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Chapter

Application of Nanotechnology
Solutions in Plants Fertilization

Daniela Predoi, Rodica V. Ghita, Simona Liliana Iconaru,
Carmen Lauva Cimpeanu and Stefania Mariana Raita

Abstract

Post-modern society is viewed nowadays as a technologized society, where
the great solutions to human problems can be solved by the progress of technol-
ogy in economics from classical industry to communications. In the last years,
nanotechnology is called to play an important part in the global food production,
food security and food safety in the sense that the use of nanoscale micronutrients
conduced to suppressing crop disease and the relationship between nutritional
status and plant diseases is investigated. Nanomaterials are capable to penetrate
into cells of herbs; they can carry DNA and other chemical compounds in the cells
extending the possibility in plant biotechnology to target special gene manipula-
tion. It is important to note that the concentration, plant organ or tissue, exposure
rate, elemental form, plant species, and exposure dosage (chronic/acute) affect the
plant response and in particular the distinct stress response. The complex process
of utilization nanoparticles in agriculture has to be monitored to a level that avoids
further environmental contamination. The present and future use of nanoparticles
as micronutrients is affected by different risks related to nanotoxicity of micronu-
trients, a problem to be solved by an appropriate and safe circuit of nanoparticles in
soil, water, plants and at last in human organism.

Keywords: nanotechnology, nanoparticles, micronutrients, fertilization,
nano-toxicity

1. Introduction

Post-modern society is viewed nowadays as a technologized society, where the
great solutions to human problems can be solved by the progress of technology in
economics from classical industry to communications. In this regard, nanotech-
nology was viewed from the beginning as the manipulation of matter at atomic,
molecular and supramolecular scale leaved the established field of microfabrica-
tion, semiconductor physics, energy storage to extended surface science, organic
chemistry and molecular biology applications. Nanotechnology presents the
ability to create new materials with dimensions on the nanoscale together with a
large range of applications in new domains as nanomedicine, nanoelectronics or
biomaterials. From this point of view, in the last years nanotechnology is called to
play an important part in the global food production, food security and food safety
in the sense that the use of nanoscale micronutrients conduced to suppressing
crop disease and the relationship between nutritional status and plant diseases are
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investigated. The large use of nanotechnology raises the problem of the toxicity of
the new materials involved and their use in economics, this problem is associated
with a poor legislation in the field regarding accidental release, atmospheric deposi-
tion, deliberate disposal in the environmental as pesticides, remediators, including
the use of soil amendments containing nanomaterials (manuers, sludge) or water
contamination for irrigation. In spite of this toxicological concern, the agriculture-
nanotechnology is viewed as a solution, as a technological advancement in order to
use efficiently the natural agriculture resources, i.e. water, nutrients or chemicals
while farming. Besides the possible benefits of enhancing the crop yield, nanotech-
nology presents itself that having the ability to maximize the benefits of natural
agriculture resources, through efficient products in the form of pesticides for pest
and disease management and for sensors that monitors the soil quality and plant
health, in the other words to solve a problem of environmental pollution. In this
regard, over the last decade an important number of patents have been proposed
and different products on the market that incorporated nanomaterials have been
used in agricultural practice, e.g., nanopesticides, nanofertilizers or nanosensors.

As a general aspect, of world-wide society characterized by a constantly grow-
ing of population number, there exists the most important challenge that of higher
agriculture yields. The aim of application of nanomaterials in agriculture is to
reduce the applied amount of plan protection products, to minimize nutrient losses
in fertilization and increased the yields through an optimized nutrient manage-
ment. Classical active substances used nowadays can be lost during application due
to different processes as runoff, evaporation, photolysis, and hydrolysis or micro-
organisms degradation. Different nanomaterials used as additives are characterized
by large surface area and as a consequence they are appropriate to sorption process
minimizing in this way the losses by reducing runoff and decreasing releases
kinetics. Special designed nanoparticles can protect the active ingredients from
photodegradation or can enhance uptake into leaves and other parts of the plant.
Nanomaterials characteristics conduced to the substitution hazardous organic
solvents present in some plant protection products and can reduce the application
rates through their enhanced reactivity. As it was expressed before, despite of these
positive impacts some nanomaterials have properties that classified them as poten-
tially hazardous. The use of nanomaterials in agriculture and especially in plant
protection and fertilization may pose unpredictable risks due to the fact that their
application is accompanied by an intentional input of nanomaterials in the environ-
ment. In this regard, the human and environmental exposure due to nanomaterial
residues in crops and soil might increase due to bioaccumulation of nanomaterials
in the environment and food chain [1]. The requirements of a growing food market
implied the existence of an urgent demand for products containing nanomaterials
due to a process of regulation. At the beginning of twenty-first century the most
popular agriculture application of nanotechnology is focused on plant protection
and fertilization. It is stated [2] that higher plants have an ability to develop mecha-
nisms to perform satisfactory under hard atmospheric and soil conditions. In order
to help plants growth one of the novel methods is the use of nanomaterials that
possesses physicochemical characteristics to enhance the metabolism of plants. In
this view, the fertilization that used nanotechnology can amplify the plant produc-
tion by delivering the micronutrients on request and control the development of
plants. Nanomaterials are capable to penetrate into cells of herbs, they can carry
DNA and other chemical compounds in the cells [3], extending the possibility in
plant biotechnology to target special gene manipulation.

One of the most serious and important problems of agri-nanotechnology is the
absence of analytical methods to quantify the concentration of nanomaterials in
water, soil and air, in order to define an exposure limit. Part of difficulties is related
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to extraction and separation from soil matrix and interfering constituents, and the
presence of very low concentrations, more over for metallic nanomaterials there
exist different natural constituents as counterparts. However, the analysis tech-
niques indicates possibility to extract these low concentrations by processes as X-ray
based techniques, chemothermal oxidation, thermogravimetry or mass spectrom-
etry, these techniques been used generally coupled on a measurement line. The
evaluation risk of organic compounds used in plants protection products, namely
the evaluation of persistence, bioaccumulation and toxicity is based on specific

end points and parameters obtained from laboratory and field experiments. For
instance, the persistence is evaluated considering the dissipation of 50% of initial
concentration, bioaccumulation properties are measured of octanol-water partition
coefficient and the evaluation of toxicity is based on aquatic toxicity namely the
intrinsic toxicity of the compounds.

In the agri-nanotechnology the enhanced yield is related to the potential nutri-
tional value of nanomaterials, especially for the essential micronutrients necessary
for host defense. The permanent search for new solutions to global food problem
conduced to the application of nanotechnology to enhance the efficiency and
sustainability of agriculture practice.

2. Nanomaterials in plant growth

The increase requirement of global food production is related nowadays with the
necessity of application new technology for enhancing crop yield in order to satisfy
the global food security. As a modern trend in this view, the application of nano-
technology solutions can bring a response to grave problem of different deficiencies
in human population as deficiencies of iron, zinc, selenium, calcium, phosphorus
or vitamin A. The nanotechnology can offer solutions as micronutrients in agricul-
ture in order to optimize the deficient presence of these substances in soil, by their
use in fertilization. Besides the possible studied benefits, it is stated [1] that the
nanomaterials use in agriculture may pose unforeseeable risks due to the intentional
input of nanomaterials in the environment that can led to human exposure related
to bioaccumulation in crops and soil and as a consequence in the food chain.

The great challenge of modern agriculture related to the use of nanotechnol-
ogy is to regulate the products with the nano content in the condition where the
nanomaterials pose problems to the regulatory bodies and on the other hand there
is alack of knowledge to the possible effect on the plant growth, i.e. to the genetics
of plants. The possible use of nanomaterials in agriculture is a new nanotechnol-
ogy solution under development now for a dozen years [4, 5] as studies regarding
the use of nanoscale nutrients (metals, metal oxides, carbon) to suppress crop
diseases [6]. In this view, the problem of agriculture in managing the crop disease
is related to different attempts as genetic breeding, new pesticides products or new
eradication protocols with the effect of the development of host plant resistance.
Genetically modified plants raises different ethical problems related to the effect to
the metabolism of human body, and this is a serious public concern.

A possible alternative for suppressing crop disease is the managing of plant
nutrition statue and in this perspective the major limitation is that different crops
have different nutrients requirements and the nutrient interacts with the level of
plant disease in variable ways. As an example, the micronutrients are critical in the
defense against crop disease where tissue infection induced reactions that conduced
to the production of inhibitory secondary metabolites. These metabolites are gener-
ally generated by enzymes that requires activation by micronutrients cofactors, e.g.
Mn, Cu and Zn as activating host defense enzymes i.e. phenylalanine or ammonia
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lyase. The availability of micronutrients level is related to soil characteristics, e.g.
Fe, Mn, Zn are deficient in alkaline soils which limit uptake by roots and by conse-
quence exposed roots to infections. Another way for enhancing disease defense is
connected to non-essential elements, e.g. Al or Si, that offers resistance to a number
of foliar and root pathogens although their presence in soil (e.g. Si) is frequently
limited. As regarding Al, its application has been limited due to the fact that the
over-application can cause significant crop damage and yield reduction, and insuf-
ficient presence modifies the acidity of soil [7]. The important characteristics of the
nanoscale metals and metal oxides is the greatly their availability and translocation
within plants. In the process of producing nanomaterials to be applied in agriculture
there are used besides chemical and physical methods for synthesis the biosynthesis
using plant extracts. The traditional method is the synthesis on chemical route,
namely the reduction in liquid phase with common reducing agents as; citric acid,
hydroxylamine, cellulose, hydrogen peroxide, sodium carbonate and sodium
hydroxide. In the solutions are added stabilizing agents in order to assure uniform
particle distribution and dispersion, agents such as: polyvinyl alcohol and sodium
polyacrylate. The physical methods for synthesis include laser ablation, chemical
vapor deposition (CVD), sonochemical reduction, supercritical fluids or gamma
radiation. In the case of carbon, the fullerene synthesis is realized in arc discharge
or gas combustion and carbon nanotubes are produced by CVD in the decomposi-
tion process of gaseous hydrocarbons. Different nano products that can be used as
fertilizers have been patented in the last years as: active nano-grade organic fine
humic (CN 1472176-A, Wu et al.); oxide nano rare earth (CN1686957-A, Wang

