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During the last few decades major advances have shed light on nanotechnology. Nanomaterials have been
widely used in various fields such as medicine, energy, cosmetics, electronics, biotechnology and
pharmaceuticals. Owing to their unique physicochemical characteristics and nanoscale structures,
nanoparticles (NPs) have the capacity to enter into plant cells and interact with intracellular organelles
and various metabolites. The effects of NPs on plant growth, development, physiology and biochemistry
have been reported, but their impact on plant specialized metabolism (aka as secondary metabolism) still
remains obscure. In reaction to environmental stress and elicitors, a common response in plants results
in the production or activation of different types of specialized metabolites (e.g., alkaloids, terpenoids,
phenolics and flavonoids). These plant specialized metabolites (SMs) are important for plant adaptation
to an adverse environment, but also a huge number of them are biologically active and used in various
commercially-valued products (pharmacy, cosmetic, agriculture, food/feed). Due to their wide array of
applications, SMs have attracted much attention to explore and develop new strategies to enhance their
production in plants. In this context, NPs emerged as a novel class of effective elicitors to enhance the
production of various plant SMs. In recent years, many reports have been published regarding the
elicitation of SMs by different types of NPs. However, in order to achieve an enhanced and sustainable
production of these SMs, in-depth studies are required to figure out the most suitable NP in terms of
type, size and/or effective concentration, along with a more complete understanding about their uptake,
translocation, internalization and elicitation mechanisms. Herein, we are presenting a comprehensive and
critical account of the plant SMs elicitation capacities of the three main classes of nanomaterials (i.e.,
metallic NPs (MNPs), metal oxide NPs (MONPs) and carbon related nanomaterials). Their different
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their possible deleterious effect on plant SMs and/or phytotoxic effects are summarized. We also

identified and critically discussed the current research gaps existing in this field and requiring future
investigation to further improve the use of these nanomaterials for an efficient production of plant SMs.
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medicine. So that, we are currently entering in the Nano Era,
a period during which every aspect of life is connected to
nanotechnologies.* Nanomaterials are already in use and
around us, for examples in textiles, cosmetics, contraptions,

1. Introduction

In the last few decades, advances in the field of nanotechnology
have signaled major achievements and the use of nano-

materials has extensively progressed. Nanomaterials, including
nanoparticles (NPs), dendrimers, nanocoatings, nano-
composites, nano-emulsions, nanotubes, fullerenes, nano-
sheets, and nanoclusters, have delivered what their bulk
material had failed to."” Today, nanotechnology has infiltrated
almost every discipline of science whether in biology, physics,
chemistry, material sciences, engineering, biotechnology or
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appliances, food or environment applications. Extensive
research efforts have been made to investigate the potential
applications of NPs within human systems, including targeted
drug delivery, gene therapy, tissue engineering, cancer therapy,
and treatment for infectious and genetic diseases.*> However,
so far, the application of nanotechnology in plant sciences has
received comparatively less interest.

Although, nanotechnology, NPs in particular, has been
found to solve many of the agriculture-related tailbacks with
significant improvement observed in plant growth of plants,
nutrient uptake or plant diseases control as compared to the
conventional systems.®® To date, the majority of the studies
have been conducted to evaluate the possible beneficial or toxic

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra08457f&domain=pdf&date_stamp=2019-12-05
http://orcid.org/0000-0003-2276-8785
http://orcid.org/0000-0001-9938-0151
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra08457f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009069

Open Access Article. Published on 05 December 2019. Downloaded on 12/4/2025 4:49:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

300
250

200

Publications in Pubmed

100

50

0
a

P PPN FPIOI OISO N>H b
O’ D D' DD NS
RSP RO AR P NSNS NN

View Article Online

RSC Advances

N

AR

N

WIS
¢ & P
P A P

@
%, N

N D> o3
D AT QAT QA QDT QD
A S

2,
V)

Year

Fig. 1 Evolution of publications numbers on nanotechnology and plant occurring in PubMed during the last 25 years. Note that 2019 was still

ongoing (accessed on the 12th of August, 2019).

effects of NPs on plant growth, development, photosynthesis
rate and metabolism, in particular on plant specialized
metabolism. Activation and reconfiguration of metabolism
during plant acclimation and adaptation to adverse environ-
mental conditions usually involved plant specialized metabo-
lism. Stimulation of specialized metabolism to counteract these
environmental stresses, led to the production of different
classes of plant SMs,>" including alkaloids, phenylpropanoids
(aka polyphenols), terpenoids and sulphur-containing
compounds (including glucosinolates) (Fig. 1), known to act

as mediators under both biotic and abiotic stress conditions.™
Beside their role in plant defense mechanism and plant adap-
tation, plant SMs are also used as bioactive compounds in
human industries as pharmaceuticals for treatment of various
diseases or food and cosmetic additives/ingredients. Some
examples of bioactive SMs are given in Fig. 2 including antiox-
idant (quercetin), antimicrobial (rosmarinic acid), antimalarial

(quinine and artemisinin), anti-pain (morphine), car-
dioprotective and anti-diabetes (caffeine), anti-
neurodegenerative  (resveratrol), calorie-free  sweeteners
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Fig. 2 Pharmacologically important specialized metabolites produced in different plant species along with some peculiar examples of each

category.
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(rebaudioside A), natural insect repellent (sinigrin, gluco-
tropaeolin, glucobrassicin), etc. In particular, currently, the 75%
of the pharmaceuticals used for the treatment of cancer origi-
nated from plant SMs such as vinblastine, taxol or podo-
phyllotoxin for examples (Fig. 2)."***

