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Abstract: Engineered nanoparticles (ENPs) have potential application in precision farming and
sustainable agriculture. Studies have shown that ENPs enhance the efficiency of the delivery of
agrochemicals and thus, have the potential to positively affect the environment, thereby improving
the growth and health of the crops. However, the majority of the research on the effects of ENPs on
plants and in agricultural applications have been limited to controlled laboratory conditions. These
conditions do not fully consider various aspects inherent to the growth of agricultural plants in
fields under changing weather and climate. Some of the most investigated ENPs in the agricultural
research area are ZnO nanoparticles (ZnO NPs) and TiO2 nanoparticles (TiO2 NPs). ZnO NPs have
the potential to increase crop production and stress resistance, mainly by the slow release of Zn ions
to crops. Unlike ZnO NPs, TiO2 NPs have less well-understood means of action, and are generally
considered as plant growth promoter. This mini review presents information compiled for ZnO
and TiO2 NPs, their influence on agricultural plants with emphasis on particularly effect on plant
growth, nutrient distribution and pollution remediation under field conditions. It is concluded that
in order to gain a broader perspective, more field studies are needed, particularly multigeneration
studies, to fully understand the effects of the ENPs on agricultural plants’ growth and improvement
of their health.

Keywords: crops; nanofertilizer; foliar application; field research; nanoparticle; plant health;
crop production

1. Introduction

Nanotechnology plays an increasingly important role in most areas of human activity.
Engineered nanoparticles (ENPs) have catalytic, photovoltaic, energetic, and sensory
applications in diverse industries [1–8]. Moreover, biomedicine utilises ENPs as part of
nano-vaccines, drug delivery, and diagnostic systems [9–12]. However, our knowledge
about the effects of nanoparticles (NPs), especially ENPs, in the agricultural sector is still
relatively sparingly explored and investigated.
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The interaction of ENPs with plants has been studied for about two decades. The initial
research articles were mostly focused on the toxicity of ENPs on the plants; nevertheless,
there were also few articles discussing their potential beneficial effects on crops [13–16]. At
the same time, the first articles about the biosynthesis of nanomaterials by plants or plants
extracts were published [17], which were partially inspired by the observations that NPs
naturally form in the rhizosphere of plants [18,19]. At first, toxicity tests focused mostly on
the short-term effects of the ENPs in seeds, seedlings, and young plants [20]. Early reviews
concerned with ecotoxicology towards plants were published around the year 2008 [21–24]
and were mostly concerned with research on the plant toxicity and interactions that were
lacking for the higher plants at that time. The early studies on beneficial effects showed
that, at optimum concentrations, ENPs might improve enzyme activities, photosynthesis,
nitrogen absorption, and growth parameters of early seedlings [14,15,25–27].

Moreover, the preliminary reports on the effect of ENPs on plants grown in fields
were published between the years 2010 and 2015 [28]. These studies showed the need to
explore further the effects and interaction of ENPs under more realistic conditions as the
underlying trend from laboratory experiments involved the application of higher doses
of the nanoparticles which were toxic to the plants. In contrast, at appropriate lower
concentrations, many ENPs were found to positively affect the plants’ growth, health,
and quality [28,29]. For example, TiO2 NPs applied on barley during stem elongation
and a second time during the four-leaf stage at concentrations of 0.01 to 0.03% increased
grain yield and the weight of 1000 grains [30]. Peanut plants also responded positively to
low concentrations of ZnO NPs, and higher concentrations of 2000 mg Zn·L−1 revealed
inhibitory effects [29]. Mostly, both ZnO and TiO2 NPs are only toxic at high concentrations,
i.e., concentrations higher than 2000 mg·L−1 [29]. Thus, both types of nanoparticles were
found to be interesting for further field application, and their properties were also studied
in this context. In recent studies on the interaction of ENPs with plants, the application
of low, yet still effective, concentrations of ZnO and TiO2 NPs was investigated [31,32],
and a new avenue of research was opened, where these nanomaterials can be applied
not only to promote growth and agricultural productivity but also to alleviate abiotic and
biotic stresses [33–35]. Both ZnO and TiO2 NPs were found to alleviate stresses caused by
drought and heavy metals such as Cd. Further, these studies were performed under field
conditions [33–35].

