target cell or other intracellular compartment. In addition to this 
autophagy may also regulate the intracellular fate of NPs as it reduces the above-
mentioned bypass process by recapturing NPs and enabling the process of lyso-
somal degradation.

There are numerous hidden factors such as cell vision and protein corona pro-
duce difficulties in cellular trafficking of NPs (Azhdarzadeh et  al. 2015). Cell 
vision refers to the mechanisms/behavior that any specific cell can employ in 
response to NPs. Many proteins secreted by the cells may affect the biological 
recognition of NPs. Further, the type of applied protein on the NPs surface can 
also affect the intracellular trafficking (Schöttler et  al. 2016). A recent finding 
regarding the biological identity of NPs revealed that different types of diseases 
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could change the natural acceptance, intracellular fate, cellular uptake, and the 
toxicity of NPs (Hajipour et al. 2015). NP’s entry and intracellular localization 
pathway affects the commencement of the cytotoxicity by them (Albanese 
et al. 2012).

3  Nanotoxicity and its Mechanism

Toxicity profiling of nanomaterial has been studied in various biological systems, 
cell lines, and different organisms including rodents, humans, and other aquatic spe-
cies such as catfish and zebrafish (Wang et al. 2011), as well as in algae (Sohaebuddin 
et al. 2010). Nanomaterials of carbon and metallic origin are the most widely used 
variety of nanomaterials. Metallic nanoparticles of silver, gold, copper, nickel, 
cobalt, and aluminum have been widely studied in recent past years. Metallic 
nanoparticles are useful in several industrial purposes as additives in pharmaceutics, 
cosmetics, and as food colorants.

ZnO and TiO2 NPs are used as additives in sunscreen lotion or fibrous compo-
nent and the skin gets exposed to these metallic nanoparticles if applied topically as 
lotion or cream. In addition to the consumer products, the manufacture and use of 
NPs will definitely lead to increased occupational and environmental exposure. The 
toxicity of metal oxide (TiO2, ZnO, CuO, CuZn, Fe3O4, and Fe2O3) NPs has been 
reported by several workers and the extent of toxicity depends on the type of nano-
material (Yang and Watts 2005; Grassian et al. 2007; Jin et al. 2008; Karlsson et al. 
2008; Ray et al. 2009). Zhu et al. (2013) studied the comparative toxicity of three 
nano-metal oxides of Cu, Cd, and Ti. Nano-CuO was found to cause the potent 
cytotoxicity and DNA damage via formation of 8-hydroxy-2-deoxyguanosine 
(8-OHdG), while nano-TiO2 was the least toxic. At mechanistic level, it has been 
shown that nanotoxicity generates ROS which ultimately leads to OS in tissues 
(Gonzalez et al. 2008).

3.1  ROS Generation and Oxidative Stress

ROS, key signalling molecules during cell signalling and homeostasis, are reactive 
species of molecular oxygen. ROS constitute a pool of oxidative species including 
superoxide anion (O2

•), hydroxyl radical (•OH), hydrogen peroxide (H2O2), singlet 
oxygen (1O2), and hypochlorous acid (HOCl). ROS are generated intrinsically or 
extrinsically within the cell. Molecular oxygen generates O2

•−, the primary ROS via 
one-electron reduction catalyzed by nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase. Further reduction of oxygen may either lead to H2O2 or •OH via 
dismutation and metal-catalyzed Fenton reaction, respectively (Risom et al. 2005). 
Some of the endogenous sources of ROS include mitochondrial respiration, inflam-
matory response, microsomes, and peroxisomes, while engineered nanomaterial 
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and environmental pollutants act as exogenous ROS inducers. Physiologically, ROS 
are produced in trace amounts in response to various stimuli. Free radicals occur as 
essential by-products of mitochondrial respiration and transition metal ion-cata-
lyzed Fenton-type reactions. Inflammatory phagocytes such as neutrophils and 
macrophages induce oxidative outburst as a defense mechanism towards environ-
mental pollutants, tumor cells, and microbes.

