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Abstract
Secondary metabolites (SMs) are biologically active compounds that have a very high commercial value due to their invalu-
able medicinal properties. However, the production level in in-vivo and in-vitro cultures remains low to meet the commercial 
demands. To overcome this problem, nano-elicitation has emerged as a novel and effective strategy which helps in enhanc-
ing the level of SMs production. The principle behind elicitation is that when external stress such as nanoparticles (NPs) is 
applied to the plant, the accumulation of SMs enhances in plant tissue cultures as a natural defense mechanism. In recent 
years, research on nano-elicitors using different types of NPs, especially metal oxide NPs (MONPs) has intensified due to 
enormous increase in medicinally important SMs. MONPs have gained special attention due to their unique physiochemi-
cal characteristics. In this review, we have explored the different routes of exposure of MONPs in plants as well as their 
role as novel elicitors of important classes of SMs (phenols, flavonoids, alkaloids, and terpenes). Moreover, the underlying 
mechanism of nano-elicitation and their uptake and translocation in plants have also been discussed. The review has been 
concluded with the knowledge gaps and future research direction, which if addressed will be helpful in solving the chal-
lenges of modern times.
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Graphical abstract

Key message 
Metal oxide nanoparticles play a vital role in activation of the defense mechanism of plants which in turn activate the 
enhanced production of secondary metabolites in in-vitro cultures of medicinally important plants.
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Introduction

Secondary metabolites (SMs) are a class of chemical com-
pounds synthesized by plants through metabolic routes that 
branch off from major primary metabolic pathways (Jones 
1953). Some SMs are produced in response to the activation 
of morphological differentiation and emerge when cells dif-
ferentiate and mature throughout the plant growth (Bhattacha-
rya 2019). These metabolic intermediates or products are not 
necessary to the development and survival of the plant but are 
required for the plant to interact with its environment under 
stress conditions (Hatami et al. 2019). Thus, these compounds 
are produced to allow the plants to compete and increase their 
viability in their natural habitat by accurately controlling plant 
growth and development, acting as a reservoir for essential 
phytochemicals, and safeguarding plants from a variety of 
environmental barriers (Ashraf et al. 2018). Under stress con-
ditions, they also serve as crucial mediators of interactions with 
biotic (living) or (abiotic) nonliving entities and have a variety 
of impacts on the plant and other living beings. The bioac-
tive compounds including flavonoids, alkaloids, phenolics, and 
carotenoids have a high commercial value due to their potential 
applications in the pharmaceutical, medical, cosmetic, food, 
and agriculture industries (Rivero-Montejo et al. 2021).

Despite having huge commercial value, the in vitro and 
in vivo production of SMs remains low. There are several 

challenges associated with the large-scale synthesis of the 
majority of economically significant bioactive metabolites 
from farmed and wild plants, and various tissue cultures. In 
this regard, elicitation has emerged as an effective approach 
used to improve or enhance the production of SMs in plants 
(Hatami et al. 2019). Elicitation involves the exogenous addi-
tion of biotic or abiotic elicitors to the growth medium, which 
in turn induces a stress response and an increases the sec-
ondary metabolite production level in cultured cells, tissues 
or organs (Narayani and Srivastava 2017). Abiotic elicitors 
encompass non-biological substances and can be categorized 
into chemical, hormonal and physical factors. Conversely, 
biotic elicitors consist of biologically derived substances, 
such as polysaccharides from plant cell walls (e.g. pectin, 
cellulose, chitin) and microorganisms (Poornananda and 
Jameel 2016). Elicitors promote biochemical and physiologi-
cal processes for activating the defensive system in targeted 
plants. They serve as signals, which are detected by elicitor-
specific receptors present on the cell membrane of plants 
and induce defensive responses during elicitation, leading 
to an increase in the production and storage of SMs (Halder 
et al. 2019). Over the last few decades, the application of low 
concentrations of abiotic and biotic elicitors in differentiated 
or undifferentiated tissue cultures of various plant species 
has resulted in the induction of SMs accumulation in vitro or 
their release into the culture medium (Namdeo 2007).
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Nanoparticles (NPs) are a class of abiotic elicitors applied 
to enhance the production of SMs in plant tissue cultures 
(Rivero-Montejo et al. 2021). While additional research 
is necessary to elucidate the precise mechanism, many 
researchers have proposed that NPs stimulate the produc-
tion of secondary signaling molecules and reactive oxygen 
species (ROS), which play a role in the transcriptional con-
trol and regulation of plant secondary metabolism (Marslin 
et al. 2017). Metal oxide nanoparticles (MONPs), including 
zinc oxide NPs (ZnO NPs), copper oxide NPs (CuO NPs), 
and titanium dioxide NPs (TiO2 NPs), have been suggested 
as potential elicitors to enhance the production of SMs in 
in vitro plant cell cultures (Abbasi et al. 2019). The poten-
tial of MONPs to enhance plant SMs synthesis has been 
demonstrated in various plant species under different culture 
conditions (Anjum et al. 2019). Moreover, it has been found 
that MONPs play a crucial role in a plant’s response to abi-
otic stress and exhibit various regulatory functions. These 
particles have been shown to help plant cells resist oxidative 
stress and regulate ROS production (Khan et al. 2021a, b).