et al.), carbon nanomaterials (US 0174032-A1, Lui et al.); nanosilver (KR 000265-A,
Kim et al.); nano diatomite and zeolite (US 0115469-A1, Yu et al.), nano-selenium
(US 0326153-A1, Yin et al.) or nano-silicon carrier (US 0225412-A1, Sardari et al.).
The high-surface area nanoscale materials conduced to a more efficient retain of
nutrients and represents a stable reservoir to plants [8], raising the potential for
enhanced plants growth. The use of traditional is characterized by fertilizers with
active ingredients that have low water solubility, the result being an inefficient
availability to plants and furthermore a lack of control to pathogen agents. The
nanofertilizers offer controlled release and synchronization of the nutrient flux
over time with the uptake, minimizing the wasteful interactions with soil or air

that conduced to nutrients loss. From the roots of the plants the nanomaterials as
ZnO, TiO,, CeO,, Fe;04, Ni(OH);, Cy fullerenes, Al, Cu, Ag, carbon nanotubes
(CNT), are uptake and translocated to plant stem where partly are deposited (Cyy,
Fe;04,Ce0,, Ni(OH),) or partly are foliar deposited (Al, Ag, Cu, Zn, ZnO, CeO,,
Fe304, Cy). The root cell of a plant has different absorption zones for different kinds
of nanomaterials, for instance Fe;O,4 has absorption areas in epidermis, cortex and
cambium; Ni(OH), in epidermis, cortex, cambium and metaxylem, Ag in epidermis
and cortex or Ag”* in epidermis, cortex, endodermis, and metaxylem.

Regarding nanomaterials exposure there exists a positive experience impact on
crop growth and pathogen inhibitions, as related to antimicrobial activity for Ag,
ZnO, Mg, Si or Ti0,. The effect on different plants of the foliar exposure to nano-
materials as ZnO conduced to increase in shoot length (15.1%), root length (4.2%)
[9], increase in chlorophyll (24.4%) soluble leaf protein (38.7%) or increase in acid
phosphatase (76.9%), alkaline phosphatase (61.7%) and phytase (>3x). The effect
of tobacco culture cell exposure to MWCNT (multiple wall carbon nano tubes)
conduced to enhanced cell growth and regulate cell division by activating water
channel protein [10] and the effect of 50 pg/ml on tomato roots to MWCNT con-
duced to enhanced fresh and dry mass besides changes in gene expression (water
channel protein) [11]. The foliar and root application of nanoparticles of Fe,0;
conduced to the increasing of root elongation and to the increase of photosynthetic
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parameters by foliar application [12]. The application of Mn in concentration
0.05-1 mg/L on Mung bean roots in a Hoagland culture solution conduced to an
increase in shoot and root length, dry and fresh biomass and rootlet number [13].
The effect of spinach roots exposure to TiO, nanoparticles present in soil conduced
to an enhanced growth rate and chlorophyll as well as an enhanced rubisco activity
and photosynthetic rate [14]. The silver nanoparticles exhibit an intense inhibi-
tory activity to microorganisms, in this regard Ag NPs damaged and penetrate the
cell membrane subsequently reducing the infection [15]. Another nanomaterial
with intense antimicrobial activity is ZnO NPs that is effective to pathogen control
growth, also characterized by a lower toxicity in comparison to Ag and with ben-
efits on soil fertility. The application of ZnO NPs conduced to systemic disruption
of cellular function of pathogens as Botrytis cinerea or Penicillium expansum result-
ing in hyphal malformation and fungal depth [16]. Another promising amendment
is TiO, NPs due to their combined photo-catalytic and antimicrobial activity, e.g.
application of TiO, NPs reduced P. cubensis infection of cucumber by 91% and
increase photosynthetic activity by 30% [17]. One of the most popular cultures is
that of wheat, in this case the foliar application of Ti NPs at 20 g/l it increased stem
elongation, biomass, flowering, ear mass and seed number [18]. Nanomaterials
fertilizing activity is influenced by the chemical and physical characteristics of the
environment soil, air and water. The initial properties of NM can suffer different
transformations due to the interactions with both biotic and abiotic soil compo-
nents and these modifications can influence the stability of NPs, transport and
aggregation and availability to plants. Necessary micronutrients as Cu, Fe, Mn or
Zn become less availability from the soil when pH is approaching to the limit of 7.0
and subsequently there exist a lower uptake to plants roots and compromising the
nutritional status [19]. It is reported [20] a pH-dependence of humic acid adsorp-
tion onto nanoparticles of TiO,, A,O; and ZnO where the electrostatic interactions
and ligand exchange with SiO, is responsible for selective adsorption onto oxide
surface. Due to different limitations related to soil characteristics and their content
in macro and micro nutrients, it became important the foliar applications of fertil-
izers, in particular the nanomaterial nutrients. The entrance gate for micronutrients
is the leaves through stomata and cuticle structures as the studies in literature have
presented [21]. In case of watermelon [22] the pathway leaf-to-root transloca-

tion of nanomaterials after a foliar application presented an important content of
Ti, Mg or Zn nanoparticles that exist in root tissue a fact that shows the effective
action of foliar application of nanomaterials. The possible route of biosynthesis of
nanoparticles, e.g. ZnO by extracellular secretions of Aspergillus fumigatus TFR-8
and their applications as a foliar spray conduced in case of bean plants [23] to an
increase of physiological parameters i.e. biomass, shoot/root length, root area or
chlorophyll content and on the other hand the residual protein from fungal extract
increased nanoparticle stability. Regarding TiO, nanomaterials is stated [24] that
the application on different crops, e.g. wheat or soybean has increased the yield and
reduced the pathogenic diseases, these effects being based on surface properties

of TiO, nanoparticles as their photo-catalytic characteristics. Another nanomate-
rial applied to cucumber leaves is CeO, [25] in nano-powder form, showed a high
leaf-to-root translocation suggesting a phloem-based transport throughout the
plant. Foliar applied nanoscale amendments dedicated to pathogen control are
related to antifungal activity of CuO, nanomaterial or Ag nanoparticles. Tested on
tomato infected with Phytothphora infestans the effect of CuO, nanomaterial [26]
showed an increased protection (73.5%) as compared to bulk amendment (57.8%)
promoting the use of nanoscale amendments both to suppress disease and enhanced
the nutrient action of nanomaterials. The antifungal activity of Ag nanoparticles is
based on the accumulation in the fungal hyphae that disrupted cellular function, an
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intense process related to a higher ion release on the increased nanoparticle surface
area [27]. It is worth to mention that the problem of in planta translocation, i.e. the
way that the foliar application of nanoscale nutrients affects root pathogens, is still
under research in the sense that pathogens can be released after shoot-root transfer
or the induced host resistance. A non-classical nutrient besides metal and metal-
oxides there is based on carbon nanomaterials in the forms of Cgg,7 fullerenes, car-
bon nanoparticles, or single/multiple wall carbon nanotubes (SWCNT/MWCNT).
An extended study [11] in literature upon the action of MWCNT, SWCNT, gra-
phene and bulk activated carbon onto tomato plants grown in artificial medium
revealed an enhancement of biomass by stimulating the growth. The molecular
analysis upon the action of MWCNT has shown a stimulation of cell division and
plant growth due to the activation of water channels (aquaporins) and regulatory
genes for cell division and extension. Carbon nanomaterials exposure can alter

the different co-existing organic contaminants in various kinds of soils. In this
regards, carbon nanomaterials presents toxicity to soil microorganisms, with accent
to SWCNT including fungal community. Carbon nanomaterials have potential to
enhance plant growth, nutrient uptake, seed germination or fruit yield the most
promising one being MWCNT with positive effects on different crop species. The
large inters in the use of nanomaterials is based on the increase global production of
nanomaterials and their possible application in agriculture with hazards and risks to
be investigated. An exposed [28, 29] “realistic exposure scenario” for TiO,, Ag and
carbon nanotubes proposed the doses of 0.4, 0.02 and 0.01 pg/kg/year although the
relationship between these values and the actual concentration in the environment
is not known.

It is worth to mention, that in general the discussion to nanomaterials in agricul-
ture refers also to a most prominent fraction of nanomaterials that are non-solids
comprising nanoscale structures that can encapsulate an active ingredient in plan
protection product. Generally active substances have poor solubility in water and
at room temperature are brought to solution with organic (co)solvents. In order to
avoid the use of organic (co)solvents one solution is stated [30] the use of oil/water
emulsions. Generally the physical appearance of non-solid nanomaterials are lipid
base in liposomes, micelles or cochleates, in polymer based in micelles, nanosphere,
nanocapsules and polymersomes or in emulsions base as liquid crystals and micro-
emulsions. The nanomaterials in non-solid forms enhance the solubility and the
coverage of the hydrophobic leaf surface together with the penetration of the active
substances through the cuticula.

As presented, the characteristics of solid and non-solid nanomaterials have been
investigated in the last decade in order to understand the effect of nanonutrients in
culture fertilization as well as in plant protection with promising results together
with various studies regarding the toxicity of nanoparticles in the environment.

3. Nanoparticles and their action on plants

The nanotechnology application in agriculture is for our world one of the
most important domains of study due to the possibility of increasing for differ-
ent culture production and assisted plant protection against pests and diseases
together with the monitoring of pathogenic agents. In this regard, the application
of nanotechnology in the control of crop yield and crop protection is relatively
recent compared to organic or chemical nutrients and different drug delivery or
pharmaceuticals [31, 32].