The importance of plant SMs in pharmacology and other
commercially-valued products, has triggered the development
of strategies to enhance their production in plants by exploiting
either plant in vitro or in vivo systems. In the recent years,
different strategies such as cell line selection, precursor feeding,
cell immobilization, biotransformation, metabolic engineering,
synthetic biology and elicitation have been designed to improve
the production of valuable plant SMs using plant in vitro
cultures. Among them, elicitation has emerged as an attractive
strategy for enhanced production of pharmaceutically impor-
tant plant SMs due to its simple implementation and quick
responses.”®™ To date, different types of biotic and abiotic
elicitors have been used for elicitation of plant SMs. Plants
respond to these elicitors through the activation of their defense
systems, which results in the mobilization of their SMs. In that
context, nanotechnology also showed a great potential to elicit
plant SMs production, thus providing new tools and new
opportunities to develop scalable plant in vitro platforms for the
production of valuable SMs. Nanotechnology enters the field of
plant science about twenty years ago as shown in Fig. 1. The
idea of using nanomaterials as elicitors of plant SMs production
is even more recent and has emerged in the forefront during the
last 5 years with nearly a hundred publications on the subject of
which nearly 60% were published in the last two years.
Currently, different types of NPs have been used as novel and
effective elicitors of SMs in in vitro cultures of various plant
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species.’®?® Carbon nanotubes, silver, gold, copper, zinc oxide
and titanium dioxide NPs are the most commonly employed
types of ‘nano-elicitors’. Significant amounts of data on the
manipulation of NPs as novel elicitors of plant SMs has been
accumulated in the literature in the recent years (Fig. 1).
However, a consolidated interpretation or a critical analysis of
these published data is not available to the best of our knowl-
edge. This review includes available literature from the last
decade. The search terms or keywords, “Nanomaterials”,
“Elicitors”, “Specialized/Secondary = metabolism”, “Plant
specialized/secondary metabolites”, “Pharmacologically active
compounds” and their combinations were used. Here, we
holistically review the available data on the elicitation of
specialized metabolites by NPs, along with their exposure,
uptake, mechanism of elicitation and possible phytotoxic
effects on plants. For this purpose, a systematic review of the
literature was conducted by searching information published in
original articles, technical reports or conference proceedings in
scientific databases such as PubMed, Bentham Science, Direct
Science Direct Science, Springer, Google Scholar, BMC, MED-
LINE, ScopeMed.

2. Exposure, uptake and translocation
of nanoparticles into plant cells and
tissues

Owing to their unique characteristics, such as small size, high
surface to volume ratio, ability to engineer electron exchange

and high surface reactive capabilities, NPs can easily enter and
interact with several constituents of plant cells and tissues.
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Fig. 3 Schematic illustration of the different routes of uptake, entry and translocation of nanoparticles (NPs) into plant cells and organs. (A)
Uptake of NPs by the plant either through the leaf by foliar spray or taken through soil. (B) Uptake of NPs by the seeds/tissues/explant growing on
artificial prepared nutrient media. (C) Transverse cross section of leaf showing internalization of NPs taken through leaves by foliar spray. (D)
Transverse cross section of root showing internalization of NPs taken through roots of plants. (E) Symplastic or apoplastic translocation/

movement of the NPs through plant cell.
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Uptake of NPs by plants have been detected and confirmed by
using various microscopic/spectroscopic techniques such as
transmission electron microscopy, scanning electron micros-
copy, confocal microscopy, energy dispersive spectroscopy, X-
ray fluorescence microscopy, atomic force microscopy, light
microscopy, two-photon excitation spectroscopy and Raman
spectroscopy.'®*>** Plants can uptake NPs by three main ways:
(1) through a foliar spray (Fig. 3A and C), (2) through the soil
(Fig. 3D), and (3) through the use of artificially prepared
nutrient media (Fig. 3B). To enter into the plant cells and tissue,
NPs have to cross a first barrier that is the plant cell wall. The
plant cell wall pores, with a diameter usually ranging between 5
to 20 nm in size, can constitute a simple entry way into the plant
cells for NPs presenting lesser dimension than the pore diam-
eter.”® Some studies also reported the entry of NPs larger than
the plant cell wall pore in size either by changing the size of
existing plant cell wall pores or by inducting the production of
new larger plant cell wall pores.”*® After crossing the plant cell
wall, NPs reaches to the cell membrane of plants. From cell
membrane, further internalization towards cytosol or other
organelles take place either by endocytosis, specific membrane-
bound transporter proteins or through induction of new pores
by using ion carrier substances.>**” After internalization, NPs
can be transported from one cell to another via apoplastic or
symplastic pathways as shown in Fig. 3E. Following entrance,
NPs can interact with various organelles and intracellular
components of the plant cells, and potentially disturb both
primary and specialized metabolism of plants either by gener-
ating a stress through the production of reactive oxygen species
(ROS) or by other mechanisms discussed in detail in subse-
quent headings.

To date, NPs uptake, translocation, accumulation and
interaction with plant cells and tissue is relatively a new avenue
and a few literature data is available regarding their fate in the
plant cell. To comprehensively understand the mechanism of
elicitation of specialized metabolite by NPs, it would be very
important to characterize in-depth their penetration, trans-
location and interaction modes within plant cells and tissues.

3. Nanomaterials as elicitors of plant
specialized metabolites

In this review we have categorized the nanomaterials into three
main subclasses: (1) metallic NPs, (2) metal oxide NPs and (3)
carbon-related nanomaterials, and discussed their elicitation
potential of plant SM.

3.1. Metallic nanoparticles

Metallic nanoparticles (MNPs) have been largely employed in
different plant species, and their impact on mass propagations,
genetic manipulation, elimination of microbial content and
production of SM have been reported. Owning to their unique
properties, different MNPs (Ag, Cu, Au, Co, Zn) have also been
used as elicitors of plant SM in various species (Table 1). The
impact of MNPs on SM production was reported to depend on
the characteristics of the MNPs (i.e., the concentration used, the
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View Article Online

RSC Advances

exposure time and their size and synthetic origin), but also on
the plant culture type.”**° In this review, we have summarized
these different parameters that can affect the impact of MNPs
on SM production in a number of in vitro cultures of crops and/
or medicinal plant species.

3.1.1. Elicitation potential of silver nanoparticles (AgNPs).
Silver nanoparticles (AgNPs) are certainly the most exploited
MNPs as elicitors of plant SM in in vitro cultures of various plant
species.>*"*