This mini review aims to summarise and discuss the finding of the field application
of one of the most commonly used ENPs, ZnO and TiO2 NPs, on agricultural plants.
Application methods of ENPs to plants are briefly compared, and ENP effects on the
growth, health, and yields of plants are discussed for both ZnO and TiO2 NPs. Some of
the areas that need further investigation are low and effective concentrations of ENPs
and spray additives such as adjuvants that may enhance the foliar application of ENPs.
More research on the application of ENPs in field conditions is also needed to increase
the knowledge about the benefits and risks of using ENPs in agriculture and to help us
produce crops sustainably.

2. ZnO NPs and Application in Agriculture

ZnO NPs are an amphoteric semiconductive material with a wide band gap
(Eg = 3.37 eV) [36]. Because of their unique properties, such as high binding energy,
refractive index, thermal conductivity, piezoelectric nature, high absorbance of UV light,
and antibacterial properties, these are widely used in various applications [37]. Moreover,
as an added advantage, the above-mentioned properties are highly tuneable. Their size
can be altered from a few nanometres to the upper limit of nanoparticle size definition
(100 nm), and their shape can be easily adjusted by selecting the appropriate method
of synthesis [37]. Different synthesis techniques have been used to produce ZnO NPs,
including mechanochemical processes, controlled precipitation, sol-gel, solvothermal, hy-
drothermal methods, methods using emulsions and microemulsions, growing from a gas
phase, pyrolysis spray methods, and others [37]. A broad range of shapes, such as flower-
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like structures, nanorods, nanotubes and spherical or oblong nanoparticles, can be easily
synthesised [37,38]. The surface of ZnO NPs is often modified to enhance their stability
in colloidal suspension, to improve their positive effects on plants and to reduce their
potential toxicity. The modification of their surface can be obtained by treatment with the
inorganic compounds such as SiO2, Al2O3, etc., simple organic compounds, e.g., silanes
or organic acids, and by more complex polymeric matrices [37]. Often biosynthesis of
ZnO NPs is selected for agricultural applications since it is anticipated to create eco-benign
nanomaterial [39]. Bare and surface-modified ZnO NPs were used in the laboratory, green-
house, and field experiments on crop plants due to their UV protective, and antimicrobial
properties besides their nutritional role as slow releasing Zn source for plants [31,38–42].
ZnO NPs easily dissolve compared with some other ENPs [43], such as TiO2 NPs, which
affect plant health partly by their nano-specific properties, but also in larger part by the
release of the Zn, which is essential to many processes on the cellular level [44]. In addition,
ZnO NPs are reported to have an ability to decrease the effect of environmental stresses
on plants, such as drought [45], temperature [46], metals, metalloids [47,48], and salt [49].
When applied at suitable concentrations, ZnO NPs increase plants’ seed germination [50],
growth [51], the activity of antioxidants and protein production [52,53], chlorophyll con-
tent [54] and photosynthesis [55], production of oils and seeds [31,32], and uptake of
essential elements [56].

3. TiO2 NPs and Application in Agriculture

TiO2 NPs are insoluble semiconductive material with a high refractive index, UV
absorption, photocatalytic, and antimicrobial properties. These have highly tuneable
properties partially because these ENPs exhibit diverse crystal symmetries represented
by mineral phases such as anatase, brookite, or rutile. Each crystal structure has unique
features that can benefit its application; most commonly, the suitable mineral form is
selected for its lower or higher photocatalytic ability [57]. The size can be adjusted from
a few nanometres up to 100 nm in any dimension, and the shape of TiO2 NPs can be
tuned during their synthesis to obtain both nanorods and spherical nanoparticles [58].
Different types of synthesis protocols have been used for the production of TiO2 NPs
to create nanomaterials of specific properties, e.g., sol, sol-gel, micelle, solvothermal,
and hydrothermal methods, vapour deposition, and many others [59]. Because of their
properties, TiO2 NPs have a wide range of applications in diverse fields of human activity,
including agriculture. Similar to ZnO NPs, surface properties of TiO2 NPs are often
modified to help with their stability or to increase their positive effects and decrease their
toxicity [57–59]. Their environmental applications include water purification, degradation
of pollutants, antimicrobial coating, biosensing, and drug delivery [60–64]. TiO2 NPs
have been applied to protect seeds, enhance plant growth and germination, control crop
diseases [65], degrade pesticides and detect their residues [66]. In addition, these NPs have
been reported to increase root and shoot growth, seed or produce yield, and improve plant
health. An increase in chlorophyll production, soluble leaf protein [67], and carotenoids
content [68], and increase in uptake of several essential elements [69] was also reported.
Environmental stresses, such as drought in wheat [70] and high Cd levels in maize [71],
were also alleviated significantly with the use of TiO2 NPs.