From NPs synthesis to their administration in plant 
research, the competency of these MONPs for boosting the 
production of major classes of medicinally and commer-
cially important SMs in plants has been widely investigated. 
This review explores the current knowledge and gaps in this 
field and aims to further shed light on the possible mecha-
nisms underlying this promising approach.

Uptake and translocation of MONPs in plants

Owing to their distinctive attributes, such as high surface 
area to volume ratio, minute size, high reactivity, and ability 
to facilitate electron exchange, MONPs can readily penetrate 
and interact with several plant cell and tissue components 

(Nair et al. 2010). A range of microscopic/spectroscopic 
methods, such as transmission electron microscopy, X-ray 
fluorescence microscopy, scanning electron microscopy, 
energy dispersive spectroscopy, confocal microscopy, 
atomic force microscopy, light microscopy, and two-photon 
excitation spectroscopy, have been employed to detect and 
verify the absorption of NPs by plants (Hatami et al. 2016) 
NPs may be absorbed by plants in three primary ways; by 
a foliar spray, through the soil and by means of artificially 
created nutritional medium as shown in Fig. 1.

In order to infiltrate plant tissue, MONPs need to over-
come the initial obstacle of the primary barrier, namely 
the plant cell wall. Openings in the plant cell wall, with 
diameters ranging from 5 to 20 nm, may offer a direct entry 
route for NPs that are smaller than the pore size (Ma et al. 
2015). Small NPs (diameters in range of 3–5 nm) have been 
shown to penetrate plant roots through capillary pressures, 
osmotic forces or directly by root epidermal cells (Lin and 
Xing 2008).

Several studies have reported the entry of NPs exceeding 
the size of plant cell wall pores, achieved either by alter-
ing the size of existing pores or by promoting the forma-
tion of larger pores. Subsequently, NPs traverse the plant 
cell wall to reach the cell membrane (Anjum et al. 2019). 
The internalization of the cell membrane into the cytosol or 
other organelles takes place through various mechanisms 
such as endocytosis, induction of new pores via ion carrier 
substances, or specific membrane-bound transporter proteins 
(Tripathi et al. 2017).

Once internalized, NPs have the potential to be trans-
ferred between cells through either the apoplastic or sym-
plastic pathways (Fig. 2). Following penetration of the cell 
wall, NPs are transported through extracellular spaces in an 
apoplastic manner until they reach the central vascular cyl-
inder, allowing them to move upward unidirectional through 

Fig. 1   Illustration of the 
nanoparticles (NP) absorp-
tion, entrance, and transporta-
tion in plant organs and cells. 
A Absorption of NPs through 
the leaf of plants through 
foliar spray or taken by the 
soil, B Explant/seed/tissue 
uptake of NPs in artificially 
generated nutrient media
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the xylem. In order to reach the innermost vascular cylin-
der, NPs must traverse the Casparian strip barrier via sym-
plastic transport (Ali et al. 2021). After entry, NPs have the 
capacity to interact with diverse organelles and subcellular 
constituents of plant cells, which may disrupt the primary 
and specialized metabolism of plants. This disruption can 
be caused by the generation of ROS or other mechanisms, 
as elaborated in subsequent sections (Marchiol et al. 2014).