One of the most important nutrients for humans and plants is iron (Fe) where
iron deficiency is common in nowadays human diet affecting over 2 billion people
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in the world [33] Iron is essential for plant development and plays an important
part in photosynthetic process being implied in redox reaction as well as generating
reactive oxygen species [34]. Due to its properties iron containing nanoparticles
have been used as nano-fertilizer for nutrition of plants. As an example there was
observed [35] a positive effect of nano-FeO and nano-ZnCuFe oxide on the growth
of mung (Vigna radiata) seedling, as well a positive influence on leaf and pod dry
weight on soybean yield and quality [36]. The problem of high rate of accumulation
of iron oxide nanoparticles in plants that conduced to precipitation in gravitational
field can be solve by surface-coating materials [37], a promising way to improve
the agronomic traits. Surface iron coating materials as nano-Fe,0; coordinated with
humic acid improved the mobility of iron in peanuts [38] or water-based ferrofluids
stabilized with citric acid on the growth of maize [39]. In this spirit, in literature
[40] there are data regarding the action of nono-iron fertilizer capped with ethyl-
enediaminetetra acetic acid (EDTA) upon sunflower (Helianthus annuus) by foliar
and soil application. An important parameter in studying the functional biology is
plant biomass, in this regard the effect of applied nano-fertilizer by foliar treatment
is the improving of aerial organ dry biomass while the effect on soil application of
nano-Fe-EDTA is not conclusive. Regarding aerial organ fresh biomass both foliar
and soil addition of nano-Fe-EDTA had the effect of increasing aerial organ fresh
weight of the plants as compared to classic fertilizer. In this method of applying
nano-Fe-EDTA there exists an increasing of leaves number in percentage by 21.42%
as compared to control plants [40]. As regards, the plant height the application of
nano-Fe-EDTA is effective also in foliar and soil treatment and taking into account
these experiments the general growth of sunflower is influenced by iron oxide
nanoparticles. The nano-fertilizer that treated the plan influenced also the physi-
ological parameters in the sense that all treated plants had a higher chlorophyll
content, the most important pigment, level than the test plantsi.e. from the total
level of 2.69 mg/g and 2.34 mg/g belongs to chlorophyll to the treated plants with
nano-Fe-EDTA through soil absorption, indicated the translocation of coated
nanoparticles from roots to the aerial parts. This treatment method implied
penetration points on the leave surface i.e. stomata and subestomatic chambers
which means hydrophobic penetration of nanoparticles through these pores.
Another problem for foliar application of nanoparticles is the possibility for their
accumulation in cells from epidermis of petiole near the application point limiting
in this way their possible contribution to plant growth or photosynthesis reaction.
However, the effect of an organic shell around nano-Fe made these nanoparticles
more compatible for entering and translocation in the plant [40]. Another direction
to suppress iron deficiency common in human diet is to use iron fertilizers based

on humic substances extracted from lignites, such as leordine, it is stated [41] that
this kind of fertilizer is more ecofriendly than synthetic iron chelates as discussed
above, but they are less efficient in suppressing iron chlorosis. Low concentrations
of superparamagnetic Fe-nanoparticles increased significantly the chlorophyll
contents in sub-apical leaves of soybeans under hydroponic conditions. The plants
fertilized with the leonardite humates accumulated slightly higher fresh weight
than those fertilized with the iron chelate, the humic substances generally increase
the shoot and root growth by 15-25% and the accumulation of total iron in pods for
soybean plants reaches 50 mg/kg under conditions of sufficient nourishment [41].
The applied nanoparticles of Fe’” were capable to supply the Fe”’ deficiency in plant
and it was transported from root to shoot and reaches the pods, this iron humate
was prepared taking into account its maximum complexing capacity in order to
avoid the iron flocculation in calcareous conditions [41]. As a remark, in the context
of sustainable agriculture, the Fe-nanoparticles can be considered as a part of novel
technology in line with the politics of precision and sustainable agriculture.
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One of the elements that results from the rapid industrialization is cadmium-
Cd and as a consequence there exists an irreversible exposure in the environment,
especially in the soil. The Cd absorption in the plants from soil or air through aerial
deposition and its transfer into different parts of the plants can cause several abnor-
malities in plants as reduced growth and yield [42]. The major entry gate of Cd in
plants is the roots while the toxic element entry in the human body is the consump-
tion of contaminated food. The excess of Cd in plants affected the plant growth by
reducing the production of reactive species, electrolyte leakage, hydrogen peroxide
and malondialdehyde concentrations in plants [42]. As a solution to reduce the
Cd content in soil is the application of biochar, as a carbon rich pyrolyzed organic
biomass that is effective in reducing bioavailability of metals in soil [43]. These
properties are based on biochar high pH, cation exchange capacity, nutrient
retention capacity including water retention capacity and lower bulk density [44].
The use of nanotechnology in agriculture can rise different problems as the role
of foliar application of ZnO nanoparticles combined with soil applied biochar in
Cd accumulation by plants [45], in this regard it was stated that compared to other
cereals maize (Z. mays) plant has a higher ability to take up Cd and its translocation
to the aerial parts that conduced to Cd accumulation in grains. The effect of applied
ZnO nanoparticles alone or combined with biochar enhanced the chlorophyll
concentrations and gas exchange parameters in leaves of maize [45]. On the other
hand, the effect upon on malondialdehyde, hydrogen peroxide, electrolyte leakage
and antioxidant enzyme activities in maize leaf and roots are in the sense that the
nanoparticles reduced these contents applied alone or with biochar. Experimental
application of ZnO-nanoparticles improved the activities of antioxidant enzymes in
leaves and roots [45]. As it was presented [45] the application of ZnO nanoparticles
and biochar reduced the Cd concentration in maize shoots and roots. Generally
the revealing that ZnO nanoparticles with effect in maize biomass and growth is
expressed by accelerated exogenous application of nanoparticles further enhanced
with biochar application in combination to nanoparticles. It was observed [45]
that the lower biomass in control plants is associated with higher Cd concentra-
tion in maize which reduced the chlorophyll concentration in leaves, or due to the
increased levels of malondialdehyde, hydrogen peroxide and electrolyte leakage in
the belowground and aboveground tissues. Lower concentration of ZnO nanopar-
ticles have positive impacts on plants [46] in the sense that the height of the plants
increased and the biochar application decreased the soluble Cd in soil, meanwhile
nanoparticles increased the Zn level in the plants [45]. Exogenous application of
ZnO nanoparticles improved the chlorophyll concentration and as a consequence
improved photosynthesis and with applied amendments might reduce the oxida-
tive stress in maize plants. It was suggested [47] that ZnO nanoparticles can be
considered as slow-release for Zn fertilizers which is advantageous to avoid sudden
absorption of Zn by plants as the higher concentrations of Zn absorbed by the
plants also conduced to toxicity in plants. It was stated [48] that a proper amount
of Zn in the soil or plants may interfere with Cd and could reduce the Cd accumu-
lation by plants due to the antagonistic effects of these metals on each other and
furthermore biochar application in combination with ZnO nanoparticles further
deceased Cd concentration in maize plants. As a solution to Zn malnutrition, the
strategy of using ZnO nanoparticles combined with biochar in cereals growth, in
particular in maize, conduced to the enhancement in plant biomass with decreased
Cd concentration in cereals. A proper concentration of Zn is benefic to plant organ-
ism because Zn is necessary for the activity of enzymes such as dehydrogenases,
aldolases, isomerases, transphosphorylases and RNA and DNA polymerases, as well
as in synthesis of tryptophan, cell division, maintenance of membrane structure
and photosynthesis and acts as a regulatory cofactor in protein synthesis [49].
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For example in coffee plants although Zn is required for optimal metabolism, yet
deficiency is prevalent partly due to the inefficient absorption of this micronutri-
ent combined with a deficiency in translocation [50]. Zn fertilization improves the
production and quality of coffee beans by positive impact on polyphenol oxidase
activity, color index, sucrose content, caffeine and trigonelline content and chloro-
genic acid [49]. One of the most efficient ways of suppressing Zn deficiency is foliar
fertilization a method that avoids toxicity symptoms and reduce fertilizer-related
pollution and in this perspective the foliar fertilization using micronutrients as

Zn nanoparticles is the advanced solution proposed by nanotechnology. In spite

of positive physiological impacts of nanoparticle fertilizers on crop growth, the
properties of nanoparticles can induce oxidative stress and toxicity in plants and
other organisms in ecosystem [51]. It was observed [52] the effect of ZnO nanopar-
ticles application on coffee plant on its positive part, i.e. the fresh weight of roots
and leaves are increased in percentages of 37% (root) and 95% (leaves) and no
effect on the stem as compared to control. The net photosynthesis rate did not vary
over time for ZnO nanoparticles treated plants and as regards zinc assimilation ZnO
nanoparticles treated leaves contained a higher content of Zn compared to classi-
cal nutrient ZnSO, treated plants [52]. As regards, the zinc assimilation in stems
and roots there does not exist significant differences between the treated plants
with ZnO nanoparticles and zinc sulfate at the same content of Zn in the soil. The
treatment of coffee plants with ZnO nanoparticles positively affected plant bio-
mass, with a major effect on fresh and dry weight. Part of so-called photosynthetic
machinery was improved when coffee plants were exposed to ZnO nanoparticles,
there exists a positive interaction between ZnO nanoparticles and net carbon
assimilation rate and stomatal conductance, confirming the role of Zn as a cofactor
of carbonic anhydrase that increases the content of CO; in the chloroplast and thus
also increases the carboxylation capability of the Rubisco enzyme [53]. It is impor-
tant to state that although Zn is an essential element, in an impropriate quantity it
can reduce plant health and performance at phytotoxic concentrations. Symptoms
of Zn toxicity are reduced growth and plant biomass, inhibition of cell elongation
and division, wilting, curling and rolling of young leaves chlorotic and necrotic leaf
tips and root growth inhibition [54].