4. Application of ENPs in Field Conditions

ENPs can be applied to plants in three different ways when grown in field conditions:
(1) seed application, (2) soil application, and (3) foliar application. Sometimes, seed
application is combined with either soil or foliar application [72]. Most of the time, the
foliar application is preferred since a much lower concentration of ENPs is sufficient to
obtain positive effects for plants. ENPs are not transformed to less available forms in
soil, and this application carries less risk of contaminating the soil by high concentrations
of ENPs on their multi-year use [42]. Nevertheless, even foliar application carries its
own risks; namely, the application can be potentially dangerous for unprotected workers
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applying the spray. If it is applied under windy conditions, there is a risk of air pollution
for the surrounding area [42]. When foliar and soil application was compared for maize by
Umar et al. [73], foliar application improved the grain Zn concentration more. However,
soil application was also effective, and the differences between the application were found
to be non-significant in other measured parameters, such as plant height, fresh and dry
weight of shoots, photosynthetic and transpiration rate [73]. Foliar application has its
own quirks. Good timing for foliar application needs to be selected, and various times
of application and number of applications were chosen in the field studies [30,53,73,74].
Usually, more than one application of ENPs (i.e., up to three times) was sprayed on plants
for one growing season in reviewed studies [29,54,73]. Even though more applications
may be preferable, a foliar application may lead to the degradation of leaf structures by
photocatalytic properties of ENPs [75], and multiple applications are labour intensive
and less economically viable [76]. The application of the ENPs was made during several
different growth stages, including leaf development, four-leaf stage, 6–9 leaf stage, stem
elongation, flower-bud formation [30,53,73] or just the date after sowing was mentioned
without a reference to an external source with recommendation [29] or no reference to
the time of application at all [74]. The selection times of the ENPs applications often
follow the literature on the growth stages of plants, such as Meier [77]. Both morning and
evening/night applications have their own reason to be chosen. Mostly, an application
under the low wind, no rain, and low humidity conditions is preferred. In the morning,
the temperature is low, and plant stomata are open. Thus, there is a greater chance of ENP
absorption. However, sunlight may increase evaporation, degradation of ENP surface
coatings [78], and photo corrosion of ENPs [79] that may lead to diminished gains when
compared with night application. At some locations, night-time may be the only time where
the aforementioned conditions can be met. Research performed on conventional fertilisers
or pesticides does not provide a clear answer to day-timing and is either inconclusive
or mostly species-specific and specific to applied fertiliser or herbicide. Thus, research
regarding the time of application during a day will be needed in the future [80–83]. The
range of ENP concentrations applied on leaves have been diverse, and ranged from a
relatively low (2.6 mg·L−1) [31,32] to a relatively high concentration of 2000 mg·L−1 [73].
There is also an indication from pot experiments that multiple applications of ENPs on
plants have a better effect on plant growth and health. Further, multiple applications can
be performed at a lower concentration of the ENPs in total, which reduces the costs of
ENPs and the risk of soil contamination [72]. The combined application of ZnO NPs along
with iron oxide NPs was more effective compared with the application of just ZnO NPs
or iron oxide NPs [74]. When it comes to the application itself, TiO2 NPs and ZnO NPs
were applied as aqueous suspensions [73,84], or adjuvants were added to the colloidal
solution to facilitate the penetration of nanoparticles across wax sub-structures [31,32].
The influence of the surface functionalisation of ENPs and additives such as adjuvants in
the suspension may result in improvement in growth and other agriculturally important
parameters [33,54]. The surface functionalisation of ENPs can improve the dispersion and
stability of NPs and can allow the tailored incorporation of compounds or moieties on
NPs surface, acting as plant stimulants [85]. For this and other reasons, the application
of biologically synthesised ENPs is a trend in fertilisers and other agrichemicals [31–33].
Properties affecting the application of ENPs on leaves in field conditions can be viewed in
Figure 1.