In a research, the modifications of MONPs were stud-
ied utilizing synchrotron X-ray absorption spectroscopy 
(XAS) during plant exposure to various plants (Du et al. 
2011). When Zea mays plants were exposed to MONPs 
in hydroponic conditions, the maximum accumulation of 
ZnONPs was found in the roots and shoots. This is likely 
due to increased solubility in the plant uptake, rhizosphere, 
and translocation of Zn+2 ions (Lv et al. 2015). Currently, 
NPs absorption, accumulation, translocation, and associa-
tion with plant cells or tissues are a fairly novel area, with 
limited published data on their destiny in plant cells. To 
fully comprehend the process of NP elicitation of specialized 
metabolites, it is critical to thoroughly define their penetra-
tion, transport, and interaction mechanisms inside plant cells 
and tissues (Anjum et al. 2019).

Mechanism of nano‑elicitation by MONPs

There are numerous theories that have been postulated in 
regards to the signaling pathways associated with the metab-
olism of SMs however a definite one has not been identified. 
This is largely credited to the fact that the mechanism itself 
is elaborative involving a multitude of mediators and stimuli 

(Anjum et al. 2019). Furthermore, the cascade of events 
varies on the basis of 3 main factors: the physicochemical 
properties of the plant namely the plant species, the type of 
tissue involved, the stage of development it is at, the nutri-
tion available to it and the mode of uptake of NPs, the nature 
of the elicitor, including its morphology and concentration, 
and the pertinent environmental conditions involved (Hatami 
et al. 2016).

The initiation of secondary metabolite production occurs 
on the interaction of the nano-elicitors with the specific 
receptors embedded within the plasma membrane of the 
plant cell (Ghorbanpour and Hadian 2015). Resultantly, 
Ca+2/H+ ions move into the cell through ion channels caus-
ing acidification of the cytosol while simultaneous efflux 
of Cl− and K+ ions alkalinize the extracellular environment 
(Khan et al. 2021a, b). The abrupt influx of Ca+2 is pertinent 
to the subsequent phases as it regulates the series of reac-
tions that lead to the activation of genes for SMs metabolism 
(Zhang et al. 2012).

Oxidases of the plant cell particularly NADPH oxidase 
are speculated to be activated by the aforementioned Ca+2 
flood that overproduce superoxide ions (O−2), ROS, hydroxyl 
radicals (OH−), reactive nitrogen species (RNS), and hydro-
gen peroxide species (H2O2) that culminate into an oxidative 
burst (Hatami et al. 2016). Consequently, rapid phosphoryla-
tion and de-phosphorylation of mitogen-activated protein 
kinases (MAPKs) via c-GMP protein kinase, causes tran-
scriptional reprogramming and the expression of secondary 
metabolite production related genes (Anjum et al. 2019). 
Moreover, GTP binding proteins are also hypothesized to be 
involved in the transduction of signals as they activate phos-
pholipases that can hydrolyze phospholipids into fatty acids 

Fig. 2   NPs are translocated into 
the plants via various routes. 
Complete arrows depict the 
movement of NPs through 
plasmodesmata i.e., symplast 
pathway; Dashed arrows 
represent the movement of 
NPs through the cell walls i.e., 
apoplast pathway
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and lysophospholipids (Garcia-Brugger et al. 2006). These 
are in turn in charge of the release of Ca+2 from intracellular 
pools of relevant organelles (Ramirez-Estrada et al. 2016) 
and the spike in Ca+2 concentration causes the induction of 
stress signaling molecules such as jasmonate through the 
octadecanoid pathway, ethylene and salicylic acid which are 
also involved in expressing genes responsible for defense 
response (Marslin et al. 2017). The complex network of the 
diverse parallel and cross-linking signaling pathways that 
target different responses in order to accomplish a common 
goal of inciting the production of SMs is shown in Fig. 3.

MONPs as elicitors of different class 
of secondary metabolites

Studies have reported the effect of MONPs on the produc-
tion of various classes of SMs. In relation to the effective 
induction of secondary metabolism and ease of implemen-
tation, the use of MONPs as elicitors is considered as an 
attractive strategy to enhance pharmaceutically significant 
metabolites as shown in Fig. 4 (Anjum et al. 2019). The 
studies discussed ahead highlight the outcomes of elicitation 
of a variety of plant species by different MONPs to enhance 
the production of the major classes of SMs as discussed 
below.