The effect of nano-boron (B) fertilizer on the mineral nutrition and fruit yield
was put into evidence by on pomegranate trees culture [55]. It was observed that a
foliar spray of nano-B (concentration 6.5 mg BL™") in combination with nano-Zn
increased significantly the fruit yield up to 34% depending on treatment, with
an accent to nano-B fertilizer. Also, the foliar application of these nano-fertilizers
increased the number of fruits per tree, without an effect upon fruit crack-
ing. As regards the fruit size physical parameters as fruit diameter, fruit calvyx
diameter or average weight, they are not affected significantly for the treated
trees, but the pH pomegranate juice increased to 0.62 pH units under fertiliza-
tion. Concentrated nano-B foliar application caused small (1%) but statistically
constant changes in the amount of total phenolic compounds in pomegranate
juice whereas the antioxidant activity is not affected. The total amount of sugar in
pomegranate fruit juice increased up to 4.6% at discussed nano-B concentration
with no significantly increase in total anthocyanins under treatment. The action
of nano-B fertilizers is also efficient in fruit crops as almond, apple, pear, persim-
mon or peach.

Calcium (Ca) is an important macro-element that plays an important role in
plants including structural functions of cell walls, stabilization of cell membrane,
maintenance of cell turgor pressure and counter-ion for inorganic and organic
anions in vacuoles, as well as cytoplasmic messenger. Calcium cannot be transferred
through from the older tissue to other parts of plant on the basic phloem pathway
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and Ca xylem translocation depends on unidirectional transpiration stream [56].
Studies of foliar application of nano-Ca on pomegranate trees shows no significant
effect on fruit yield and to the number of fruits per trees [57]. Nano-Ca fertilization
increased the Caleaf concentration, whereas the foliar treatment decreased signifi-
cantly pomegranate fruit cracking. The total phenolic compounds in pomegranate
fruit juice is decreased in nano-Ca fertilization but with no significant effect on
antioxidant activity and total anthocyanin content. Foliar application of Ca reduces
the fruit cracking due to its role on cell wall, in enhancing the mechanical properties
of plant tissue. However, the foliar fertilization of Ca had no significant effect on
yields for kiwifruit, strawberry, grape and cherry.

Manganese (Mn) is a micronutrient required by most of the plants die to its
implication in biochemical reactions, as those required by dehydrogenases, decar-
boxylases, kinases, oxidases, peroxidases enzymes and to their role in fighting
oxygen reactive species in plants. Plants required 20-40 mg Mn/kg of dry weight
for its various functions e.g. in tricarboxylic acid cycle, oxidative and non-oxidative
decarboxylation reactions and for different synthesis as carotenoids, sterols or
gibberellic acid. The most important process of photosynthesis, implied the final
conversion of absorbed light to energy via enzymatic reactions. Among them,

a studied Mn-containing enzyme, is found in PSII oxygen evolving complex, a
multi-step enzymatic pathway where Mn is required, as a cofactor in both lower and
higher plants for the Hill reaction-the water splitting and oxygen evolving system
[58]. Mn plays an important role in the synthesis of fatty acids and carotenoids, as
well as in cell division and elongation. A normal function of the plant as biologi-
cal system is affected by abiotic stress defined any adverse force or condition that
affects its normal functioning. Abiotic stresses as drought, flood, salinity or harsh
temperature conduced to an excessive amounts of reactive oxygen species that
potentially injure proteins, membrane lipids, carbohydrates and DNA. The applica-
tion of Mn increased the leaf area, photosynthesis rate and stomatal conductance
in drought stress conditions, reducing the production of reactive oxygen species in
plants. These reactive species also accumulated in inside the plants under thermal
stress as harsh temperatures, that causes damage to cellular compounds and meta-
bolic processes. It was suggested [59] that salinity inhibits the uptake of Mn inside
plants inducing deficiency, in this case the foliar application increased stem diam-
eter, fresh and dry biomass, number of seeds and different biochemical parameters
as total protein or Hill reaction activity. The application of Mn nanoparticles

on wheat applied by foliar exposure or soil amendment showed [60] no inhibi-
tion of vegetative or reproductive development, further more Mn nanoparticles
significantly reduced Mn accumulation in shoots but increased the translocation
efficiency in grains compared to classical Mn fertilizers due to a greater reactiv-

ity and non-toxicity due to a slower and a continuously availability of soluble Mn
from Mn nanoparticles as compared to ionic Mn salt. The Mn nanoparticles greater
photophosphorylation and oxygen evolution compared to bulk Mn suggested its
novel potential nano modulator of the photochemical pathway in agriculture [61].
Furthermore Mn nanoparticles are viewed as a stimulant of plant growth and of
metabolic processes as alkaloids production. In infested soils, foliar exposure to
Mn oxide nanoparticles reduces disease up to 28% as compared to controls [62],
the plants can have cross-tolerance between abiotic and biotic stresses, and in this
regard stress tolerance can help plants to form faster and more resistant manner

to additional environmental changes. The propose mechanism for the distribu-
tion of Mn nanoparticles through the plant incudes transportation from the root
through the vascular system, a process considered as active-transporting as long

as includes signaling, recycling and plasma membrane regulation. Generally the
excess amounts of Mn in plants is not benefic to their health by interfering with the
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uptake, transport and utilization of other minerals as Ca, Fe or Mg as being com-
petitive for the same ion transport.

Copper nanoparticles at low concentrations (<0.25 mg L") stimulated plant
photosynthesis in a percentage of 35% on waterweed (Elodea. densa planch)
compared with control plants [63]. It was stated [64] that soil amendments with
metallic Cu nanoparticles up to 600 mg kg ™" increased significantly 15-day let-
tuce seedling growth up to 91% without toxic effects. Higher concentrations up
to 1000 mg L™ of metallic Cu nanoparticles conduced to toxic effects on seedling
growth of mung bean and wheat [65] and can reduce the biomass of zucchini by
90% as compared to control. The optimal concentration for aqueous copper for
proper plant growth is in the range of only 0.02 mg L™" due to the effect of phytox-
icity at higher levels [66].

Magnesium (Mg) is essential for plant growth as it plays an important role in the
photosynthesis process as central component of chlorophyll and also acts as a phos-
phorus carrier as an important element for phosphate metabolism. Mg is necessary
in cell division and protein formation in activation of several enzyme systems and
is essential for plant respiration. The effect of foliar application of magnesium and
iron nanoparticles solutions upon black-eyed pea (Vigna unguiculata) combined in
a concentration of 0.5 g L™" enhanced the 1000-seed weight by 7% in comparison
with regular application of Fe and Mg [67]. The Mg nanoparticles application
improved the uptake of Mg in plant stems and leaves compared to the use of regular
Mg salts, a fact related to the higher mobility of Mg nanoparticles. Magnesium
deficiency conduced to a slow growth of plant and to leaves problems due to the
development of internal chlorosis and that is why Mg important in crop yield.

Silver (Ag) is known as an element with antiseptic characteristics and it is
important to understand its effect upon soil microbial community. Microorganisms
are key regulators of biogeochemical recycling of nutrients in the environment and
assist in maintaining the overall health and function of ecosystems [68]. The soil is
regarded as a complex system and its physicochemical characteristics as pH, texture
and organic matter content can influence the nanoparticles properties introduced in
it, a fact that can conduce to an increased or a decreased bioavailability and toxic-
ity of nanoparticles. The effect of Ag nanoparticles on the microbial diversity and
enzyme activity of soil is regarded as a significant decrease in microbial massasa
function of increasing Ag nanoparticles concentration. [69]. Ag nanoparticles had
impact on vascular plants, presenting positive or negative effects on seed germina-
tion, root growth and plant biomass [70]. In Ag nanoparticles application on wheat
plants, there was not observed a significant effect with the exception of root fresh
weight and root length that presents a negative response at 75 ppm treatment while
in cowpea and Brassica there was observed a positive response to Ag nanoparticles.
In cowpea plants a 50 ppm concentration of Ag nanoparticles conduced to growth
promotion and increased root nodulation suggesting that Ag nanoparticles treat-
ment improved the growth by modulating the antioxidant action of nanoparticles.
Increased nodulation is supposed to be related to nitrogen-fixing bacteria as long as
root exudation pattern is dependent to Ag nanoparticles concentration. In soil, total
bacteria count improved in 50 ppm treatment and nitrogen fixer bacteria are sensi-
tive toward 75 ppm treatment. In cowpea, the total bacteria count declined with
increasing Ag nanoparticles concentration, with an increase of diversity index of
total bacteria population was observed in 50 ppm treatment whereas the diversity
of nitrogen fixers decreased in the 75 ppm treatment. The impact of Ag nanopar-
ticles on soil bacteria diversity is dependent on Ag nanoparticles concentration and
on the other hand on the plant species grown in that soil, a specificity related to
the different root exudation patterns of different plant species. The antimicrobial
properties of Ag nanoparticles may be altered when released in soil due to the
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complex system of biotic and abiotic processes, e.g. pore-water harbors a range of
electrolytes that increase the aggregation of Ag nanoparticles in soil, thus reducing
its size-dependent toxicity. The plants cultured in artificial soils compared to agar
conditions in addition to higher concentration of Ag" ions the plants exhibited some
characteristics: (a) the apparent toxicity observed in the soil was attributable to the
particle toxicity; (b) lower rates of nanoparticles dissolution can be attributed to
the reduction in the surface and greater soil aggregation; (c) the agar and soil have
different mechanisms for sorption of the dissolved Ag* ion and the Ag nanopar-
ticles. The application of Ag nanoparticles in real soil improved the bactericidal and
fungicidal effectiveness of silver against most important plant pathogenic fungi.