4.1. Seed Application and Effects

To date, only a few studies have been published that were concerned with the field
application of ZnO NPs (Table 1) or TiO2 NPs (Table 2). However, none of the field studies
were performed on the effect of seed application of these ENPs. Seed application is made
via soaking of the seed with ENP suspension of different concentrations. Its purpose is to
either provide easily available micronutrients in the case of ZnO NPs or to protect the seed
via the catalytic and antimicrobial effects of ZnO and TiO2 NPs [25,29,72]. These ENPs
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improve seed germination and the seed vigour index, as well as plant height, growth and
the dry weight of roots, and growth and the dry weight of shoots at later stages [25,29,72].
Effective concentrations are plant species dependant, but, for example, were found to be
400 to 1000 mg·L−1 for ZnO NPs in peanuts [29], and 500 to 4000 mg·L−1 for TiO2 NPs in
spinach [25]. Yet, since there are no published field studies, there is a lack of knowledge
concerning the real-world effects of such application.
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Table 1. Effects of ZnO NPs in higher plants grown under the field conditions.

Plant Name Size of
ZnO NPs

Additional
Compounds Concentrations Type of

Application
Number of

Times Applied Effects of ZnO NPs Reference

Arachis hypogaea L. 25 nm no 133 mg Zn·L−1 Foliar 2
Increased plant height,
pods per plant, filled

pods per plant
[29]

Zea mays L. 25 nm no

50, 100, 200, 400,
600, 800, 1000,
1500, 2000 mg

Zn·L−1

Foliar 2
Increased plant height,
leaf area, dry weight,

grain yield, cob length
[86]

Daucus carota L. n.a. no 50, 100, 150 mg
ZnO·L−1 Foliar 1 Increased plant height,

number of leaves [74]

Setaria italica L. 20 nm
adjuvant

SILWET STAR® 2.6 mg Zn·L−1 Foliar 2

Increased total nitrogen,
content of oil, dry mass,

decreased content of
starch

[32]

Helianthus annuus L. 20 nm
adjuvant

SILWET STAR® 2.6 mg Zn·L−1 Foliar 2

Differences in leaf
surfaces’ trichomes

diversity, ratio, width,
and length, increase in
head diameter, weight

of dry seed head,
weight of thousand
seeds, grain yield,

content of oil

[31]
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Table 1. Cont.

Plant Name Size of
ZnO NPs

Additional
Compounds Concentrations Type of

Application
Number of

Times Applied Effects of ZnO NPs Reference

Linum usitatissimum
L. <40 nm no 20, 40, 60 mg

ZnO·L−1 Foliar 2

Increased shoot length,
fresh and dry weight,
root length, fresh and

dry weight, number of
fruiting branches,

capsules, biological
yield per plant, seed

and straw yield, weight
of 1000 seeds, oil
content, seed, oil,

biological and straw
yield

[84]

Zea mays L.

30–70 nm
(width),
160 nm
(length)

no

Soil: 8 kg
Zn·ha−1

Foliar: 2% Zn
solution

Soil or foliar 1

Improved maize
growth, yield and grain
Zn contents, increased
chlorophyll contents,
maximum value of
photosynthetic rate,

transpiration rate

[73]

Triticum aestivum L. 20–30 nm no 25 mg Zn·l−1 Foliar 3

Enhanced wheat
growth, yield, nutrients

uptake, chlorophyll,
carotenoids contents

and antioxidants
activities and reduced

electrolyte leakage
under Cd stress

[34]

The bold marks the concentration with the highest positive effects.

Table 2. Effects of TiO2 NPs in higher plants grown under the field conditions.