An effective elicitation of plant SMs of AgNPs have been
described for many plant species in diverse production systems.
For instance in cell suspension systems, AgNPs (30 ug L) have
been described as an effective elicitor stimulating the produc-
tion of both lignans (67.23 mg g~' DW) (secoisolariciresinol
diglucoside and lariciresinol diglucoside) and neolignans
(45.9 mg g ' DW) (dehydrodiconiferyl alcohol guaiacylglycerol-
B-coniferyl alcohol ether glucoside) in cell suspension of Linum
usitatissimum.** Cell suspension culture of Capsicum frutescens
treated with AgNPs (3.0 mg L™') accumulated 2-times more
capsaicin.” Largely used for its medicinal and cosmetic appli-
cations, aloin (127%) production was significantly increased in
Aloe vera cell suspension treated with AgNPs (at 0.625 mg L™ *).3
Hairy root systems is one of the most operative in vitro platform
for production of valuable plant SMs and elicitation experi-
ments by using different MNPs have been reported in hairy root
cultures of many plant species.****” In another study,
researchers reported a 3.9% fold increase in production of
artemisinin in hairy root culture of Artemisia annua after treat-
ment with AgNPs (900 mg L™ ).*” Note that a 2.2 fold increase
was also observed in root culture of A. annua when treated with
cobalt nanoparticles.*® Increased production of atropine was
observed in hairy root culture of Datura metel after addition of
AgNPs (200 mg L' of 50-60 nm sized) as an elicitor in the
culture medium.*® Similarly, enhanced production of flavonoids
and phenolic compounds were reported in hairy root culture of
Cucumis anguria elicited with AgNPs (2.0 mg L™').3* In vitro
grown plants were also considered. Quercetin and glycyrrhizin
production was increased in seedlings of Glycyrrhiza glabra
following the addition of AgNPs (8-10 mg L™ ") to the growth
media. Note that in the present case a more complex response
was observed with quercetin found in higher level in the aerial
parts of the seedlings, while the glycyrrhizin content was found
higher in roots.* Similarly, exposure of AgNPs showed both
inhibitory and stimulatory effect on SMs production of Calen-
dula officinalis growing under in vitro condition with a strong
decrease in carotenoid content, whereas a 2-fold increase in
saponin production was observed.*’

A particular attention have also to be paid to the AgNPs
concentration used. Effect of AgNPs on SM productions is not
simple and their impact on plant growth parameters have to be
carefully taken into account since growth perturbations or even
toxic effects on plants have been reported. A stimulation of
taxanes production elicitation in cell suspension culture of
hazel cells (Corylus avellana L.) was reported recently.*' Hazel
cells treated with different concentrations of AgNPs (2.5, 5 and
10 ppm) during their exponential growth phase and harvested
one week after treatment for analysis. A dose dependent effect
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of AgNPs was observed with a strong increased production
yields of anticancer taxanes in response to 5 ppm concentration
of AgNPs: increased by 378% for taxol and by 163% for baccatin
III. However, treated cells presented a significant growth
reduction. Note that similar positive effect on taxol production
in cell suspension culture of the same plant, Corylus avellana,
was also described following addition of 5.0 mg L™" of AgNPs.*?
The dose dependent effects of AgNPs elicitation was also re-
ported on the production of terpenes in plantlets of Thymus
kotschyanus (i.e. increased production of o-terpinyl acetate)*
and callus culture of Calendula officinalis (i.e. increased
production of essential oils).** Chung et al.,** investigating the
effect of AgNPs on seed germination rate and phenolics
production of Ricinus communis reported an ideal concentration
of 500 mg L' to increase both parameters, whereas a higher
concentrations have a negative impact on these parameters.*
On the contrary, stimulation of antioxidant phenolic
compounds production without severe toxic effects was
observed in hydroponically grown Bacopa monnieri treated with
AgNPs.* Gupta et al.,** reported the stimulatory effect of AgNPs
(10-40 mg L") on both root and shoot growth along with
enhanced production of carotenoid (67%) in seedlings of Oryza
sativa. AgNPs (1 pg mL™ ") elicited in vitro culture of Trigonella
foenum graecum showed enhanced production of diosgenin
(214.06 + 17.07 pg mL ™ ') associated with a significant increase
in plant growth.*

The size and shape of these MNPs have been shown to affect
various growth parameters of plants along with the elicitation of
SMs. For instance, spherical (8 nm), decahedral (32 nm) and
triangular (47 nm)-sized AgNPs were used at the same concen-
tration of 50 uM showed contrasting results.*” Contrary to dec-
ahedral and triangular AgNPs treated-plants, A. thaliana
seedlings treated with spherical AgNPs showed enhanced
accumulation of anthocyanin without any negative effect on
root growth. Similarly, the effect on shoot culture of Vanilla
planifolia exposed to different sizes (15-35 nm) of AgNPs,
showed that smaller size AgNPs (18 nm) significantly enhanced
production of phenolic compounds (78.23 mg g ' QE) as
compared to larger sized nanoparticles.*® A. thaliana plantlets
treated with spherical shaped AgNPs (25 ug mL™ ') ranging in
size between 20 to 30 nm showed enhanced production of
anthocyanin, total flavonoid and phenolic contents.*’

From a mechanistic point of view, most of the studies re-
ported that the generation of reactive oxygen species (ROS)
following exposure to MNPs as the central basis for their plant
SMs elicitation capacity.**»*® ROS are known to behave as
signaling molecule in the management of plant defense
response under both biotic and abiotic stress that could result
in the production stimulation of stress-responsive SMs.* re-
ported that the AgNPs exposure to hairy root culture of Brassica
rapa resulted in an active generation of ROS (hydrogen
peroxide) which in turn activate the plant defense mechanism
with an enhanced production of glucosinolates (2.9%) (glu-
coallysin, neoglucobrassicin, glucobrassicanapin, gluconapin,
4-methoxyglucobrassicin, sinigrin, 4-hydroxyglucobrassicin,
glucobrassicin, progoitrin and gluconasturtiin), phenolic and
flavonoid compounds. Similarly, the generation of ROS after
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exposure to on exposure of AgNPs (5-35 nm, 40 mg L™ ') resulted
an increased content of essential oil components such as
geraniol, citronellyl formate, and E-caryophyllene in Pelargo-
nium graveolens seedlings.>

A possible interaction with plant growth regulators have also
been proposed. Plant growth regulators are not only essential
for plant growth and development but also effect the production
of SMs. Plant growth regulators have been employed along with
different MNPs to check their combinative effect on elicitation
of SMs in various plant species.”®*"**> In combination with plant
growth regulators (TDZ and 2,4-D), AgNP elicitation of bitter
gourd (Momordica charantia) cell culture resulted in an
enhanced production of phenolic, hydroxycinnamic and
hydroxybenzoic acids, and flavonoids.>® Enhanced production
of stevia glycosides was observed in callus culture of Stevia
rebaudiana Bertoni simultaneously elicited with AgNPs and
salicylic acid.”* Similar results were reported by Ali et al.,** upon
treatment of callus culture Caralluma tuberculata with AgNPs
along with BA and 2,4 D resulting in an increase productions of
total phenolics (3.8 mg g~ DW) and flavonoids (1.8 mg g *
DW). Note that in this later case, an increase in callus prolif-
eration and biomass was also reported.