Titanium oxide (TiO,) mineral is naturally occurred in four natural polymorphs:
akaogiite (monoclinic), brookite (orthorhombic), anatase (tetragonal) and rutile
(tetragonal). TiO, nanoparticles are explored due their use as an antimicrobial agent
and photocatalyst in order to remove organic compounds from contaminated air,
soil, and water. Ti is not an essential element for plants, therefore TiO, nanopar-
ticles are not viewed as plant nutrients but plays a potential role in plant protec-
tion and at lower doses its effective to its properties as a photocatalysts or an UV
protector. It was stated [71] that exposure of naturally aged spinach seeds to TiO,
nanoparticles (rutile) at concentration of 250-4000 mg L ™" significantly increased
the germination rate, the germination index, the dry weight of seedlings and vigor
index of seeds. It was observed that under hydroponic conditions on agar, TiO,
nanoparticles generally cause positive or non-consequential effects on plant growth
for different food crops. For example, in hydroponic conditions it was observed a
significant increase in the root and shoot length of Brassica juncea seedling treated
with TiO, nanoparticles at concentrations: (0, 200, 500, 1000 and 1500 mg LY.
An important factor is the lack of toxicity of TiO, nanoparticles due to their rapid
agglomeration and consequently formation of larger hydrodynamic particles that
are not available to plant and have no effect on plants, this is a property of rutile
form that presented the characteristic of lipophilicity. It was observed [72] that
TiO, in anatase form are toxic at high concentrations and due to their antimicrobial
properties a significant growth of the roots was observed.

Selenium (Se) is an essential trace element for humans and animals and is
beneficial for plants at low concentrations particularly under stress conditions act-
ing like an antioxidant. Cereals are a good source of Se as it is present in the form of
Se-methionine [73]. The total concentration of Se in most of soils is 0.1-2 mg kg_l,
with factors that affects Se solubility as: soil pH, redox potential, calcium carbonate
level, cation exchange capacity, organic carbon, iron and aluminum level as well as
the plants capability to produce root exudates. Selenium is most available in alkaline
soils in the form of selenite, in acidic poorly aerated Se occurs in insoluble selenide
forms, the lower limit for Se concentration in soil is 0.5 mg kg ™. Selenium fertiliza-
tion rate and its chemical form directly influenced Se grain concentration affecting
the yield, its application form being foliar or liquid on the soil surface. Low con-
centrations of Se had a positive effect on growth of ryegrass, lettuce and potato due
to its antioxidant action. It was stated [74] that 10 g Se selenite per ha can increase
wheat Se concentration from a base level of 30-100-200 pg kg™ to recommended
level of 300 pg kg™ as a minimum target. Agronomic use efficiency is higher for
foliar application than soil application. Agronomic bio-fortification is an inexpen-
sive method for the increase of Se intake by humans but the limited Se resources
indicated that fertilization strategies had to increase agronomic use efficiency in
environmental conditions by improving agro-technical measures.

Silicon dioxide (Si0O,) is a form of silicon oxide that had abundance in envi-
ronmental mostly in the soil. Lower amounts of nano-SiO, increased germina-
tion of seeds in tomato [75], or of Lycopersicum esculentum seeds germination in
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concentration of 8 g L™ nano-SiO, for a percentage of 22.16%. The same concentra-
tion increased the fresh weight of seedlings by 116.58% and seedlings dry weight
by 117.46% compared to control, with an important action upon root and shoot
growth. Nano-SiO, amplified various factors of the growth and conditions of seed-
lings, i.e. height, diameter of root collar, main length of roots, seedlings lateral root
number as well as induction of chlorophyll synthesis. Under abiotic stress nano-
SiO, increases seeds germination in tomato [76] and in saline conditions nano-SiO,
maximized the fresh and dry weight of leaves confirmed that the increment in the
proline accumulation, unattached amino-acids, nutrient quantity and antioxidant
activity of enzymes increased plant’s level of endurance to environmental stress
[77]. The chlorophyll content developed on nano-SiO, treated plants grown in
salt-stressed conditions, the application of 1 mM silicon dioxide could alleviate the
side effect of salt stress on percentage of germination, length, of root and shoot,
weight of seedling, mean germination rate see vigor index and cotyledon reserve
mobilization of Lens culinaris [78]. Nano silicon dioxide developed the growth of
the plant, net rate photosynthesis, level of transpiration, conductance of stomata,
rate electron transport and photochemical quell [79].

Regarding the nanotoxicity of nanoparticles action, the involved mechanism
is not entirely understand, this mechanism is assumed in the sense by the changes
related to the chemical structure, particles size and active surface area of nanopar-
ticles. It is stated [80] that the toxicity action is focused on two directions: i.e. (a)
a chemical toxicity based on the chemical composition as the released of toxic ions
and (b) stress or stimuli caused by the surface, size or shape of particles. As viewed
from chemical physics processes, the solubility of oxide nanoparticles affects the
cell culture response and nanoparticle mediated toxicity is partly explained by
the release of dissolved components of them [81]. In comparison to metal toxicity
in plants and animals, the nanoparticles pathway is different, a problem solved
by the introduction of different parameters in experimental tests to evaluate the
nanoparticles dynamics. In a plant culture exposed to nanoparticles, the gain and
losses related to the development, growth and productivity are not exclusively part
of nanoparticles effect but they can be viewed as a participation of the primary ions
to biological processes active in plants. Regarding the presence of nanoparticles in
soil, as culture area for plants, had to be considered the interaction with the micro-
organisms in soil because they can positively interact with plants e.g. arbuscular
mycorrhizal fungi [80]. The nanoparticles interaction with plants e.g. accumulation
in plant biomass affects their fate and transport in the environment. There exists a
first report [82] in 2007 regarding the negative effects of nanoparticles upon several
plants as corn, cucumber, soybean, cabbage and carrot at relatively low dosage. At
microscopic scale, the analysis of the chromosome morphology showed a relation
between increased number of aberrations and the increased concentration of
nanoparticles e.g. the appearance of stick chromosomes [83]. The phyto-toxicity
was observed at molecular and nuclear cell level because the occurrence of stick
chromosomes might be related to the degradation or de-polymerization of chromo-
somal DNA [80]. The extended development of modern agriculture brings besides
some true benefits regarding crop productivity increasing problems related to
environmental contamination with toxic elements e.g. metals or pesticides com-
pounds and from this point of view nanoparticles used can aggravate the situation.
The process of heavy metals accumulation by plants is related for the large majority
of plants to roots accumulation and only a small part is translocated to the aboveg-
round of the plants [84]. There are evidence [85] to a translocation process from the
roots to the fruits, without the existence of changes due to biochemical processes.
It is important to note that the concentration, plant organ or tissue, exposure rate,
elemental form, plant species, exposure dosage (chronic/acute) affects the plant
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response and in particular the distinct stress response. This is the reason why the
complex process of utilization nanoparticles in agriculture has to be monitored to a
level that avoids further environmental contamination i.e. soil, water and air.

4. Hydroxyapatite and essential oils

One of the essential problems that limits crop production is the low availability
of phosphorous (P) in many agricultural regions. In order to increase the phospho-
rous content in the soil it is necessary to apply P fertilizers, because phosphorous is
an essential element for plant growth. Besides classical fertilizers, nanotechnology
can offer a solution to supply the micronutrients deficiencies for plants develop-
ment. In this regard, it was suggested [86] the use of hydroxyapatite nanoparticles
Cay0(PO4)6(OH),, nano-HAp, as potential fertilizers. Tests on the potential use of
nano-HAp (15 nm) on soybean (Glycine max) [87] conduced to the conclusion that
plants which received the nano-fertilizer produced greater biomass yield and seed
compared with the plants fertilized with conventional water-soluble phosphorous
source. It was stated [88] that nano-HAp might enhance P fertilizer efficiency in
acidic and strongly P absorbing soils through the better mobility of nano-HAp in
the soil potentially reaching plant roots. The experiments showed that the applica-
tion of conventional triple superphosphate and HAp treatment conduced to an
significantly increased the plant dry matter yield compared to control depend-
ing on soil characteristics e.g. Greenwood soils. The application of conventional
fertilizer conduced to significant increase in shoot uptake of phosphorous in all
types of soils in the range (0.1-1.4 mg P plant™"), in peculiar the application of
nano-HAp increased the plant uptake to a maximum value of 0.4 mg P plant ™/,
indicating a contribution uptake in percentage (40-61)%. These results suggesting
that nanoparticles could possibly have a benefit over water-soluble P conventional
fertilizers in the very strongly absorbing soils since the opportunities for P fixation
in the soil is minimized.

Among other important plants for the use in medicine are those conducted
to the extraction of essential oils as basil and lavender. Essential oils are complex
biostructures and contain a lot of chemical compounds from different classes as:
terpenoids, ketones, aldehydes and esters with a composition depending on the
plant’s origin and quality, harvest time, climate, soil and extraction method. About
90% of the bioactive components of essential oils are monoterpenes and in the
oxygenated form the bioactivity is enhanced. The medical use of essential oils is
based on their properties such as antibacterial, antifungal and their characteristic
to prevent the growth of different pathogens. The antibacterial activity of HAp
samples and HAp samples coated with essential oil of basil and lavender was tested
on methicillin_resistant Staphylococcus aureus (MRSA), Staphylococcus aureus 0364
and Gram-negative bacteria Escherichia coli ATCC 25922 as presented in [89]. As
observed in Figure 1(a—c) there exists a slow decrease in MRSA growth for HAp-B
and HAp-L samples at different concentrations—Figure 1(a).