The level of ROS generation by engineered nanomaterials is dependent on the 
chemical nature of the NPs (Gonzalez et  al. 2008). Compared to their bulk-size 
counterparts, engineered nanomaterials possess a small size, high specific surface 
area, and high surface reactivity, leading to the production of higher levels of ROS, 
and resulting in cytotoxicity and genotoxicity (Oberdorster et al. 2005). A variety of 
nanomaterials has been found to induce toxicity mediated by ROS in many biologi-
cal systems, such as human erythrocytes and skin fibroblasts (Li et  al. 2012). A 
variety of NP including metal oxide particles induces ROS as one of the principal 
mechanisms of cytotoxicity (Risom et al. 2005). NPs have been reported to influ-
ence intracellular calcium concentrations, activate transcription factors, and modu-
late cytokine production via generation of free radicals (Huang et  al. 2010c; Li 
et al. 2010).

Not all nano-metal oxide-induced toxicity is mediated by ROS. A good example 
comes from the study by Karlsson et al. (2008). They determined the cytotoxicity, 
DNA damage, and oxidative stress of different nano-metal oxides (CuO, TiO2, ZnO, 
CuZnFe2O4, Fe3O4, and Fe2O3), carbon NPs, and multiwalled carbon nanotubes 
(CNTs) in human lung epithelial cell line A549. Among nano-metal oxides, nano-
CuO was found to be the most powerful in inducing cytotoxicity, DNA damage, 
producing oxidative lesions, and considerably increasing intracellular ROS while 
nano-ZnO exhibited cytotoxicity and DNA damage response only. Nano-TiO2, con-
taining both rutile and anatase forms, merely produced DNA damage. Nano-
CuZnFe2O4 was effective in inducing DNA lesions whereas Nano-Fe3O4 and 
nano-Fe2O3 displayed no or low cytotoxicity. CNTs caused cytotoxicity DNA dam-
age. The study indicated that nano-CuO exhibited the highest cytotoxicity and 
genotoxicity, and is the only studied nanomaterial that induces ROS (Karlsson 
et al. 2008).

Huang et  al. (2010a) proposed the hierarchical model of oxidative stress to 
explain a mechanism for NP-mediated OS. This model illustrated that cells and tis-
sues responded to increasing levels of OS via antioxidant enzyme systems upon NP 
exposure. During mild OS conditions, transcriptional activation of phase II antioxi-
dant enzymes takes place via nuclear factor (erythroid derived 2)-like 2 (Nrf2) 
induction. At an intermediate level, redox-sensitive mitogen-activated protein 
kinase (MAPK) and nuclear factor kappa-light-chain enhancer of activated B-cells 
(NF-Кβ) cascades mount a pro-inflammatory response. However, extremely toxic 
levels of OS result in mitochondrial membrane damage and electron chain dysfunc-
tion leading to cell death. Some of the crucial factors supporting the pro-oxidant 
effects of engineered nanomaterials include either the depletion of antioxidants or 
the increased production of ROS. Perturbation of the normal redox state contributes 
to peroxide and free radical production that has adverse effects on cell components 
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including proteins, lipids, and DNA (Huang et al. 2010a). Depending on chemical 
reactivity, OS can produce DNA damage, lipid peroxidation, and activation of sig-
nalling networks associated with loss of cell growth, fibrosis, and carcinogenesis 
(Knaapen et al. 2004; Valko et al. 2006). Besides cellular damage, ROS can result 
from interactions of NP with several biological targets during cell respiration and 
metabolism, ischemia/reperfusion, inflammation, and metabolism of various NPs 
(Risom et al. 2005). Most significantly, the OS resulting from occupational nanoma-
terial exposures as well as experimental challenges with various NPs lead to airway 
inflammation and interstitial fibrosis (Donaldson et al. 2004; Nel 2005).