Fig. 3   Schematic representation 
of the mechanism proposed for 
nano-elicitation in a plant cell 
(complete arrows depict direct 
reactions while dashed arrows 
represent indirect reactions; 
NP nanoparticles PL phospho-
lipase; RNS reactive nitrogen 
species; ROS reactive oxygen 
species; MAPKs mitogen acti-
vated protein kinases; TF tran-
scription factor)

Fig. 4   Major classes of second-
ary metabolites production 
can be elicited by metal oxide 
nanoparticles in various plant 
species
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Nano‑elicitation of phenols

Phenolic compounds are one of the preeminent types of SMs 
that are distinguished by their structural appearance with 
one benzene ring and single or multiple hydroxyl substi-
tutes (Velderrain-Rodríguez et al. 2014). They are naturally 
produced in plants through the metabolization of phenylpro-
panoid (Randhir et al. 2004). With respect to human physi-
ology, phenol rich foods have been reported to reduce the 
risk of cardiovascular diseases, diabetes associated hyper-
glycemia, cancerous activities and inflammation (Lin et al. 
2016). Commercially, their use is made in the food industry 
as preservatives and colorants, in the cosmetic industry as 
UV protectors and anti-aging products, in the packaging 
industry for their anti-microbial and anti-oxidant properties 
and in various other niches (Albuquerque et al. 2021). A 
myriad of plant species and cultures have been utilized to 
test the viability of MONPs in stimulating the production of 
phenolic as listed in Table 1.

An experiment comparing the effects of zinc oxide NPs 
(ZnO NPs) and titanium dioxide (TiO2 NPs) as potential 
pathogen controllers for beetroot concluded that ZnO NPs 
not only had a definite impact on the growth of the plant but 
also reduced disease indices more efficiently than TiO2 NPs 
.This was caused by the increase in phenylalanine ammo-
nia lyase (PAL) activity that catalyzed the overproduction 
of coumarin, cinnamic acid, chlorogenic acid and lignin 
(Siddiqui et al. 2019). Similarly, another study reported the 
enhanced gallic acid synthesis in ZnO NPs elicited Hyos-
cyamus reticulatus hairy root culture in accordance to which 
1.67 mg gallic acid/g fresh weight was acquired after treat-
ment with 100 mg/L of ZnO NPs for 72 h (Asl et al. 2019). 
In an attempt to study the influence of various metallic NPs 
on the biological activity of Lavandula viridis and Thymus 
lotocephalus in vitro shoot cultures, it was revealed that ZnO 
NPs were accountable for the induction of rosmarinic acid in 
high concentrations in T. lotocephalus however they nega-
tively affected the total phenolic content of L. viridis indicat-
ing that the results of nano-elicitation with the same type of 
nanoparticle can vary with plant species (Gonçalves et al. 
2021). While most studies employ chemically synthesized 
ZnO NPs, for example a experiment was conducted using 
Phoenix dactylifera mediated ZnO NPs in order to analyze 
their effect on the total phenolic content (TPC) of Juniperus 
procera. Corresponding to the results obtained with chemi-
cally prepared NPs, these biological ones at 160 mg/L also 
exhibited a distinguishable increase in the TPC and bioactive 
compound production of J. procera imparting extraordinary 
antioxidant capabilities to the plant (Salih et al. 2021). Yet 
another study highlighted the enhanced antioxidative proper-
ties of the potato plant as they synthesized 99.1 mg/g fresh 
weight of phenolics when subjected to ZnO NPs at 300 ppm 
concentration. The toxicity promoted by the oxidative stress 

of the NPs gave rise to the secondary metabolite outpour 
(Raigond et al. 2017).