3.1.2. Elicitation potential of copper nanoparticles
(CuNPs). Copper nanoparticles (CuNPs) are used in agricultural
science and plant nanotechnology in order to improve growth,
yields as well as SMs production. Genady et al.,* showed that
CuNPs (5 uM) are efficient to enhance the production of total
phenolic (2-fold) in shoot culture of Verbena bipinnatifida.
Another report also suggested the positive effect of CuNPs
(50 mg L™") on the SM production in shoot culture of Solanum
lycopersicum, with increased accumulations of lycopene
(64.21%), total phenolic (5.43%) and flavonoid (26.21%).*
Similarly, a significant increase in essential oil contents
following CuNPs (0.5 mg L™') treatment in shoot culture of
Mentha longifolia was reported by.>® Note that in the same study,
the Authors have also reported on a similar effect for cobalt
(0.8 mg L™') NPs treatment. However, both constructive and
destructive effects on plant growth and SMs production of
CuNPs treatments have been reported for cucumber plant
grown under hydroponic conditions.®” The results suggested
the activation of defense mechanism following CuNPs treat-
ment and highest metabolic perturbations associated with
enhanced production of total phenolic contents were observed
in roots in contact with CuNPs.

3.1.3. Elicitation potential of combination of different
MNPs/bimetallic nanoparticles. Bimetallic nanoparticles and
different combinations of MNPs have also been reported as
effective elicitors of SMs production in various plant species.’®**°
The effect of Ag and Au NPs in combinations (1:2,1:3,2:1,
and 3 : 1) or separately on callus cultures of Prunella vulgaris L.,
showed that the application of a 1:3 ratio of Ag:Au NPs
significantly increased the total flavonoids (4%) and phenolics
(23%) productions.*® More recently, the same authors showed
that this 1 : 3 ratio of Ag : Au NPs was also the most efficient in
enhanced production of total phenolic and flavonoid contents
in a cell culture system of the same species (i.e. P. vulgaris L.).**
Cu-Au bimetallic NPs (in a 3 : 1 ratio) were reported as effective
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elicitors for enhanced production of total phenolic (54%) and
flavonoid (20%) contents in adventitious root culture of Stevia
rebaudiana®>®° studying the effect of different ratios (19: 1,3 : 1,
9:1 and 1:1) of zinc (Zn) and AgNPs on SMs production of
Withania somnifera grown under different conditions, proved
that the 19 : 1 ratio was the most effective in enhancing the
withanolide content, through the activation of ROS production.
A more complex effect was reported for different combinations
of Ag and Au NPs used as elicitors of essential oil production in
cell suspension culture of Lavandula angustifolia, with
a decreased accumulation of low molecular weight components
(such as trans-pinocarveol and 1,8-cineole), whereas a concom-
itant increase in high molecular weight compounds (such as
cadalene) was observed.®

3.2. Metal oxide nanoparticles

The literature provides assorted, and often contradictory results
on the plant responses exposed to different metal oxide nano-
particles MONPs. Numerous studies have been carried on the
elicitation behaviour of different MONPs in in vitro cultures of
various plant species.®**® The most widely used MONPs as
elicitors of SMs are copper oxide (CuO), zinc oxide (ZnO), tita-
nium oxide (TiO,), cesium oxide (CeO,), cadmium oxide (CdO)
and aluminum oxide (Al,03) NPs. Impact of different MONPs on
SMs of various plant species is summarized in Table 2. We have
also discussed the nonmetallic oxide NPs of silica oxide (SiO,)
in this subheading.

3.2.1. Elicitation potential of copper oxide nanoparticles
(CuONPs). Copper (Cu) is an essential element for plant nutri-
tion, and plays a pivotal role in both primary and specialized
metabolism of plants. Numerous studies have been published
on the impacts of both Cu deficiency and excess on these
aspects,®”® but only limited information about the effects of
CuONPs are available. CuONPs have been proposed as elicitor
of valuable bioactive compounds in a bioreactor systems,* but
from literature review specific optimizations to the selected
plant species and targeted SM(s) production appear as a critical
prerequisite. The efficiency of CuONPs (1 ppm) as elicitors of
SMs [total phenolic (27.31 mg g~ ' DW), flavonoid (91.11 mg g™ *
DW), and tannin (32.02 mg g ' DW)] production was also
assessed by using shoot and tip culture of Withania somnifera.”
In the same way, different concentrations of CuONPs (1, 3 and
5 mg L") were effectively used to enhanced the production of
SMs (phenolics, flavonoids and gymnemic acid) in cell culture
of Gymnema sylvestre.** Chung et al.,** reported on SMs accu-
mulation but also on the physiological biochemical and tran-
scriptional changes in seedlings of Brassica rapa subjected to
CuONPs (25-55 nm) treatment. CuONPs treatment resulted in
a significant increase in anthocyanin (1.1-fold) and phenolic
(1.3-fold) accumulations, together with a stimulation of ROS
production. However, a negative effect on primary metabolism
was observed as evidenced by chlorophyll content and sugar
production decreases. This result was confirmed in hairy root
culture of the same plant (Brassica rapa) treated with CuONPs
showing significantly increased productions of phenolic
compounds  (hydroxycinnamic acids, flavonols and

This journal is © The Royal Society of Chemistry 2019
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hydroxybenzoic acid) as described by,*® but also of glucosino-
lates (glucobrassicin, gluconasturtiin, 4-meth-
oxyglucobrassicin, 4-hydroxyglucobrassicin, neo-
glucobrassicin, glucobrassicanapin, glucoallysin sinigrin, glu-
conapin and progoitrin) accumulated in high amount in this
system.” The effect of CuONPs (1 ppm) for the elicitation of
polyphenolic content in shoot culture of chicory (Cichorium
intybus L.) investigated by’> showed a clear difference in the
timing production of the SMs: a significant increase in total
phenolic and flavonoid contents was noted after 20 days of
nanoparticle treatment, whereas the tannin contents were
higher (6-fold) in 10 days-treated shoots and roots of chicory.*
studied the effect of CUONPs (5 mg L™ ") on seed germination as
well as callus induction Trigonella foenum-graecum. Low
concentrations of CuONPs resulted in root and shoot elonga-
tion but the higher concentrations (4000 mg L~ ') suppressed
the root development. If there was no obvious effect of CuONPs
on seed germination rate, however the used of capped NPs
reduced the toxicity. The production of flavonoids and pheno-
lics increased in both roots and shoots.

3.2.2. Elicitation potential of zinc oxide nanoparticles
(ZnONPs). Zinc oxide nanoparticles (ZnONPs) have vast array of
applications due to their unique optical, catalytic, band gap,
and high surface area to volume ratio properties. Their impact
on plant SMs was studied in various plant species.'®”*7*
However, unpredictable results were commonly found in
different studies about the interaction of ZnONPs with primary
and specialized metabolisms of plants.