Plant Name Size of
TiO2 NPs

Additional
Compounds Concentrations Type of

Application
Number of

Times Applied Effects of TiO2 NPs Reference

Hordeum vulgare L. n.a. no 100, 200, 300 mg·L−1 Foliar 2

Increased plant
height, grain yield,

dry biomass, weight
of 1000 grains

[30]

Coriandrum sativum L. 20 nm no 2, 4, 6 mg·L−1 Foliar 2

Increased the plant
height, number of

branches, fruit yield,
increase in amino
acids, total sugars,
total phenols, total

indoles, and
pigments

[87]

Hordeum vulgare L. <100 nm no 2000 mg·L−1 Foliar 2

Increased days to
anthesis, chlorophyll
content, straw yield,
number of grains per

spike

[88]

Vitis vinifera L. 28 nm no 1000 mg·L−1 Foliar 1

Metabolic
(nonstomatal)

inhibition of the
photosynthesis

[89]

Vitis vinifera L. 28 nm no 1000 mg·L−1 Foliar 1

Boosted the total
phenolic content and

biosynthesis of the
leaf flavanols,

increased K, Mg, Ca,
B, and Mn levels

[90]

Helianthus annuus L. 20–30 nm
adjuvant

SILWET STAR® 2.6 mg·L−1 Foliar 2

Increased head
diameter, dry-seed
head weight, yield
and thousand seed

weight, increased oil
content,

improvement in
physiological
parameters

[31]
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Table 2. Cont.

Plant Name Size of
TiO2 NPs

Additional
Compounds Concentrations Type of

Application
Number of

Times Applied Effects of TiO2 NPs Reference

Triticum aestivum L. 10–13 nm
6–8 nm

Leaf extract
surface

modification
during synthesis

100 mg·L−1 Foliar 2

Increased straw and
grain yields,

chlorophyll contents,
plant height, reduced
oxidative stress under
Cd stress, decreased
Cd in wheat straw,
roots, grains, better

effect by green
synthesised NPs

[33]

Helianthus annuus L. <25 nm no 25, 50 mg·L−1 Foliar 2

Alleviated adverse
effect of water

deficiency stress on
growth, achene

quality and biodiesel
yield

[35]

The bold marks the concentration with the highest positive effects.

4.2. Soil Application and Root Path

ENPs can be applied directly to the soil to improve the growth and vitality of plants
that absorb them or the released nutrients from them via the root system. At the root
interface, larger nanoparticles mostly attach to the surface and may release nutrients via
dissolution, and smaller nanoparticles can be absorbed and transported along apoplast
or symplast pathways [42,65]. Root application is highly influenced by the complex
soil environment, and ENPs are more prone to aggregation, or they can be attached to
particle surfaces and unavailable for plants. Moreover, soil and or rhizosphere microbial
communities may be influenced [42,65]. Because of all of these factors, not many soil
applications of ENPs were made under field conditions, and we report only one instance of
root application of ZnO NPs and no TiO2 NP root application. Umar et al. [73] tried both
soil and foliar application of ZnO NPs on maize. Foliar treatment of ZnO NPs has shown
the highest increase in grain Zn concentrations and the highest chlorophyll content. Other
parameters were also higher compared with both control and soil application. However,
soil and foliar application were not significantly different. Soil application improved
shoot fresh and dry weight, root dry weight, transpiration rate, photosynthetic rate, and
chlorophyll content [73].

4.3. Foliar Application and Translocation Path

ENPs applied on leaves are mostly translocated to plants via stomata or, more rarely,
cuticle structures [42,65]. In the case of ZnO NPs, the Zn may be slowly released from these
ENPs and absorbed in its ionic species [73]. Depending on their size and dissolution, they
can be translocated to other parts of a plant [42,65].

Most often, ZnO NPs were applied at two important stages of plant growth. The first
application is mostly made during the leaf development stage, e.g., day 27 after sowing
for foxtail millet [32] and day 40 for sunflower [31]. The second application is mainly
performed during the stem elongation phase before flowering, such as day 53 for foxtail
millet [32] and day 80 for sunflower [31]. Just one application at the stage of leaf growth
was studied by Umar et al. [73]. Moreover, the application of ZnO NPs at three different
stages of plant growth during the growing season was studied by Hussain et al. [34]. TiO2
NPs, of which Ti is neither considered an essential element nor are easily dissolvable [91],
share many similar positive effects on plants with ZnO NPs. To the best of our knowledge,
and similar to the ZnO NPs, only a few studies have been performed with the application
of TiO2 NPs in field conditions, and all of them used foliar application as the preferred
method to deliver the ENPs. One or two applications were used at important stages of
plant growth (Table 2).