Copper oxide nanoparticles (CuO NPs) are also largely 
employed for the stimulation of secondary metabolite pro-
duction. An experiment conducted on Withania somnif-
era demonstrated a significant increase in the polyphenol 
content of the shoots and roots when elicited by CuO NPs. 
27.215 ± 0.73 mg/g DW phenolic amount was recorded in 
shoots while 26.455 ± 0.365 mg/g DW was found in the roots 
after a treatment period of 20 days (Singh et al. 2018). Yet 
in another study where ZnO and CuO NPs synthesized by 
the extracts of Nigella sativa were utilized for elicitation of 
phytochemicals, three varieties of Vigna radiata were tested. 
At 0.5 mg/L of each type of nanoparticle, all three classes 
of mung beans showed enhanced phenolic content i.e. 26%, 
25.6%, and 22.7%. Moreover, 50%, 37.5%, and 25% increase 
in glycoside production was also observed in the three vari-
eties of beans respectively (Iqbal et al. 2022). Much like 
any other stress applied to a plant system, imposing a con-
centration higher than the bearable threshold amount can 
deem toxic. This was analyzed in an experiment using Ste-
via rebaudiana which was subjected to the formulations of 
ZnO and CuO NPs. It was concluded that ZnO was a more 
potent elicitor of steviol glycosides, phenolics and flavonoids 
at 100 mg/L than CuO at 10 mg/L. The reason was attrib-
uted to the toxicity imposed by CuO NPs on S. rebaudiana 
above 10 mg/L (Javed et al. 2018). Nonetheless, this thresh-
old value varies with plant species. Another study reported 
optimum phytochemical generation in Chinese cabbage at 
100 mg/L of CuO NPs. It included hydroxybenzoic acid 
(889.23 µg/g), flavonols (1293.09 µg/g), and hydroxycin-
namic acid (922.9 µg/g) (Chung et al. 2018). The efficiency 
of CuO NPs for the stimulation of SMs in Gymnema sylves-
tre was assessed by subjecting it to three different concen-
trations of the elicitor (1, 3 and 5 mg/L). Highest yields of 
gymnemic acid II, phenolics, and flavonoids were obtained 
at 3 mg/L of CuO NP after 48 h of interaction. A total of 2 
fold increase was reported in the TPC and TFC and around 
2.3 times enhancement in gymnemic acid II (Chung et al. 
2019).

Titanium dioxide nanoparticles (TiO2 NPs) are consid-
ered to be the most common components of environmental 
pollutants as a result of which most plant systems are accus-
tomed to interacting with them and prone to taking up them 
with soil solutions. Various researches pertaining to the abil-
ity of TiO2 NPs to instigate the production of metabolites 
in a range of plant systems have been done. An experiment 
involving Ziziphora clinopodioides was conducted which 
reported the production of various phenolic compounds 
(ortho-diphenols, phenolic acids, flavonoids, and proantho-
cyanidin). 60 mg/L of TiO2 NP was not only revealed to be 
optimal for the growth of the plant root and shoot but the 
highest yield of phenol and flavonoid (1.261 ± 0.51 mg/g and 
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1.04 ± 0.13 mg/g fresh weight respectively) was obtained 
at this concentration too. Moreover a positive correlation 
was discovered between the antioxidative characteristics 
of the plant elicited by NPs and the increase in the TPC 
(Asadi and Cheniany 2022). In a recent study focused on 
enhancing the phenolic content, rosmarinic acid and caf-
feic acid produced by Mentha piperita. 150 mg/L of TiO2 
NPs proved to not only enhance the dry weight of shoot, 
length of the shoot and the membrane stability index but it 
also improved the release of phenolic content by the plant 
system by 76%. Further, 87% increase in rosmarinic acid 
and 78% in caffeic acid was noted (Shenavaie Zare et al. 
2022). Similarly, researchers aiming to enhance the induc-
tion of a callus through callogenesis and the production of 
certain SMs in leaf explants and apical meristems of Salvia 
tebesana, employed 6-Benzylaminopurine (BAP) and 2,4-
D1 TiO2 NPs respectively to achieve it. The production of 
rosmarinic acid, an essential phenol, various flavonoids and 
anti-oxidants were recorded against the elicitation of TiO2 
NPs at 10, 60, and 120 mg/L concentration. Results demon-
strated promising outputs at 60 mg/L for leaf explants and 
at 10 mg/L for apical meristems by which high values for 
phenolic acid, TPC, O-diphenols, flavonoids, flavanols and 
proanthocyanidins were obtained. In addition, direct rela-
tions were observed between the rosmarinic acid derivative 
and the anti-oxidant activity of the treated calli (Shoja et al. 
2022).

The ability to initiate the release of SMs in plants has not 
only been studied in chemically synthesized NPs but plant 
based TiO2 NPs as well with comparable outcomes.