The effectiveness of ZnONPs to stimulate plant SMs
production was reported in several plant species and culture
systems. The total flavonoid contents were increased in callus
culture of Echinacea purpurea in response to a 75 mg L
treatment with ZnONPs.”® Similarly, ZnONPs were found to
increase the total phenolic (99.1 mg g~* FW) and anthocyanin
(3.28 mg g~ ' FW) contents in potato plants when applied at 300
and 500 ppm concentration in media, respectively.”” But the
response to ZnONPs treatment appears specific to the class of
plant SMs considered. Treatment of hairy root culture of Hyos-
cyamus reticulatus with ZnONPs at different concentrations (0,
50, 100 and 200 mg L™ ') revealed a positive effect on the
production of both phenolic compounds (3.2-fold) and tropane
alkaloids (1.2-fold increase in scopolamine and hyoscyamine).
Interestingly, a positive action on the growth rate of the treated
hairy root culture was also observed, which is of particular
interest considering the action of these phytochemicals used to
treat Alzheimer's disease by acting as inhibitors of para-
sympathetic nervous system.'® On the contrary,”® using in vitro
grown shoots of Stevia rebaudiana reported on both favorable
and adverse actions of ZnONPs on diverse classes of SMs.
Indeed, their results showed a significant increase in steviol
glycosides production (88.21 mg g~' DW) in micro-propagated
shoots treated by ZnONPs (1 mg L™'). However, the total
phenolic and flavonoid contents were decreased in the same
tissue under the same conditions. In another study, the same
authors compared ZnONPs and CuONPs as elicitors of steviol
glycosides in callus culture of S. rebaudiana.”® They reported
a higher production of steviol glycosides, phenolics and
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flavonoids in response to ZnONPs than to CuONPs, certainly as
a consequence of the toxic effects observed with CuONPs. But
this toxic effect is certainly dependent on the plant species
since” reported a significant increase in the accumulation of
glycyrrhizin, phenolics, anthocyanins, tannins and flavonoids
in 21 days old seedling of G. glabra using a higher concentration
of CuONPs (10 uM) than ZnONPs (1 um) for the treatment, thus
suggesting less toxic effect of CuONPs on this plant species.

Once again, as a first step for the use of these NPs, the
applied concentration on the plant culture appears as an
important parameter that have to be precisely optimized. For
instance, total phenolics, anthocyanins and total flavonoids
contents were affected in dose-dependent manner in response
to three different types of MONPs (CuONPs, ZnONPs and
NiONPs). In this study, different concentrations (100, 250, 500
and 1000 mg L") of MONPs were used to elicit SMs production
in seedlings of Solanum melongena. Best results on SMs
production were obtained with CUONPs at a concentration level
of 500 mg L™, but some negative effects where observed on
plant growth as well as viability, mainly due to the generation of
high levels of ROS in response to NPs. If the toxic effects are
subsided, these MONPs, CuONPs in particular, could be
a source of useful specialized metabolites.** One possibility to
cope with this toxic effect, could be the association with humic
acid as suggested by.” These Authors reported on the impact of
ZnONPs along with humic acid on Lilium ledebourii plantlets.
Once again a ZnONPs dose dependent response for the
production of SMs was observed, with maximum production of
phenolic acids (75 mg L™') and anthocyanins (100 mg L")
obtained at 75 mg L™" of ZnONPs, whereas highest flavonoid
content (25 mg L") were obtained with 25 mg L™" of ZnONPs.
Interestingly, explants treated with humic acid gave attractive
results on plant growth parameters such as highest root length,
leaf length, and chlorophyll contents. It was suggested that both
the humic acid and ZnONPs might be used as good elicitors and
can probably stimulate the synthesis of SMs.” Future studies
using combination of ZnONPs along with humic acid treatment
to evaluate if this later could be a solution to subside the toxic
effects of ZnONPs would be of particular interest.

3.2.3. Elicitation potential of iron oxide nanoparticles
(FesO4NPs). Their simple and cost-effective synthesis makes
iron oxide nanoparticles (Fe;0,NPs) readily available for various
applications in various fields of science including their poten-
tial use as elicitors of plant SMs production.>***-#* For instance,
Fe;O,NPs can be more effective than other MONPs such as
ZnONPs to elicit SMs production, as suggested with hairy root
culture of Cichorium intybus. Indeed, results showed that
contrary to ZnONPs, Fe,O;NPs application proved to be profi-
cient elicitor treatment to enhance both growth and production
of phenolic (4.65 mg g~ DW) and flavonoid (77.34 ug g~ DW)
compounds in hairy root culture of C. intybus.** Another inter-
esting example of the use of Fe;O,NPs was obtained with
Hypericum perforatum. This plant is one of top selling product in
industrial based countries for medicinal uses, due to its accu-
mulation of particular SMs: hypericin (3-fold) and hyperforin
(13-fold). H. perforatum in vitro cultures have attracted an active
search, including the evaluation of a large number of different

This journal is © The Royal Society of Chemistry 2019
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elicitors, in order to enhance their production at acceptable
levels for commercial applications.**** Interestingly, in a study
was conducted with cell suspension cultures of H. perforatum,
after testing several concentrations, Fe;O,NPs (100 ppb) showed
their ability to specifically increase the production of hyperforin
as compared to the hypericin.** These results suggested,
following optimization, the possibility of directing a metabolic
pathway toward the synthesis of the desired compound.
Another study evidenced the synergistic effect of foliar appli-
cation of Fe;O,NPs on Cress (Lepidum sativum L.) plants
resulting from gamma-irradiated seeds.** Fe;O,NPs (30 ppb)
significantly increased the production of both total phenolic
(13027 mg GAE per g), and flavonoid (453 mg QE per g)
contents, and a synergistic effect with a prior gamma ray
treatment of the seeds was noted. Moreover, repeated elicitation
with Fe;O,NPs was able to further potentiate the production of
these SMs.*" Nevertheless, although all these results are very
promising, a prior optimization of Fe;O,NPs concentrations
and treatment duration to applied are nevertheless necessary to
avoid undesirable toxic effects, as indicated in the latest study
conducted on hairy root culture of Hyoscyamus reticulatus.
Applied at different concentrations (0, 450, 900, 1800, and
3600 mg L") and for different exposure times (24, 48, and 72 h),
results showed a concentration- and time-dependent activation
of the tropane alkaloids (5-fold; hyoscyamine and scopolamine)
biosynthesis, in 450 and 900 mg L™ of Fe;O,NPs-treated
cultures after 24 h and 48 h of exposure time, respectively.
However, the prolonged exposure time (i.e. 96 h) led to decrease
in tropane alkaloids (2-fold) production and suggested potential
toxic effects of Fe;O,NPs.>°