The available reports demonstrated the concentration-dependent efficacy, and hence,
different concentrations of ZnO NPs were used in the studies. A high concentration, 2%
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Zn solution, was found to be effective in application on maize [73]. However, most of the
studies were conducted involving the application of ZnO NPs within the concentration
range of 20 to 150 mg·L−1 [29,34,74,84]. In addition, it was observed that ZnO NPs can
be highly effective even at a low concentration of 2.6 mg·L−1, increasing plant health and
yields, including enhanced oil content in foxtail millet and sunflower, and weight of a
thousand seeds, grain yields, and head diameter in sunflower [31,32].

Three different concentration ranges of TiO2 NPs were used to improve plants’
growth and yield parameters and health [30,31,87–90]. At high concentrations of 1000
or 2000 mg·L−1 of TiO2 NPs, both positive and negative effects of the TiO2 NPs were ob-
served [88–90]. Teszlák et al. [89] observed inhibition of photosynthesis when they applied
TiO2 NPs at 1000 mg·L−1 to a grapevine. However, at the same time, they also observed
a higher content of K, Ca, Mg, and P in leaves treated with TiO2 NPs. In their follow
up study, in addition to increased K, Mg, Ca, B, and Mn micronutrient levels in leaves,
Kőrösi et al. [90] also found that TiO2 NPs induced photocatalytic stress that improved the
antioxidant capacity and phenolic content in the leaves of the grapevine. Kőrösi et al. [90]
proposed that the proper dosage of TiO2 NPs may positively affect the upregulation of
antioxidant defence, and their photoactivity destroys the pathogens on leaves. Moreover,
TiO2 NP upregulation of antioxidant defence reduced oxidative stress under heightened
Cd concentrations and decreased Cd amounts in wheat straw, roots, and grains, which
may help with the growth of cereals in areas where the soil is contaminated with Cd [33].

In other studies, the application of TiO2 NPs at a lower concentration range of 25 to
300 mg·L−1 was found to have promising positive effects on plant height, straw and grain
yields, dry biomass, the weight of 1000 grains, and chlorophyll contents [30,33,35]. The
TiO2 NPs at these concentrations also helped to manage water stress, probably via the
build-up of phenolic compounds in leaves. Phenolic compounds stabilise reactive oxygen
species in plant cells and increase cell wall thickness, which slows the movement of water
out of the cells [35]. In addition, TiO2 NPs synthesised by the green method with plant
extracts exhibited a significantly better effect when compared with TiO2 NPs synthesised
via the sol-gel method [33]. It was proposed that this effect can be caused by the presence
of the plant extract traces on the TiO2 NPs surface or their slightly smaller size (6 to 8 nm
for green synthesised TiO2 NPs compared with 10 to 13 nm for chemically synthesised
ones) [33].

Low concentrations of TiO2 NPs, i.e., 2 to 6 mg·L−1 were also used, and these were
reported to affect physiological and yield parameters positively, such as head diameter, dry-
seed head weight, yield and thousand seed weight, increased oil content in sunflower [31]
Moreover, these were also found to increase the plant height, a number of branches, fruit
yield, increase in amino acids, total sugars, total phenols, total indoles, and pigments
in coriander [87]. The results of these two studies showed that TiO2 NPs can be used
at very low concentrations, which should be beneficial for financial reasons, and the
potential risk of soil contamination with TiO2 NPs. Additionally, the application of such
low concentrations can significantly lower the risk of toxicity towards people or animals
who would consume the treated crops.