A study reporting the use of Moringa oleifera reduced 
TiO2 NPs to trigger the synthesis of proline, phenols and 
flavonoids in Triticum aestivum L. revealed that the TPC 
and TFC values increased at 4 mg/L, however they displayed 
a marked reduction in comparison to plants elicited under 
Puccini striiformis stress (Satti et al. 2022). Yet another 
study gave prominence to the need to revolutionize the phar-
maceutical industry by optimizing extraction from alterna-
tive cultivation system. In order to fulfill this objective, TiO2 
NPs ranging from 10 to 50 mg/L were used on hairy root 
cultures of Saponaria officinalis L. to observe the production 
of polyphenolic compounds. Maximum hairy roots with a 
fresh weight of 3.09 g were obtained in cultures treated with 
10 mg/L for 24 h. Moreover, the highest rate of phenolic 
content, 9.79 mg /g fresh weight was measured at 50 mg/L 
after 24 h. The production of various other polyphenols 
such as cinnamic acid, rutin and rosmarinic acid were also 
induced with the same treatment (Hedayati et al. 2022).

Nano‑elicitation of flavonoids

Flavonoids impart pigments to plants and belongs to a sub-
class of polyphenols. They contain over 10,000 compounds Ta
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and are classified by their aromatic rings, namely two phe-
nyl rings (Teoh 2015). Flavonoids have been reported to be 
eminent bearers of medicinal benefits that include anti-can-
cerous, anti-viral, anti-inflammatory and antioxidant prop-
erties as a result they are one of the most desired class of 
SMs (Ullah et al. 2020). Several types of MONPs have been 
tested as nano-elicitors of flavonoids as shown in Table 2.

The seedlings of Glycyrrhiza glabara L. also known as 
Licorice, were subjected to ZnO NPs of ranging sizes i.e., 
nano and bulk dimensions in order to determine if it had an 
effect on the production of flavonoids, anthocyanins, gly-
cyrrhizin and phenols. The results concluded that ZnO NPs 

caused a greater increase in all the compounds that were 
studied in comparison to their bulk counterparts (Oloumi 
et al. 2015) and the rational reasoning suggested that the 
smaller size not only allows for better adsorption inside the 
plant cells but confers better compatibility with the orga-
nelles of the cell as well (Nair et al. 2010). In the course of 
such studies, the toxicity at specific concentrations of ZnO 
NPs was uncovered and a solution was derived. Research on 
the combination of ZnO NPs and humic acid for elicitation 
was done on Lilium ledebourii and the results showed that 
maximum production of flavonoids (25 mg/L) was achieved 
at 25 mg/L of ZnO NPs while highest concentration of 

Table 2   Role of MONPs in the elicitation of flavonoids

NPs Plant species Culture system NPs size Effective NPs 
concentration

Secondary 
metabolite

Yield increase References

ZnO Glycyrrhiza 
glabara L.

Seedlings < 50 nm 1 µM Flavonoids Enhanced pro-
duction

Oloumi et al. 
(2015)

ZnO Lilium lede-
bourii

Shoot – 75 mg/L Flavonoids, 
phenolics, and 
anthocyanins

25 mg/L, 
75 mg/L, 
100 mg/L 
respectively

Chamani et al. 
(2015)

ZnO Momordica 
charantia L.

Shoot – 100 ppm Flavonoids and 
anthocyanins

14 mg/g and 
228 mg/g 
respectively

Sharifi-Rad et al. 
(2020)

ZnO Stevia rebaudi-
ana

Hydroponic 
cullture

13 μm 75 mg/L Flavonoids 87.8% Velázquez-Gam-
boa et al. (2021)

ZnO Echinacea pur-
purea

Callus culture 40 nm 75 mg/L Flavonoids 23.25 mg/g dry 
weight

Karimi et al. 
(2018)

CuO Lens culinaris Root Culture 6.5 ± 1.5 nm 0.025 mg mL− Flavonoids 2.33 fold 
increase

Sarkar et al. 
(2020)

CuO Lavandula stoe-
chas L.

Seedlings – 50 mg/L at 5 
days exposure 
time

Flavonoids, 
anthocyanins 
and flavonols

0.68 mg g− FW, 
36.51 mg 
g− FW and 
0.29 mg g− 
FW respec-
tively

Asadollahei et al. 
(2023)

CuO and MnO Ocimum bascili-
cum

Callus culture – CuO: 10 mg/L Flavonoids 9.1 mg/g DW Nazir et al. (2021)

CuO Gymnema syl-
vertre

Cell suspension 
culture

25–55 nm 3 mg/L Phenolic and 
Flavonoid 
content

2 fold increase Chung et al. 
(2019)

TiO2 Stevia rebaudi-
ana

Seedlings 20 nm 400 µL/L Phenolic and 
Flavonoid 
content

TPC: 51% 
increase

TFC: 40% 
increase

Rezaizad et al. 
(2021)