3.2.4. Elicitation potential of titanium dioxide nano-
particles (TiO,NPs). Titanium dioxide nanoparticles (TiO,NPs)
are one of the most widely released nanoparticles in the envi-
ronment, especially because of their wide use as a UV filter in
sunscreens. Therefore, plants are more prone to TiO,NPs they
can directly uptake from environment.*® The most recent
studies suggested that the physiological effects of TiO,NPs on
plants are mainly caused by ionic Ti.*”*® Various research
groups have also investigated the elicitation potential of TiO,-
NPs on plant SMs production using both in vivo and in vitro
systems.®*®* Using in vitro systems, aloin (118%) content was
increased in cell suspension culture of Aloe vera when treated
with TiO,NPs.* Similarly, the phenolic and flavonoid contents
in callus culture of Cicer arietinum were increased when exposed
to different concentrations of TiO,NPs.* The authors reported
a significant dose-dependent increase in the production of
gallic acid, o-coumaric acid and tannic acid in response to
6 mg L' TiO,NPs, whereas the chlorogenic acid and ¢-cinnamic
acid at 4.5 mg L " TiO,NPs. Using in vivo systems, application of
different concentrations (0, 10, 50, 100, 200 and 1000 mg L") of
TiO,NPs (10-15 nm size) on seedlings of Salvia officinalis aslo
evidenced a dose-dependent response with highest accumula-
tion of total phenolic content (35.2 mg g~ " DW) at a 200 mg L™
dose, while the highest total flavonoids content (21.9 mg g~
DW) at 100 mg L™ " treatment of TiO,NPs was observed. More-
over, a significant increase in essential oil content at a dose of
200 mg L' TiO,NPs was also noted.” A study conducted on
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Hyoscyamus niger, compared the impact of TiO,NPs vs. bulk
titanium, showed a significant biomass (dry weight) improve-
ment for plants treated with 40 mg L™ " of TiO,NPs (10-15 nm
size), whereas bulk titanium was ineffective on this growth
parameter. On the SMs production, highest content of hyoscy-
amine (0.286 g kg™ ') was observed with a concentration of
80 mg L' TiO,NPs, while highest scopolamine content (126 g
kg™') was reported at a lower concentration of TiO,NPs
(20 mg L™ ").°* In a recent study, the complex effect of drought
stress and different concentrations TiO,NPs (0, 10 and 40 ppm)
on dragonhead Dracocephalum moldavica was reported by** in
a factorial experiment. Under normal irrigation, foliar applica-
tion of TiO,NPs at 10 ppm improved plant biomass as well as
essential oils production. Furthermore, the Authors showed
that drought stress-induced oxidative damages can be over-
passed by foliar application of TiO,NPs at appropriate concen-
trations. This result is of particular interest in the context of
increasing temperatures due to climate change and should
deserve additional research considerations.

3.2.5. Elicitation potential of cerium oxide nanoparticles
(CeO,NPs). Cerium oxide nanoparticles (CeO,NPs) have been
found to be very stable with limited dissolution in soil, however,
root exudates could enhance the solubility of CeO,NPs, leading
to significant accumulation of Ce in plant tissues.”*** Cerium
(Ce) is a rare earth elements (REEs), and although it is not
essential for plants, it have been reported to stimulate growth
and other physiological processes.”” There are also many reports
are present that demonstrate the potential impact of CeO,NPs
on plant primary metabolism, but a few literature on their
impact(s) on plant SMs production is so far exiting.**°” Hydro-
ponic culture of Solanum lycopersicum elicited with CeO,NPs
(0.1 Mm, 33.05 nm size) showed a significant increase in their
carotenoid contents (26%).°® Comparatively, both applications
of CeO,NPs (1000 mg L") and indium oxide NPs (In,O;NPs,
250 mg L") induced an oxidative stress associated with an
increase in production of phenolic compounds (27%) in
plantlets of A. thaliana.’” On the contrary, application of CeO,-
NPs has been shown to improve the radical scavenging potency
upto 32% of radish (Raphanus sativus) seedlings but have no
effect on the production of phenolic and flavonoid
compounds.”

3.2.6. Elicitation potential of aluminum (Al,O;NPs),
manganese (Mn,O;NPs) and cadmium (CAdONPs) oxide nano-
particles. Aluminium oxide (Al,O3), cadmium oxide (CdO) and
manganese dioxide (Mn,0O3) nanoparticles are to date the least
exploited nanomaterials as elicitors of plant SMs. Application of
Al,O3NPs on tobacco BY-2 cell suspension culture led to
substantial increase in phenolic content (62%) in a dose-
dependent way. A stimulation of biomass production (fresh
weight) was also observed at 100 pg mL™" Al,O;NPs.”® A study
with Hordeum vulgare (barley) plants exposed to CdONPs
(ranging from 7-60 nm in size and 2.03 x 10° particles per cm®
concentration) reported an increased production of isovitexin
(183%) and ferulic acid (30%) and also suggested a rapid
penetration of CAONPs through soil along with water into the
plants as compared to foliar spray.® A very little is known about
the interaction of plants with Mn,O;NPs. A study was
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conducted to explore the prospective effects of Mn,O3;NPs on
morphology, physiology and specialized metabolism in shoot
tip cultures of Atropa belladonna. Results showed that, at
appropriate dosage (25 mg L"), Mn,O;NPs were found to
stimulate both plant growth and SMs production (23% increase
in alkaloids, 12% in total phenolic and 32% in flavonoid
contents). From this study, Mn,O;NPs would be further
considered as a novel extracellular elicitor of SMs in in vitro
cultures of medicinally or biotechnologically important plant
species.'