3.2  Nanoparticle-Induced Oxidative Stress

Generation of ROS and consequent oxidative insult in the form of OS are the chief 
culprit of NP-mediated toxicity. NPs have potential to enter inside cell membrane 
and exert various biological responses such as mitochondrial dysfunction, signal-
ling cascade activation, apoptosis, and cell cycle arrest in the cytoplasm of cell 
(Asha Rani et al. 2008; Bhabra et al. 2009; Mahmoudi et al. 2011). NP-induced 
cell death (apoptosis and necrosis both) mainly depends on the NPs concentra-
tion, exposure duration, as well as on the type of cellular system investigated (Pan 
et al. 2009). Hydrophilic NPs such as TiO2 have oncogenic character and could 
convert the progression of benign mouse fibro sarcoma cells into malignant cells 
via ROS generation (Onuma et al. 2009). Exposure of NPs to lysosome (acidic 
environment) induces ROS generation. Surplus ROS have ability to cleave the 
DNA strand and therefore affect the gene expression. Previous studies have 
revealed that NP-induced ROS generation either mediated or promoted the activa-
tion of the mitogen-activated protein kinase (MAPK) pathways. All types of 
MAPKs including growth factor-regulated and stress-regulated ERKs, c-Jun NH2 
terminal janus kinases (JNKs), and p38 MAPKs are involved in this signal trans-
duction mechanism (Son et al. 2011). However the precise mechanism of ROS-
induced MAPKs activation are not well defined. Gyoton and coworkers (1996) 
concluded that ROS activates the MAPKs via activation of growth factor recep-
tors (Guyton et al. 1996). Ag-NPs possibly can induce the ROS generation and 
decrease the Akt and ERK activation; however Au-NPs reduce the EGF-dependent 
Akt and ERK activation, while superparamagnetic iron oxide (SPION) changed 
the EGF-mediated transcription and influenced cell proliferation, migration, and 
receptor expression (Comfort et al. 2011).

A dose-dependent toxicity profile of FeO2 NPs has been shown to be mediated 
by increased oxidative stress (Naqvi et al. 2010). By using DCFDA assay after NP 
exposure, it was concluded that ROS is generated in concentration-dependent man-
ner which eventually leads to cell death and injury. Lactate dehydrogenase assay 
further proved that NPs inflicted concentration- and time-dependent damage. NPs 
SPION causes cytotoxicity and oxidative stress by induction of redox-sensitive 
AP-1, and NF-κB signal transduction pathways (Murray et al. 2012).
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CuO-NPs cause genotoxicity through the activation of p53 pathway in humans 
(Ahamed et al. 2010). In addition to this, Nrf2, NF-κB, and AP-1 were also found to 
be associated with CuO-NP exposure to HepG2 cells (Piret et al. 2012) and the toxic-
ity pattern was in dose-dependent manner (Fahmy and Cormier 2009). TiO2-NP expo-
sure to U937 human monoblastoid cells causes apoptosis via mitochondrial dependent 
pathways. Kang et al. (2008) found that TiO2-NPs cause ROS generation in lympho-
cytes, therefore activating the p53-mediated DNA damage checkpoint signals. TiO2-
NPs (600 μg/ml) exposed to fibroblast cell causes 80% viability within 24 hours (Jin 
et al. 2008). Sharma et al. (2009) showed that because of their smaller size zinc oxide 
NPs have ability to interact with DNA and reported DNA damage on exposure to 
human epidermal cell line (A431). If it is present as soluble NPs, it causes redox 
imbalance by the production of intracellular ROS. Experimental reports advocated 
that the cell endeavors to restore the redox imbalance via activation of transcription 
factor NF-κB which is accountable for the synthesis of enzymes involved in antioxi-
dant defense pathways (Mercurio and Manning 1999; Christman et al. 2000).