TiO2 Teucrium polium Callus Culture < 25 nm 10 mg/L Flavonoids, 
Flavones, Ros-
marinic acid

1.5 fold increase Tabarifard et al. 
(2023)

TiO2
Al2O3 and NiO

Nigella arvensis Root and Shoot 
Culture

TiO2: 20 nm
Al2O3: 5 nm
NiO: 5–8 nm

TiO2: 
1000 mg/L

Flavonoids 2.2 folds 
increase

Modarresi et al. 
(2020)

TiO2 Oryza sativa Callus Culture 25–50 nm 400 mg/L Flavonoids 118% increase Chutipaijit and 
Sutjaritvorakul 
(2020)

TiO2 Saponaria offici-
nalis

Hairy Root 
Culture

– 30 mg/L for 48 h Flavonoids 1.06 mg QE 
g− FW

Hedayati et al. 
(2022)
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anthocyanins (100 mg/L) was acquired at 75 mg/L. In addi-
tion, humic acid deemed beneficial for the growth param-
eters of the plant suggesting that it may be helpful in miti-
gating and compensating for the damage caused by ZnO 
NPs elicitation (Chamani et al. 2015). Similarly, Momordica 
charantia L. was treated with three types of abiotic elicitors 
i.e., jasmonate, ZnO NPs and chitosan in a dose-dependent 
manner. While ZnO NPs did not have any notable impact 
on the weight of the shoot, it progressively amplified the 
amount of anthocyanin and flavonoid produced. At 100 
ppm of ZnO NPs, 228 mg/g fresh weight and 14 mg/g fresh 
weight anthocyanin and flavonoid were reported respectively 
(Sharifi-Rad et al. 2020). S. rebaudiana was treated with 
ZnO NPs with the aim of bio-fortification and an 87.8% 
increase of TFC was noticed at 75 mg/L of the NPs while 
the growth parameters of the plant were not disturbed 
(Velázquez-Gamboa et al. 2021). Nevertheless, above a 
certain threshold limit of elicitation, the flavonoid content 
may begin to decrease as was reported in the experiment 
conducted on Echinacea purpurea. A callus culture was 
exposed to a wide range of Zn ONPs concentrations, out 
of which optimum outcomes were represented at 75 mg/L 
with 23.25 mg/g dry weight of flavonoid. However, above 
this value, the phytotoxicity of ZnO NPs sets in, inhibiting 
further synthesis (Karimi et al. 2018).

Similar to the promising outcomes reported with phenolic 
content elicitation, CuO NPs were also claimed to be effec-
tive in increasing flavonoids in plants. Lens culinaris, an edi-
ble legume, was treated with CuO NPs, biosynthesized using 
the extract of Adiantum lunulatum. On evaluation of the TPC 
of the plant by elicitation with the NPs, a 2.33 fold increase 
was reported at 0.025 mg/mL (Sarkar et al. 2020). Nano-
CuO stress on Lavandula stoechas exhibited remarkable out-
comes with an increase in phytochemicals at all four concen-
trations i.e. 0, 25, 50, and 100 mg/L relative to the control. 
However the highest amount of TFC obtained was at the 
50 mg/L with an exposure period of 5 days with 0.68 mg/g 
FW. Moreover, 36.51 mg/g FW anthocyanins and 0.29 mg/
gFW flavonols were also reported (Asadollahei et al. 2023). 
Medicinal plants such as Ocimum bascilicum have also been 
subjected to CuO and MnO NPs to gain insight on their 
effect on the biochemical profile of the plants. The com-
parative analysis showed that CuO NPs at 10 mg/L resulted 
in the highest accumulation of flavonoids (9.1 mg/g DW) 
and instigated peroxidase and superoxide dismutase more 
effectively than MnO NPs (Nazir et al. 2021). G. sylvestre 
subjected to three concentrations of CuO NPs 1, 3, 5 mg/L 
caused a 2 fold increase in both the TPC and the TFC at the 
optimal concentration of 3 mg/L (Chung et al. 2019).