3.2.7. Elicitation potential of silicon dioxide nanoparticles
(SiO,NPs). To date, only two studies have been carried out to
investigate the effect of silicon dioxide nanoparticles (SiO,NPs)
on specialized metabolism of plants. The first study, reported
a 2-fold increase in biosynthesis of rosmarinic acid, xanthomi-
crol, isokaempferide and cirsimaritin in the hairy root culture of
Dracocephalum kotschyi, after 48 h of exposure to SiO,NPs (100
nm).*”* The second report, in early flowering plants of Nigella
sativa TiO,NPs were found to be more effective than SiO,NPs in
stimulating the production of thymoquinone.'*

3.3. Carbon-related nanomaterials as elicitor of specialized
metabolites of plants

Beside MNPs and MONPs, the other nanomaterials include
semiconductor quantum dots, polymeric nanoparticles, den-
drimers and carbon based nanomaterials. Among these other
nanomaterials, carbon-based nanomaterials were widely used in
agriculture biotechnology to check their effects on primary and
specialized metabolisms of various plant species.”'*'** Carbon
based nanomaterials include, single-walled carbon nanotubes
(SWCNTs), multi-walled carbon nanotubes (MWCNTs), and
derivatives of fullerene (Buckminsterfullerene or Buckyball).
Literature data showed that SWCNTs and MWCNTs affect the
physiology, growth and metabolism of plants in diverse ways."*>**
Besides these, different studies suggested that the carbon nano-
tubes and fullerenes could potentially modify the expression level
of genes involved in plant specialized metabolism and therefore
can act as potent elicitors of various commercially important
SMs. ' Table 3 summarize the elicitation potentials in various
plant species of carbon based nanomaterials as well as of
chitosan-NPs also discussed in the present section.

3.3.1. Elicitation potential of carbon nanotubes. Concern-
ing SWCNTSs,'” evaluating the impact of different concentra-
tions (125, 150, 250 and 500 mg L™ ') on whole plant culture of
Tanacetum parthenium showed a favorable effect on the accu-
mulation of parthenolide contents (2.5-fold) in shoot treated at
a 500 mg L' SWCNTs concentration level.' On in vitro
cultures, a significant increase in total phenolic, flavonoid and
tannin contents in shoot culture of Simmondsia chinensis treated
with SWCNTs (0.002 g L™ ") was reported.’*®

The inductive effect of MWCNTSs on SMs production was also
reported on in vitro callus cultures of Satureja khuzestanica with
an optimal concentration of 100 pg mL~' MWCNTSs, improving
both biomass and accumulation of total phenolic (12%),
flavonoids (3%), rosmarinic acid (12.32 mg g~ ' DW) and caffeic
acid (9.2 mg g~ DW) contents.'®

This journal is © The Royal Society of Chemistry 2019
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Kole et al.,"** have studied the effect of fullerenes (10.8 Mm)
on seed germination of bitter melon (M. charantia) and showed
a significant increase in seedling growth rate and in anticancer
(cucurbitacin-B, 74% and lycopene, 82%) and antidiabetic
(charantin, 20% and insulin, 90%) compounds accumulation
after fullerenes exposure.

3.3.2. Elicitation potential of chitosan nanoparticles. Chi-
tosan is widely used for agriculture and biomedicine purposes.
It possess attractive unique properties like its non-toxicity and
biodegradability. To date, only one report is available on the
elicitation behavior of chitosan-NPs (40-180 nm) used as potent
elicitors of gallic acid, epicatechin, epigallocatechin,
epigallocatechin-gallate and caffeine accumulation in tea
(Camellia  sinensis) plants growing under hydroponic
conditions.***

4. Postulated mechanism of
elicitation of specialized metabolites by
nanomaterials

Although a number of reports suggested various signaling
pathways to explain the modulation capacity of nanomaterials
on the production of plant SMs, to date the precise mechanism
still remains elusive.'®**#'* Probably, because elicitation
mechanisms are very complex, and could involve thousands of
mediators from multiple signaling pathways and their cross-
talk. Additionally, all these events fluctuate depending on the
origin, specificity, exposure type, time and concentration of
elicitors along with the plant dependent parameter such as the
plant species developmental stage, cellular cycle, type of tissue,
nutritional conditions, elicitor uptake by media/soil/aerial,
physiochemical environment and so on. It is, therefore, very
challenging to propose a universal model for the elicitation
mechanism of plant SMs production triggered by nano-
materials. We anticipate that the initial responses of plants to
NPs might include calcium ion (Ca®>") and Ca®" flux movements
and ROS produced by oxidative burst as important second
messengers leading to the (up) regulation/phosphorylation of
mitogen-activated protein kinase (MAPK) cascades regulation
the transcriptional levels of master regulators of plant SMs
biosynthesis, which are a common feature observed for many
abiotic elicitors. Fig. 4 illustrate a hypothesized mechanism for
the elicitation of plant SMs by nanomaterials summarizing the
view of different researchers.'®*"*> NPs mostly act as elicitation
signal that could interact with elicitor binding sites and/or
receptors present at the surface of the plant cell membrane.
Upon recognition, interaction and/or binding phase(s),
a cascade of events are activated as mentioned above. The initial
plant response to NPs is most probably involve an active
exchange of ions, for instance Na'/K'/Cl~ effluxes and Ca*'/H"
influxes through plasma membrane into the cytosol. Ca** influx
is considered as the most important event because of its diverse
involvement in various physiological and cellular pathways,"*?
and can probably play a pivotal role in the first steps of this
elicitation mechanism. ROS generation in response to NPs is
another important and widely proposed event that can be

RSC Adv, 2019, 9, 40404-40423 | 40417
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Fig. 4 Schematic illustration of the possible mechanism involved in NPs-mediated elicitation of specialized metabolites in plants.

implied in the elicitation process of plant SMs production.
NADPH oxidase and other related oxidases, sometime activated
through differential Ca** movements, are responsible for
generation of ROS in plant cells.”***¢ This oxidative burst in
plant cell can result in the activation of cGMP-dependent
protein kinase. These activated protein kinases cause the
phosphorylation of mitogen-activated protein kinases (MAPKs),
which in turn results in gene expression modulation events. All
these transcriptional reprogramming events can further acti-
vate the pathways of SMs production in plant cells."*” G-proteins
(aka guanine nucleotide-binding proteins) can also activate the
SMs accumulation indirectly through the de novo biosynthesis
of stress signaling compounds such as salicyclic acid (SA), jas-
monic acid (JA) and methyl jasmonic acid (MeJA), facilitating
plant defense response through the reprogramming of plant
specialized metabolism pathways (Fig. 4)."*®

5. Negative impact of nanomaterials
to plant cells and their metabolism

Despite of numerous advantages, nanomaterials present also
some adverse effects on plant physiology, biochemistry, primary
and specialized metabolism under certain conditions. All the
notorious effects caused by nanomaterials to plant come under
the heading of phytotoxicity. Phytotoxicity of nanomaterials
depends on a broad range of factors including the type, age,

40418 | RSC Adv, 2019, 9, 40404-40423

growth medium and growing conditions of the considered plant
species along with the nature, exposure time and physico-
chemical characteristics of nanomaterials used. The exact
mechanism of phytotoxicity of nanomaterials is still unclear,
but many hypotheses have been proposed. The detailed of
proposed phytotoxicity mechanism of nanomaterials is illus-
trated in Fig. 5. Most commonly proposed mechanism of
phytotoxicity of nanomaterials is related with the induced
oxidative burst and the generation of ROS, which play a critical
role in determining the nature and the type of phytotox-
icity.”»"*%1* ROS can cause oxidative stress, which emerges
when the ROS level exceeds the defense mechanisms, and is
able to damage plant cells by inducing DNA damage,""
membrane damage,*** protein oxidation,*** lipid peroxidation
and/or electrolyte leakage finally leading to cell death.' In the
present review we have already discussed both the positive
impact of nanomaterials on the production of plant SMs and
biomass, but also presented some examples of negative impact
of nanomaterials, growth, viability and/or on primary and
specialized metabolism in various plant species (in particular
see ref. 42, 68 and 69).