The evolution in the cell growth of S. aureus is observed in Figure 1(b), an
evolution that indicates a decrease in the cell growth starting from the low level
concentration of 0.01 mg mL " in the presence of the HAp-B sample. The HAp-L
inhibited E. coli (Figure 1c) starting with the concentration of 0.02 mg mL™".
Taking into account that MIC is the lowest concentration of the chemical that
prevents visible growth of bacteria, the lowest concentration of HAp-L nanopow-
ders at which the visible inhibition of MRSA bacterial growth was observed was
0.039 mg mL ", and for HAp-B was 0.625 mg mL™". In the same conditions for
S. aureus we have for HAp-B MIC value of 0.313 mg mL " and for E. coli HAp-L
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Figure 1.
Graphic vepresentation of absorbance values of the microbial culture obtained in the presence of the plant
EO-coated HAp on diffevent bacterial strains MRSA (a), S. aureus (b) and E. coli (c) quantified by A620 nm

values.

MIC value was 0.039 mg mL™". The antimicrobial properties of materials based
on hydroxyapatite coated with essential oils can be explained for HAp-B samples
on the major component of hydroxyapatite as the basil essential oil was poorly
adsorbed onto the surface of hydroxyapatite nanoparticles.

Mentha species are one of the most used medical herbs due to their chemical
constituents as menthol and menthone. Peppermint (Mentha piperita) essential
oils are used as remedies in coughs, colds, mouth sinuses, pain relief and head-
aches, with properties related to antiviral activity against influenza, herpes and
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other viruses. The influence of peppermint essential oil (P-EO) on the surface of
hydroxyapatite nanoparticles was studied [90] related to their morphological,
physicochemical and antimicrobial properties. The results of the qualitative antimi-
crobial properties of P-EO and HAp-P are presented in Table 1.

Antimicrobial qualitative assay revealed that the peppermint had a significant
inhibition effect on the microbial growth of the tested microorganisms, with the
inhibition diameter ranging from 6 to 22 mm. The solvent DMSO did not affect
the growth on solid media of any tested microbial strains. HAp had no inhibi-
tory effect on the growth of the tested microorganisms and the most pronounced
inhibition was observed in the case of E. coli tested strains in its two forms. The
diameter of the inhibition growth area was 22 mm to 20 mm in the case of P-EO
and a smaller inhibition zone of 8 mm for HAp-P. On S. aureus the inhibitory effect
was related notably for P-EO and HAp-P with an inhibition zone in the range
7-8 mm. Essential oil extracted from peppermint contains active constituents that
are responsible for eliminating bacterial pathogens, i.e. P-EO and HAp-P presented
significant antibacterial activity with constituents acting on the cell membrane
causing important morphological damage and destabilization of microbial mem-
brane. Due to the worldwide emergence of S. aureus and E. coli strains which are
resistant to conventional antibiotic therapy, there have been major concerns in
public health area that conduced to the necessity of the developing of new anti-
microbial compounds. Nano-sized powders of HAp doped with several metal ions
that are known to possess antimicrobial properties as silver, zinc or cerium are used
together with HAp in combination with essential oils. The effect of plants EOs and
plants EOs-HAp combination regarding the antimicrobial activity is presented [91]
in Table 2 related to the diameter of inhibition zone-inhibition growth of tested
bacterial strains.

The lavender EO inhibited the growth of all tested bacterial strains, as indicated
the formation of inhibition zone ranged from 16 mm (E. coli ESBL 4493) to 24 mm
(MRSA 1144). The HAp-L material was active against tested bacterial strains
compared to HAp. The basil EO and HAp-B samples exhibited a lower inhibitory
effect against the tested bacteria. On the other hand, HAp material had no effect on
the growth of the selected bacteria.

The possibility of covering hydroxyapatite with different molecules, e.g. essen-
tial oils offer a solution to apply in food industry, in the idea that HAp is an essential
component of human organism. In this regard, the potential use in medicine e.g.
bone reconstruction could help the reducing of postoperative infections after
different implants. In the case of hydroxyapatite nanotechnology have opened the
gate to different applications in agriculture, food industry, medicine with the final
target of improving human health and resistance to a continuous modification of
pathogen agents.

Microbial Strains P-EO HAp-P HAp DMSO

Escherichia coli ATCC 25922 2+02 8+02 0+0.1 0+01

Escherichia coli C5 2003 7+03 0+0.1 0+0.1

Pseuwdontonas aeruginosa ATCC 27853 10+05 7+05 0+0.1 0+0.1
Pseudomonas aeruginosa ATCC 9027 11+03 6+02 0+0.1 0+0.1
Staphylococcus aurens ATCC 25923 12+03 1005 0+0.1 0+0.1
Staphylococcus aurens ATCC 6538 8+0.2 7+0.6 0+0.1 0+0.1
Methicillin-resistant Staphylococcus aureus (MRSA) 388 10+ 0.5 0+£0.1 0+£0.1 0£01
Enterococcus faecium DSM 13590 0+0.1 0+0.1 0+0.1 0+0.1

Candida parapsilosis ATCC 22019 0+0.1 0+0.1 0+0.1 0+0.1

Table 1.
The diameters of inhibition growth zones (mm,).
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Inhibition Zone (mm)
Plant EOs and Plant EOs-HAp

Combinations (Concentration HapL 2 HApB Hap
( ! LavanderEO ., agfal) TMIED  Looeil)  (Nagel) PO
Bacterial strain
E. coli ATCC 25922 2041 1541 942 71 * .
E. coli ESBL 4493 16 =05 10+2 8+1 6+1 * -
S. aureus 1426 25+1 1342 10+1 8+1 - -
MRSA 1144 24405 10+2 742 6+1 * .

* No inhibition zone observed.

Table 2.
Antimicrobial activities of plant EOs, HAp-B and HAp-L against Gram-positive and Gram-negative bacteria.

5. Conclusions

As it was presented, in the last few decades, nanotechnology reveals its benefit
usage in different activity fields and in particular in biotechnology and agriculture.
Fertilizer compounds are essential for our quality of soil and water for the develop-
ment of plants in order to increase the crops in order to cover what is needed to
sustain the food necessities all over the world. Therefore there exist a necessity to
decrease nutrient casualties in fertilization, and to amplify the plant product by
the operation of novel uses with assistance of nanotechnology and nanomateri-
als. This type of fertilization delivers the nutrients on request, control the use of
chemical fertilizers that regulate growth and development of plants and raise the
activity of target vegetal organism. In this regard have been presented the effects of
different nanomaterials and nanoparticles upon selected plants culture as wheat,
maize, soybean, etc. taking into account their growth morphological parameters
and the nanoparticles influence upon plant metabolism. The present and future use
of nanoparticles as micronutrients is affected by different risks related to nano-
toxicity of micronutrients, a problem to be solved by an appropriate and safe circuit
of nanoparticles in soil, water, plants and at last in human organism. In this regard,
it is important to quantify nanomaterials concentration in water, soil and air,
where the concentration of relevant nanomaterials is essential to define exposure, a
problem to be solved by the modeling of environmental concentrations. Due to the
rapid development of manufactured nanomaterials it is important to evaluate their
environmental and health impact, and it was stated to assure a safe circuit from
micronutrients used for plants crop increasing to the beneficiaries of these plants,
i.e. animals and humans. The present work is an approximately extensive presenta-
tion of the present status of the application of nanomaterials and nanoparticles in
agriculture i.e. in plants fertilization with accent to the plants growth parameters,
possible toxic risks and application to the antimicrobial activity.

Acknowledgements

The authors thank for financial support to Romanian Ministry of Research and
Innovation Contract No. 43PCCDI/2018 and Contract No. 23PCCDI/2018.

17



Urban Horticulture - Necessity of the Future

Author details

Daniela Predoi’, Rodica V. Ghita®, Simona Liliana Iconarul,
Carmen Laura Cimpeanu” and Stefania Mariana Raita”

1 National Institute of Materials Physics, Bucharest, Romania

2 University of Agronomic Sciences and Veterinary Medicine of Bucharest,
Romania

*Address all correspondence to: ghitar@infim.ro

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

18



Application of Nanotechnology Solutions in Plants Fertilization

DOI: http://dx.doi.org/10.5772/intechopen.91240
References

[1] Gogos A, Knauer K, Bucheli TD.
Nanomaterials in plant protection and
fertilization: current state foreseen
application and research priorities.
Journal of Agricultural and Food

Chemistry. 2012;60(39):9781-9792

[2] Giraldo JP, Landry MP,

Faltermeier SM, McNicholas TP,

Iverson NM, Boghossian AA, et al.

Plant nanobionics approach to argue
photosynthesis and biochemical sensing.
Nature Materials. 2014;13:400-408.
DOI: 10.1038/nmat3890

[3] Talebi SM. Nanoparticle-

induced morphological responses

of roots and shoots of plants. In:
Nanomaterials in Plants, Algae and
Microorganisms. 2018. DOI: 10.1016/
B978-0-12-811487-2.00006-2

[4] Miyazaki K, Islam N.
Nanotechnology systems of
innovation-An analysis of industry
and academia research activities.

Technovation. 2007;27:661-675

[5] Action Group on Erosion,
Technology and Concentration (ETC
group). Down on the Farm. Available
from: http://www.etcgroup.org/upload/
publication/80/02/etc_dotfarm2004.pdf

[6] Servin A, Elmer W, Mukherjee A, De
la Torre-Roche R, Hamdi H, White JC,
et al. A review of the use of engineered
nanomaterials to suppress plan disease
and enhance crop yield. Journal of
Nanoparticle Research. 2015. DOI:
10.1007/s11051-015-2907-7

[7]1 Shew HD, Fichtner EJ, Benson DM.
Aluminium and Plant Disease. St Paul:
The American Phytopathological
Society; 2007

[8] Navarro E et al. Environmental
behavior and ecotoxicity of engineered
nanoparticles to algae, plants and fungi.
Ecotoxicity. 2008;17(5):372-386

19

[9] Tarafdar JC, Raliya R, Mahawar H,
Rathore I. Development of zinc
nanofertilizer to enhance crop
production in pearl millet (Pennisetum

americanum). Agricultural Research.
2014;3(3):257-262

[10] Khodakovskaya MYV, Silva K,
Biris AS, Dervishi E, Villagarcia H.
Carbon nanotubes induce growth
enhancement of tobacco cells. ACS

Nano. 2012;6(3):2128-2135

[11] Khodakovskaya MV et al.