Compared with a conventional source of Zn at the same concentration, such as soluble
ZnSO4 or bulk (microparticulate) ZnO, foliar application of ZnO NPs was found to be more
effective in increasing the dry weight of shoots, photosynthetic rate, transpiration, and
chlorophyll values in maize and the foliar application was observed to be better than their
soil application [73]. However, the cob weight in maize was improved more via soil appli-
cation of ZnO NPs compared with foliar application. Other yield parameters were mostly
exhibited statistically insignificant differences between soil and foliar applications [73].
ZnO NPs have a similar penetration and translocation of Zn within plants compared with
dissolved ZnSO4, and these are generally better translocated through plants than their
bulk counterparts which can result in higher concentrations of Zn in stem, leaves and
grains [73]. Yet, not all studies result in ZnO NPs being a superior application technique to
their bulk counterparts. For example, according to Sadak and Bakry [84], the soil-applied
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ZnO NPs did not improve plant growth parameters over bulk ZnO. ZnO NPs sometimes
show improvement over conventional dissolvable forms of Zn. When these were adminis-
tered to maize at lower concentrations of 400 mg Zn·L−1, compared with 2000 mg Zn·L−1

applied in the form of ZnSO4. The NPs provided a noticeable increase in plant height, leaf
area, dry weight, grain yield, cob length, and a number of grains per row [86]. Similarly,
Prasad et al. [29] found that just 133 mg Zn·L−1 of ZnO NPs of foliar spray performed
better than 2000 mg Zn·L−1 of chelated Zn when applied on peanut plants.

ZnO NPs supplement essential micronutrient Zn to crops mostly to enhance their
growth and yields. Likewise, this supplemented Zn can be transported in plants to edible
parts such as leaves, seeds, fruit, or other edible parts. Prasad et al. [29] reported a
2-fold increase in the content of zinc in both leaves and kernel of peanut treated by foliar
application of ZnO NPs Zn compared with control. In maize, the application of ZnO NPs
at 100 mg Zn·L−1 resulted in 37% higher Zn accumulation in grains [86]. Similarly, after
foliar application of ZnO NPs at 2000 mg Zn·L−1, Umar et al. [73] observed increased
concentrations of Zn in maize grains up to 82% over control. Foliar application of Zn
on wheat resulted in approximately 59% higher concentration in grains compared with
control [34].

In addition to increasing yields, ZnO NPs may be used in cases when the soil is
contaminated with Cd since their foliar application reduced the Cd uptake in grain and
improved the grain quality of wheat. ZnO NPs were also used in combination with other
NPs, Fe based and Si-based NPs, and when used together, these ENPs had a positive
synergistic effect on the amelioration of Cd stress [34].

5. Conclusions and Future Research Needs

The ZnO and TiO2 NPs can be used as highly effective and inexpensive alternatives
to conventional fertilisers with great potential to enhance plant growth and health and
to lower the applied materials at the same time. The ENPs can offer an effective strategy
to increase micronutrient uptake to edible plant parts and, thus, prevent malnutrition.
However, when applied on leaves, ZnO and TiO2 NPs being photoreactive, their dosage
and high solar exposure may boost antioxidant systems in leaves but also may overwhelm
the defence systems and result in damage at higher doses. Thus, further research and
development of the use of low and still effective concentrations of ZnO and TiO2 NPs,
adjuvants that help with absorption, and ENPs that protect plants from abiotic stresses
are still needed to utilise their potential to have larger-scale economic implications. ENPs
exhibit the potential to significantly improve the agricultural yields even at relatively low
concentrations; yet, there are still some risks to the consumers or the plants these ENPs
are applied on that need to be further studied. Because of this, more thorough studies on
dose-dependent responses under the field conditions are needed, with emphasis on lower
concentrations applied. Field experiments with ENPs are still relatively sparse; hence,
further extensive studies in this field are urgently required to fully understand the scale
and different aspects that pertain to their potential to improve agriculture. More research
also needs to be performed to mitigate potential unwanted effects during foliar application
of ENPs that can lead to contamination of the surrounding area to ensure that the foliar
application of ENPs is in line with environmental goals of soil protection and climate
crisis mitigation. One of the avenues to decrease the risk of ENPs, is their green synthesis
with biomolecules of bacteria, algae, fungi, or plants. However, only a few studies have
compared such effects, and there are still some knowledge gaps that should be studied
more thoroughly. For example, it is not yet known if the increased positive effects of
biosynthesised ENPs come from the reduction in their size. The effects may also come from
the surface functionalisation of ENPs by the extracts used in their synthesis that contain
biomolecules that can improve the health of plants. The ENPs act via slowly releasing
essential nutrients and their effect is also derived from their nanoscale size. In the future,
studies on multiple generations of plants should be undertaken to assess the potential
safety risks in the long term.
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