Details of available literature on any phytotoxicity caused by
NPs is also given in Tables 1, 2 and 3.

To summarize the available literature, a consensus exists on
the application of high concentration of nanomaterials.>***%
This was, for example, illustrated by** with plantlets of C.
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Fig. 5 Diagram showing the possible phytotoxicity induced by the NPs through generation of excessive amount of ROS that could damage
nuclear material and cell membranes of various organelles that can eventually lead to cell death.

officinalis exposed to AgNPs at 400 mg L~ . Similarly, phytotoxic
effects were observed on seedling of S. melongena® treated with
1000 mg L' CuO, ZnO or NiO NPs. Primary metabolism and
plant growth can be also affected, as observed with nano-
zerovalent iron presenting inhibitory effects on the chloro-
phyll and carotenoid content of rice when used in higher
concentration, which in turn decrease the rate of photosyn-
thesis and plant biomass accumulation.™® Cell viability could
be directly impacted by excessive ROS generation as observed
for MWCNTSs treated-cell suspension culture of rice.'””

From the literature review of different studies, it has been
evident to us that the smaller size and excess of nanomaterials
as well as long exposure time could be harmful for plants and
might be a cause of phytotoxicity while used under optimized
conditions nanomaterials may be beneficial for plant growth
and SMs production. Optimizing these conditions for each
plant species and culture system is therefore a prerequisite to
investigate carefully when the use of nanomaterials as elicitor of
plant SMs production is considered.

6. Conclusions and future outlooks

The current review suggests that nanomaterials (MNPs, MONPs
and other carbon related nanomaterials) are promising tools to
improve the quality and quantity of valuable plant SMs in
different culture systems. Among different abiotic elicitors used
to date, nanomaterials emerge as efficient elicitors of plant SMs
production both in terms of their specificity and productivity.
Indeed, enhanced production of a large number of commer-
cially important SMs have been reported in various plant

This journal is © The Royal Society of Chemistry 2019

species grown under different culture conditions by using
different types of nanomaterials. These results pave the way of
a more systematic consideration of nanomaterials as elicitors in
plant science.

Overall critical analysis of all reported data on elicitation of
plant SMs by nanomaterials showed that the AgNPs and
ZnONPs (among all other NPs) proved to be more efficient
elicitors both in terms of their productivity and specificity. For
production of plant SMs at commercial levels, different
researchers reported different optimum concentration of
nanomaterials depending on type of culture and plant species
used. Most of the published data reported that the lower
concentrations of nanomaterials are more efficient in eliciting
plant SMs than higher ones, probably due to toxic effects of
nanomaterials to plant primary metabolism.

Researches performed on the elicitation of SMs by different
types of nanomaterials have demonstrated that the elicitation
mechanism is complex and depends on various factors such as
the size, morphology, concentration and exposure time of NPs
along with the considered plant species and the type of the
growing conditions, resulting in different consequences."””"*
Paucity of knowledge on the different factors affecting elicita-
tion mechanism by nanomaterials is aggravated by the fact that
most of the studies focused on plant growth, development,
physiological, including primary metabolism, parameters, but
the effect of nanomaterials on plant SMs production is scarcely
studied and many questions remain unexplored. For example,
an interesting and promising future line of research also
includes studying the antagonistic or synergistic effects of one
class of nanomaterials on specialized metabolism in
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combination with another class of nanomaterials or with other
abiotic/biotic elicitors.

Lack of unanimity exists on the mechanism of elicitation by
nanomaterials, as the proposed mechanism may vary according
to the plant species, culture conditions and/or type of nano-
materials used. In addition, application routes of the nano-
materials and therefore different mode of exposure, entry and/
or translocation into the plant cells and tissues, internalization
could lead to different mode of action.'®*"7>10313132 plant
specialized metabolism includes a wide range of compounds
and their biosynthesis are tightly controlled by signaling events.
The impact on plant SMs production differs according their
phytochemical classes and plant species. A case-by-case analysis
of NP type and plant species may be required to better under-
stand the elicitation mechanism. For instance, it would be
interesting to consider the accumulation of a particular class of
SMs produced in the same plant species grown under in
different culture conditions and systems (field or greenhouse vs.
different in vitro systems). It is, therefore very difficult to
propose a general elicitation mechanism for nanomaterials,
and their impact on plant SMs production and more studies are
required for its comprehensive understanding. Omics-based
analyses (e.g. genomics, transcriptomics, proteomics and
metabolomics) have to be more systematically considered in
order to identify the molecular mechanisms of plant SMs elic-
itation resulting from nanomaterials applications.

The open challenges for biotechnologists and nano-
technologists to continue their research in this area are: to
determine the critical quantities of nanomaterials that plants
can safely absorb without showing any signs of phytotoxicity
and to understand the mechanistic interactions between the
nanomaterials and the plant cells and their SMs pathways. In
particular, further researches focusing on the comprehensive
identification of the cellular and molecular events responsible
for the observed phytotoxic effects of nanomaterials are strongly
needed to take a full advantage of the stimulation capacities of
these new classes of elicitors on plant SMs production prior to
future applications.

Moreover, till now only a few types of nanomaterials are
explored as potent elicitors of plant SMs (Ag, Au, Zn, ZnO, Cu,
CuO, CdO, Al,03, CeO,, SiO,, Ni and MgO) whereas, the role of
a large number of nanomaterials (Fe,03, Co, CoO, NiO, Nd,O3,
fullerene, fullerols, graphene, GO and carbon dots) remain
unexplored. These nanomaterials can also act as novel elicitors
of plant SMs, and further research should be carried out to find
out their possible role in elicitation of valuable secondary
metabolites of plants.
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