3.2.1  DNA Damage

ROS generated inside the cell through the physiological process such as photosyn-
thesis, respiration, and cell signalling are regulated by either the enzymes such as 
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase or by the 
nonenzymatic antioxidants such as ascorbic acid, cysteine, glutathione, and biliru-
bin (Xu et al. 2016). Redox homeostasis can be altered by the free radical surge that 
can cause oxidative damage to the cells (Tapeinos and Pandit 2016). OS is a key 
element associated to nanotoxicity, coupled with altered cell motility, cell death, 
improper cell signalling, DNA damage, cytotoxicity, cancer initiation, and progres-
sion (Nel et al. 2006; Xia et al. 2008; Zhu et al. 2013).

NP-mediated DNA damages are the result of generation of free radicals such as 
hydroxyl radicals, which interact with the DNA to form a adduct 8-hydroxyl-20-de-
oxyguanosine (8-OHdG) that eventually leads to the DNA damage (Valavanidis et al. 
2009). 8-OHdG is a significant biomarker of hydroxyl radical-induced DNA damage 
as its level is elevated during in vitro and in vivo exposure to NPs (Eblin et al. 2006; 
Inoue et al. 2006). An in vivo study by Song et al. (2012) reported that NPs (Ag, Ti, 
Fe, Cu) exposure causes nucleic acid damage-mediated genotoxicity. Moreover, ROS-
induced lipid peroxidation associated mutations are also involved in NP-induced 
genotoxicity (Howden and Faux 1996; Turski and Thiele 2009; Shukla et al. 2011). 
Oxidative DNA damage is result of various mechanisms such as mutation, carcinogen 
attack, and aging-related diseases. ROS generation and OS triggered by NPs are cru-
cial to DNA damage that improper cell signalling that and ultimately causes altered 
cell motility, apoptosis, and sometimes carcinogenesis (Fig. 17.1). Hence, the need of 
the hour to understand the mechanism by which NPs causes the adverse impact. DNA 
is a critical cellular target of ROS. Free radical-induced DNA damage involves sugar 
and base lesions, strand breaks (both single and double), DNA-protein crosslinking, 
as well as the formation of a basic site (Valko et al. 2006). Highly reactive radicals, 
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such as hydroxyl radicals, can damage DNA quickly in the vicinity, whereas the less-
reactive ROS may interact with DNA at a distance.

3.2.2  Cellular Damage

During OS, ROS generation surpasses the antioxidant defense system capability of the 
body to detoxify the reactive intermediates formed or to repair the cellular damage 
(Kumar et al. 2015; Sharma et al. 2017a, b). Free radicals generated in the system plays 
vital role in regulation of signal transduction, homeostasis, and defense mechanism 
(Kumar and Pandey 2013; Gupta et al. 2021). However under conditions of surplus 
production they inflict damage to cellular membranes as well as the macromolecules 
such as DNA, protein, and lipid causing harmful effects (Mishra et al. 2013; Kumar and 
Pandey 2015). Intrinsically ROS are generated through the cellular respiration, and dur-
ing inflammatory response in peroxisome and microsomes. Environmental pollutant 
and NPs cause ROS generation through the intrinsic pathway (Fahmy and Cormier 
2009; Sarkar et al. 2014). Phagocytic cells of the body exude free radicals as a defense 
mechanism in response to the microbes, environmental pollutants, and cancer cells 
(Risom et al. 2005). Metallic NPs are found to exhibit their cytotoxic property via ROS 
generation (Fig. 17.1). They alter the intracellular Ca2+ concentration, activate several 
transcription factors, as well as curb the cytokine production via ROS generation (Li 
et al. 2010; Huang et al. 2010a, b). To cope up with the NP exposure induced ROS surge, 
cellular systems activates their antioxidant defense mechanisms in the body (Sies 1991). 
Transcription factor Nrf2 is activated during the low level of OS as a defense mecha-
nism. At moderate level of ROS generated, the MAP kinase and nuclear factor NF-ҝB 
induced pro-inflammatory response is activated. However, under severe OS mitochon-
drial dysfunction ensues via membrane damage and ultimately causes impaired electron 
transport system and cell death. Engineered NP exposure may lead to either increased 
ROS generation or riddance of antioxidant molecules (Valko et al. 2006; Buzea et al. 
2007). In addition to the cellular damage, OS resulting from occupational NP exposures 
may exhibit adverse effect on organ system by causing airway inflammation and fibrosis 
(Donaldson et al. 2004; Nel 2005).