Complex genetic, phothermal and
photoacoustic analysis of nanoparticle-
plant interactions. Proceedings of

the National Academy of Sciences

of the United States of America.
2011;108(3):1028-1033

[12] Alidoust D, Isoda A. Effect

of gamma Fe,0; nanoparticles on
photosynthetic characteristics of
soybean (Glycine max (L.) Merr):
Foliar spray versus soil amendment.
Acta Physiologiae Plantarum.

2013;35(12):3365-3375

[13] Pradhan S et al. Photochemical
modulation of biosafe manganese
naboparticles on Vigna radiata : A
detailed molecular, biochemical and
biophysical study. Environmental
Science & Technology.
2013;47(22):13122-13131

[14] Linglan M, Chao L, Chunxiang Q,
SitaoY, Jie L, Fengqing G, et al. Rubisco
activase mRNA expression in spinach:
Modulation by nanoatanase treatment.

Biological Trace Element Research.
2008;122(2):168-178

[15] Jo YK, Kim BH, Jung G. Antifungal
activity of silver ions and
nanoparticles against selected crop
phytopathogenic fungi. Plant Disease.
2009;93(10):1037-1043

[16] He LL, Liu Y, Mustapha A, Lin MS.
Antifungal activity of zinc oxide



Urban Horticulture - Necessity of the Future

nanoparticles against Botrytis
cinerea and Penicillium expansum.
Microbiological Research.
2011;166(3):207-215

[17] Cui H, Zhang P, Gu W, Jiang J.
Application of anatase TiO, sol derived
from peroxotitannic acid in crop

diseases control and growth regulation.
NSTI-Nanotech. 2009;2:286-289

[18] Jaberzadeh A, Moaveni P,
Moghadam HRT, Zahedi H. Influence of
bulk and nanoparticles titanium foliar
application on some agronomic traits,
seed gluten, and starch contents of
wheat subjected to water deficit stress.

Notulae Botanicae Horti Agrobotanici
Cluj-Napoca. 2013;41(1):201-207

[19] Sims JT. Soil pH effects on the
distribution and plant availability
of manganese, copper and zinc. Soil
Science Society of America Journal.

1986;50:367-373

[20] Yang K, Lin D, Xing B. Interactions
of humic acid with nanosized inorganic
oxides. Langmuir. 2009;25(6):3571-3576

[21] Eichert T, Kurtz A, Steiner U,
Goldbach HE. Size exclusion limits
and lateral heterogeneity of the
stomatal foliar uptake pathway for
aqueous solutes and water-suspended

nanoparticles. Physiologia Plantarum.
2008;134(1):151-160

[22] Wang WN, Tarafdar JC, Biswas P.
Nanoparticle synthesis and delivery by
an aerosol route for watermelon plant

foliar uptake. Journal of Nanoparticle
Research. 2013;15(1):1-13

[23] Raliya R, Tarafdar JC. ZnO
nanoparticle biosynthesis and its
effect on phosphorous- mobilizing
enzyme secretion and gum
contents in Clusterbean (Cyamopsis

tetragonoloba L). Agricultural Research.
2013;2(1):48-57

[24] Ahmad P, Rasool S. Emerging
technologies and management of crop

20

stress tolerance. In: Vol. 1. Biological
Technique. San Diego: Academic Press;
2014

[25] Hong J et al. Evidence of
translocation and physiological impacts
of foliar applied CeO, nanoparticles

on cucumber (Cucumis sativus) plants.
Environmental Science & Technology.
2014;48(8):4376-4385

[26] Giannousi K, Avramidis I,
Dendrinou-Samara C. Synthesis,
characterization and evaluation

of copper based nanoparticles as
agrochemical against Phytothphora
infestans. RSC Advances. 2013;3(44):
21743-21752

[271 Yin L et al. More than the ions: The
effect of silver nanoparticles on Lolium

multiflorum. Environmental Science &
Technology. 2011;45(6):2360-2367

[28] Gogos A, Knauer K, Bucheli TD.
Nanomaterials in plant protection and
fertilization: Current state, foreseen
applications, and research priorities.
Journal of Agricultural and Food

Chemistry;60(39):9781-9792

[29] Mueler NC, Nowack B. Exposure
modeling of engineered nanoparticles
in the environment. Environmental
Science & Technology. 2008;42(12):
4447-4453

[30] Giessler-Blank S, Scheurmann R,
Venzmer ], Lindsay D. Nanoemulsions
and process for their preparation

and their use as formulation of plant
protection agents and/or pesticides and/
or cosmetic preparation. In: US Patent
US20100041629. 2010

[31] Khan MR, Ahamad F, Rizvi TF.
Effect of nanoparticles on plant
pathogens. Advances in Phytonano-
technology. DOI: 10.1016/
B978-0-12-815322-2.00009-2

[32] Khan MR, Rizvi TF.
Nanotechnology: Scope and application



Application of Nanotechnology Solutions in Plants Fertilization

DOI: http://dx.doi.org/10.5772/intechopen.91240

in plant disease management. Plant
Pathology Journal. 2014;13:214-231

[33] Briat JF, Dubos C, Gaymard F. Iron
nutrition, biomass production, and
plant product quality. Trends in Plant
Science. 2015;20:33-40. DOI: 10.1016/j.
tplants.2014.07.005

[34] Marschner H, Rimmington GM.
Mineral Nutrition of Higher Plants.
SanDiego: Academic Press; 1995

[35] Dhoke SK, Mahajan P, Kamble R,
Khanna A. Nanotechnology
Development. 2013;3:e1-e5

[36] Sheykhbaglou R, Sedghi M,
Shishevan T, Sharifi S. Notulae Scientia
Biologicae. 2010;2:112-113

[37] Wang YX, Hussain SM, Krestin GP.
European Radiology. 2001;11:2319-2331

[38] Liu XM, Zhang FD, Feg B, Zhang
SQ, He XS, Wang REF, et al. Journal
of Plant Nutrition and Fertilization.
2007;11:551-555

[39] Racuciu M, Creang DE. Journal of
Magnetism and Magnetic Materials.
2007;311:291-294

[40] Shahrekizad M, Ahangar AG,
Mir N. EDTA-coated Fe;0,
nanoparticles: A novel biocompatible
tertilizer for improving agronomic
traits of sun flower (Helianthus

annuus). Journal of Nanostructures.
2015;5:117-127

[41] Cieschit MT, Polyakov AY,

Lebedev VA, Volkov DS, Pankratov DA,
Veligzhanin AA, et al. Eco-friendly
iron-humic nanofertilizers synthesis
for the prevention of iron chlorosis

in soybean (Glycine max) grown in
calcareous soil. Frontiers in Plant
Science;10:Article 413. DOI: 10.3389/
fpls.2019.00413

[42] Ali B, Gill RA, Yang S, Gill MB,
Farooq MA, Liu D, et al. Regulation

21

of cadmium-induced proteomic and
metabolic changes by 5-aminolevulinic
acid in leaves of Brassica napus L. PLoS
One. 2015;10:1-23

[43] Usman M, Raheem Z, AhsanT,

Igbal A, Sarfaraz ZN, Haq Z.
Morphological, physiological and
biochemical attributes as indicators for
drought tolerance in rice (Oryza sativa L.).

European Journal of Biological Sciences.
2013;5:23-28

[44] O’Conner D, Peng T, Zhang ],
Tsang DC, Alessi DS, Shen Z, et al.
Biochar application for the remediation
of heavy metal polluted land: A review
of in situ field trials. Science of the Total
Environment. 2018;619:815-826

[45] Rizwan M, Ali S, Rehhman
MZu, Andrees M, Arshad M,
Qayyum MF, et al. Alleviation of
cadmium accumulation in maize
(Zea mays L.) by foliar spray of zinc
oxide nanoparticles and biochar to

contaminated soil. Environmental
Pollution. 2019;248:358-367

[46] Pullagurala VLR, Adisa IO,

RaWat S, Kalagara S, Hernandez-
Viezcas JA, Peralta-Videa JR, et al.
Finding the conditions for the beneficial
use of ZnO nanoparticles towards

plants—A review. Environmental
Pollution. 2018;241:1175-1181

[47] Li C, Wang P, Lombi E, Cheng M,
Tang C, Howard DL, et al. Absorption
of foliar-applied Zn fertilizers by
trichomes in soybean and tomato.