4  Nanoparticle and Inflammation

In several studies on single- as well as multiwalled CNTs and fullerene derivatives, it 
has been reported that the initiation of inflammation process occurs in various cell types 
(cultured monocyte-macrophage cells, alveolar and bronchial epithelial cells, and epi-
dermal keratinocytes) (Khanna et al. 2015). The mechanistic study done by the compu-
tational model portrays that these CNTs and C60 fullerenes may be treated as pathogens 
by the Toll-like receptors which in response initiates the innate immune responses by 
the target body cells and as a result the inflammatory protein mediators such as chemo-
kines and interleukins are secreted (Turabekova et al. 2014). Hypersensitivity and ana-
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phylaxis reactions may be started by the activation of the complement system of the 
body on the exposure with the liposomes and other lipid-based NPs (Dobrovolskaia 
et al. 2008). The mechanism behind this event of nanotoxicity caused by the comple-
ment proteins has not yet been entirely revealed (Zolnik et al. 2010).

After initiation of the inflammation process, the by-products of inflammation like 
ROS, complement proteins, and receptor-induced apoptosis/necrosis cause toxicity 
which leads to the cell death (Fig. 17.1) (Wallach et al. 2014). However, these cas-
cades are not fully explored in the context of cytotoxicity caused by the NPs (Khanna 
et al. 2015). A study on the lung injury as well as pulmonary fibrosis caused by the 
NPs clearly showed that ROS generated in the system activated the NF-κB and pro-
inflammatory mediators such as IL-6, IL-8, IL-2, and TNF-α (Byrne and Baugh 2008).

Various metal oxide NPs such as cadmium, iron, silica, and zinc also cause toxic-
ity by the NF-κB-mediated inflammatory cytokines (Pujalte et al. 2011). Roy et al. 
(2014) revealed in their study that the toxicity caused by the zinc oxide NPs is 
mainly due to the overexpression of Cox-2, iNOS, pro-inflammatory, and regulatory 
cytokine IL-10 which was induced by PI3-K signalling in the macrophages. Duan 
et al. (2014) also reported about the induction of inflammation and autophagy cas-
cades via the PI3-K/Akt/mTOR pathways by the silica NPs.

Use of nanoscale molecular probes in diagnosis, treatment, and characterization 
of diseases opens a new platform for the technologies related to the imaging. These 
probes are mainly associated with inflammation. Early recognition of subclinical 
disease states by these probes can enhance the tailored therapies easily. 
Nanotechnology helps in the area of biomarkers for the diagnostic purposes and as 
a cure for progression of diseases related to the inflammation with the help of some 
techniques such as surface-enhanced Raman scattering, magnetic resonance imag-
ing, and fluorescent quantum dots (Stevenson et al. 2011). These techniques along 
with sensitive probes can detect ultrasensitive inflammation.

5  Strategies to Overcome Nanoparticle-Mediated Toxicity

Overcoming toxicity of NPs is an important issue for perpetuating its beneficial 
effects. The toxicity is generated by the unavoidable interactions with the different 
cellular processes of the cell and biological compartments. Some methods given 
below are deployed to minimize the toxicity of nanoparticles.