Journal of Experimental Botany.
2018;69:2717-2729

[48] Rizwan M, Ali S, Rehman MZ,
Magbool A. A critical review on the
effects of zinc at toxic levels of cadmium
in plants. Environmental Science and
Pollution Research. 2019. DOI: 10.1007/
s11356-019-04174-6

[49] Lacerda JS, Martinez HE,
Pedrosa AW, Clemente JM, Santos RH,



Urban Horticulture - Necessity of the Future

Oliveira GL, et al. Importance of zinc
for Arabica coffee and its effects on
the chemical composition of raw grain
and beverage quality. Crop Science.
2018;58:1360-1370

[50] Martinez HEP, Zabini AV, Cruz CD,
Pereira AA, Finger FL. Differential
tolerance to zinc deficiency in coffee-

plant progenies. Journal of Plant
Nutrition. 2011;34:1654-1674

[51] Heinlaan M, Ivask A, Blinova I,
Dubourguier HC, Kahru A. Toxicity of
nanosized and bulk ZnO, CuO, and TiO,
to bacteria Vibrio fisheri and crustaceans
Daphnia magna and Thamnocephalus
platyurus. Chemosphere.
2008;71:1308-1316

[52] Rossi L, Fedenia LN, Sharifan H,
Ma X. Effects of foliar application of
zinc sulfate and zinc nanoparticles
in coffee (Coffeea arabica L) plants.
Plant Physiology and Biochemistry.
2019;135:160-166

[53] Salama ZA, El-Fouly MM, Lazova G,
Popova LP. Carboxylating enzymes

and carbonic anhydrase functions were
suppressed by zinc deficiency in maize
and chickpea plants. Acta Physiologiae
Plantarum. 2006;28:445-451

[54] Rout GR, Das P. Effect of

metal toxicity on plant growth

and metabolism: I. Zinc. In:

Lichtfouse E, Navarrete M, Debaeke P,
Veronique S, Alberola C, editors.
Sustainable Agriculture. Netherlands,
Dordrecht: Springer; 2009. pp. 873-884

[55] Davarpanah S, Tehranifar A,
Davarynejad G, Abadia J, Khorasani R.
Effects of foliar application of zinc and
boron nano-fertilizer on pomegranate
(Punica granatum cv. Ardestani)

fruit yield and quality. Scientia
Horticulturae. 2016;210:57-64

[56] White P, Broadley M. Calcium in
plants. Annals of Botany. 2003;92:487-511

22

[57] Davarpanah S, Tehranifar A,
Abadia ], Val ], Davarynejad G, Aran M,
et al. Foliar calcium fertilization reduces
fruit cracking in pomegranate (Punica
granatum cv. Ardestani). Scientia
Horticulturae. 2018;230:86-91

[58] Ye Y, Medina-Velo IA, Cota-Ruiz K,
Moreo-OlivasF, Gardea-TorresdeyJL.Can
abiotic stresses in plants be alleviated

by manganese nanoparticles or

compounds? Ecotoxicology and
Environmental Safety. 2019;184:109671

[59] Pandya DH, Mer RK, Prajith PK,
Pandey AN. Effect of salt stress and
manganese supply on growth of
barley seedlings. Journal of Plant
Nutrition;27:1361-1379. DOI: 10.1081/
PLN-200025835

[60] Singh U, Gardea-Torresdey ],
Bindraban P, Adisa I, Elmer W,
White J, et al. Effects of manganese
nanoparticles exposure on nutrient

acquisition in wheat (Triticum aestivum
L). Agronomy. 2018;8:158

[61] Pradhan S, Patra P, Mitra S, Dey KK,
Jain S, Sarkar S, et al. Manganese
nanoparticles: Impact on non-
modulated plant as a potent enhancer

in nitrogen metabolism and toxicity
study both iz vivo and in vitro. Journal
of Agricultural and Food Chemistry.
2014;62:8777-8785

[62] Panyuta O, Belava V, Fomaidi S,
Kalinichenko O, Volkogon M,

Taran N. The effect of pre-sowing seed
treatment with metal nanoparticles on
the formation of the defensive reaction
of wheat seedlings infected with eyespot
causal agent. Nanoscale Research
Letters. 2016;11:1-5

[63] Nekrosova GF, Ushakova OS,
Ermakov AE, Uimin MA, Byzov IV.
Effects of copper (II) ions and copper
oxide nanoparticles on Elodea densa

Planch. Russian Journal of Ecology.
2011;42:458-463



Application of Nanotechnology Solutions in Plants Fertilization

DOI: http://dx.doi.org/10.5772/intechopen.91240

[64] ShahV, Belozerova I. Influence

of metal nanoparticles on the soil
microbial community and germination
of lettuce seeds. Water, Air and Soil
Pollution. 2009;197:143-148

[65] Lee W, An Y, Yoon H, Kweon H.
Toxicity and bioavailability of copper
nanoparticles to the terrestrial plants
mung bean (Phaseolus radiates) and
wheat (Triticum aestivum): Plant agar
test for water-insoluble nanoparticles.

Environmental Toxicology and
Chemistry. 2008;27:1915-1921

[66] Liu R, Lal R. Potentials of
engineered nanoparticles as fertilizers
for increasing agronomic productions.
Science of the Total Environment.

2015;514:131-139

[67] Delfani M, Firouzabadi MB,
Farrokhi N, Makarian H. Some
physiological responses of black-
eyed pea to iron and magnesium
nanofertilizers. Communications
in Soil Science and Plant Analysis.
2014;45:530-540

[68] Pallavi, Mehta CM, Srivastava R,
Arora S, Sharma AK. Impact assessment
of silver nanoparticles on plant growth

and soil bacterial diversity. 3 Biotech.
2016;6(2):254

[69] Hansch M, Emmerling C. Effects of
silver nanoparticles on the microbiota
and enzyme activity in soil. Journal

of Plant Nutrition and Soil Science.
2010;173:554-558

[70] Gruyer N, Dorais M, Bastien C,
DassylvaN, Triffault-BouchetG.Interaction
between silver nanoparticles and

plant growth. Acta Horticulurae.
2014;1037:795

[71] Garcia-Gomez C, Fernandez MD.
Impacts of metal oxide nanoparticles
on seed germination, plant growth

and development. In: Comprehensive
Analytical Chemistry. Vol. 84. Elsevier;
2019. p. 76. ISSN 0166-526X

23

[72] Clement L, Hure C, Marmier N.
Chemosphere. 2013;90:1083-1090

[73] Manojlovic MS, Loncaric Z,
Cabilovski RR, Popovic B, Karalic K,
Ivezic V, et al. Biofortification of
wheat cultivars with selenium. Acta
Agriculturae Scandinavica Section
B-Soil and Plant Science. DOI:
10.1080/09064710.20191645204

[74] Lyons GH, Lewis ], Lorimer MF,
Holloway RE, Brace DM, Stangoulis JC,
et al. High-selenium wheat: Agronomic
biofortification strategies to improve
human nutrition. Journal of Food,

Agriculture and Environment.
2004;2(1):171-178

[75] Siddiqui MH, Al-Whaibi MH,
Faisal M, Al Sahli AA. Nano-silicon
dioxide mitigates the adverse effects
of salt stress on Cucurbita pepo

L. Environmental Toxicology and
Chemistry. 2014;33(11):2429-2437

[76] Haghighi M, Afifipour Z,
Mozafarian M. The effect of N-Si on
tomato seed germination under salinity
levels. Journal of Biological &
Environmental Sciences. 2012;6:87-90

[77] Li B, Tao G, Xie Y, Cai X.
Physiological effects under the
condition of spraying nano-SiO, onto
the Indocalamus barbatus McClure

leaves. Journal of Nanjing Forestry
University. 2012;36:161-164

[78] Janmohammadi M, Sabaghnia N,
Ahadnezhad A. Impact of silicon
dioxide nanoparticles on seedling
early growth of lentil (Lens culinaris
medik) genotypes with various
origins. Agriculture & Forestry.
2015;61(3):19-33

[79] Xie Y, Li B, Zhang Q, Zhang C,
LuK, Tao G, et al. Effects of nano-
SiO, on photosynthetic characteristics
of Indocalamus barbatus. Journal of

Northeastern Forestry University.
2011;39:22-25



Urban Horticulture - Necessity of the Future

[80] Capaldi Arruda SC, Silva ALD,
Galazzi RM, Azevedo RA, Zezi
Arruda MA. Nanoparticles applied
to plant science. A review. Talanta.
2015;131:693-705

[81] Hernandez-Viezcas JA, Castillo-
Michel H, Servin AD, Peralta-Videa JR,
Gardea-Torresdey JL. Journal of
Chemical Engineering. 2011;170:
346-352

[82] Yang F, Liu C, Gao F, Xu M, Wu X,
Zheng L, et al. Biological Trace Element
Research. 2007;119:77-88

[83] Meng HY. Genotoxicity of hydrated
sulfur dioxide on root tips of Allium
sativum and Viccia faba. Mutation
Research. 2003;537:109-114

[84] Vitoria AP, Lea PJ, Azevedo RA.
Phytochemistry. 2001;57:701-710

[85] Servin AD, Morales MI, Castillo-
Michel H, Hernandez-Viezcas JA,
Munoz B, Zhao L, et al. Synchrotron
verification of TiO, accumulation in
cucumber fruit a possible pathway of
TiO, nanoparticle transfer from soil into
food chain. Environmental Science &
Technology. 2013;47:11592-11598

[86] Kottegoda N, Munaweera I,
Madusanka N, Karunaratne V. A green
slow-release fertilizer composition
based on urea-modified hydroxyapatite
nanoparticles encapsulated wood.
Current Science. 2011;101:73-78

[87] Liu R, Lal R. Synthetic apatite
nanoparticles as a phosphorous fertilizer
for soybean (Glycine max). Scientific
Reports. 2014;4:5686

[88] Montalvo D, McLaughlin MJ,
Degryse F. Efficacy of hydroxyapatite
nanoparticles as phosphorous
fertilizer in Andisols and Oxisols. Soil
Science Society of America Journal.

2015;79:551-558

24

[89] Predoi D, Groza A, Iconaru SL,
Predoi G, Barbuceanu F, Guegan R,
et al. Properties of basil and lavender

essential oils adsorbed on the surface of
hydroxyapatite. Materials. 2018;11:652

[90] Badea ML, Iconaru SL, Groza A,
Chifiriuc MC, Beuran M, Predoi D.
Peppermint essential oil-doped
hydroxyapatite nanoparticles with
antimicrobial properties. Molecules.

2019;24:2169

[91] Predoi D, Iconaru SL, Buton N,
Badea ML, Marutescu L. Antimicrobial
activity of new materials based on
lavender and basil essential oils and
hydroxyapatite. Nanomaterials.
2018;8:291