5.1  Masking of Nanomaterials to Reduce the Issue Related 
to the Toxicity

Protection of NP’s surface is an important step that can slow down the toxicity 
generated by the nanomaterials. The process of masking is used routinely for the 
above-related issue (Tran et al. 2009). Masking of NPs can be executed by the sur-
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face coating of NPs with the biocompatible hydrophilic polymers/surfactants or 
can be masked by formulation with biodegradable copolymers in association with 
hydrophilic polyethylene glycol, polyoxamer, polyethylene oxide, Tween 80, and 
poloxamine. This process of nanoparticle masking reduces the circulation time and 
toxicity of nanoparticles.

5.2  Incorporation of Targeting Moieties to NPs

Another approach to minimize the toxicity caused by the NPs is by incorporating 
the surface-bound targeting moieties with the NPs (Emerich and Thanos 2006). 
With these improved features, the targeted NPs show reduced toxicity at lower con-
centrations (Farokhzad et al. 2006). High efficacy of a drug with less toxicity can be 
achieved by the incorporation of peptide-targeted immunoliposomes or antibody 
(Immordino et al. 2006). The success of immune-targeted NPs or immunoliposomes 
depends on the selection of a perfect ligand for targeting. There are some features of 
ligand that should be considered while choosing the correct ligand for targeting. 
These include: (1) The number of steps during purification should be minimum and 
conjugate should be stable, and produced in vast quantities. (2) Incorporation of a 
ligand with the nanoparticles should be simple, and after their conjugation process 
either of the property of nanoparticles or ligand should not be affected.

Antibodies are a promising ligand among the tested ligands because they can be 
produced quickly by the hybridoma technology with the highly selective approach. 
This innovative targeting approach should be utilized for the targeted delivery into 
specific tumor cells or tumors with the help of identified targeting moiety. Several 
in vitro and in vivo studies revealed that the OS plays a central role in the nanotoxic-
ity; therefore, an approach in the direction of minimizing the OS process will play a 
significant role for the reduction of nanotoxicity. The OS-mediated nanotoxicity can 
be minimized by the incorporation of ascorbic acid (vitamin C). Ascorbic acid is a 
very-well-known antioxidant, and it scavenges the free radicles, and thus reduces the 
oxidative process and ultimately the nanotoxicity (Niki 1991). Using the antioxida-
tive properties of ascorbic acid with AgNP for the treatment of acute myeloid leuke-
mia cells, it has been observed that the ROS production was almost negligible. This 
particular attribute of ascorbic acid also reduces the apoptosis cascades and damage 
in DNA and mitochondria caused by the AgNPs (Guo et al. 2013). Similar results 
were reported by the Ahamed et al. (2011) when they used ascorbic acid with the 
nickel ferrite NPs in the human lung epithelial (A549) cells; a depleted level of glu-
tathione and moderation in ROS level was observed. These observations demon-
strated that to overcome the toxicity caused by the nanomaterials, administration of 
vitamin C after NP exposure is a crucial step in reducing toxicity.

Quercetin, a natural flavonoid, is present in many plants and food items. Quercetin 
acts as an antioxidant as it can scavenge the free radicals. Supplementation of quer-
cetin with Fe2O3-NPs lowers the oxidative injury and inflammation by enhancing the 
Bad phosphorylation and Nrf2 translocation through PI3-K/Akt dependent pathways 
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(Ahamed et al. 2011). Another study by Gonzalez-Esquivel et al. (2015) reported the 
role of quercetin in minimizing the TiO2-NP-induced kidney and liver OS.

Pathways like MAPK, PI3-K, and NF-κB promote the nanomaterial-induced 
inflammation and, in result, different chemokines and pro-inflammatory cytokines 
are released which lead to cytotoxicity and finally cell death. To combat the inflam-
mation an approach related to the modulation of Jun/AP-1 pathway components 
opens a new window for the therapeutic interventions. Therefore consideration of 
these signalling molecules might play a critical role in combating the NP-mediated 
inflammation (Schonthaler et  al. 2011). These approaches provide upliftment of 
nanomaterial-based applications in the area of medicine.
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