The dominant influence of TiO2 NPs as elicitors has also 
been discussed before however, experiments pertaining 
to enhancement in flavonoid content have also been con-
ducted. S. rebaudiana when treated with a range of TiO2 

concentrations over a time period of 3 weeks exhibited 
a 40% increase in flavonoid content as compared to the 
controls while 51% increase in phenolic content and 53% 
improvement in chlorophyll content was also reported. This 
occurred at the highest concentration that was tested i.e. 
400 µL/L (Rezaizad et al. 2021). A comparative analysis 
of Methyl Jasmonate and TiO2 NPs as elicitors of Teucrium 
polium revealed a 1.5 fold increment in the flavonoid, fla-
vones, rosmarinic acid and phenolic content of the plant 
in relation with the non-elicited controls. While 10 mg/L 
of TiO2 NPs was concluded to be the most preferable con-
centration, 50 µM methyl jasmonate produced even better 
results (Tabarifard et al. 2023). Yet another parallel study 
conducted by Modarresi et al. (2020) tested TiO2, Al2O3 and 
NiO NPs as elicitors of Nigella arvensis and reported a 2.2 
times increment in flavonoid content at 1000 mg/L of TiO2 
relative to the control. Nevertheless, NiO NPs proved to be 
even more effective by raising the flavonoid content by 2.5 
folds at a lower concentration of 100 mg/L. In another study, 
a remarkable elevation of 118% in the flavonoid content of 
Oryza sativa was reported on exposure to 400 mg/L of TiO2 
NPs. Moreover free radicals present in the metabolites were 
depleted by 84% in contrast to the untreated control (Chuti-
paijit and Sutjaritvorakul 2020). In accordance with a previ-
ously mentioned study, S. officinalis was subjected to TiO2 
to determine its effect on the plants phytochemical profile 
resulting in 1.06 mg QE/g FW of TFC which was the highest 
amount obtained by treatment with 30 mg/L of the nano-
elicitor for 48 h (Hedayati et al. 2022).

Nano‑elicitation of alkaloids

Alkaloids are bioactive components that contain a distinctive 
heterocyclic ring with one or more nitrogen atoms attached 
to it (Teoh 2015). The principles of nano-elicitation are 
availed to reap alkaloids for commercial use as the quantities 
extracted through their natural resource are often insufficient 
(Anjum et al. 2021). Although, alkaloids are commercially 
important metabolites, only a limited number of studies are 
available in literature in which nano-elicitation has been per-
formed (Table 3).

ZnONPs have proven to be promising in the enhanced 
metabolism of alkaloids as well, as seen in the elicitation 
of Trigonella foenum-graecum L commonly known as 
Fenugreek. This plant contains a precious compound called 
trigonelline that holds significant medicinal importance. A 
hairy root culture of the plant was prepared and subjected 
to 2× ZnONPs in conjugation with an Agrobacterium rhizo-
genes strain and resulted in double the trigonelline produced 
in comparison to the control i.e. hairy roots not transformed 
with the NPs (Tariverdizadeh et al. 2021). As mentioned 
earlier, in order to obtain an optimum yield of alkaloids, 
specific concentrations of ZnONPs treatments must be given 
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otherwise the results may disappoint. This was tested in a 
study wherein ZnONPs and a Chitosan-ZnO bioformulation 
were used administered to Nicotiana benthamiana callus. 
Nicotine constitutes the majority of the alkaloids present 
in N. benthamiana and its overproduction was maximally 
stimulated at 400 ppm of ZnONPs. At this concentration, 
the callus produced 125% more nicotine than the control 
but once the concentration was raised to 800 ppm, signifi-
cant reduction (25%) in nicotine production was recorded 
(Patel et al. 2020). Yet another plant that houses valuable 
tropane alkaloids, for instance, hyoscyamine and scopola-
mine is Hyoscyamus reticulatus L. The alkaloids derived 
from these plants prove to be pertinent compounds to treat 
various neurological diseases like schizophrenia, Parkinson’s 
and epilepsy. Investigations at three different concentra-
tions (50, 100, 200 mg/L) of ZnONPs with three intervals 
of time (24 h, 48 h, 72 h) were done and the ideal results 
were obtained at 100 mg/L of ZnONPs at which 37% hyos-
cyamine and 37.63% scopolamine was produced after 48 and 
72 h of exposure respectively (Asl et al. 2019). ZnO has been 
developed with different formulations and tested as an alka-
loid elicitor. A comparative analysis was performed between 
ZnONPs and a chitosan/ZnO nanocomposite on Capsicum 
annuum and a number of physiological patterns were stud-
ied. Chitosan/ZnO nanocomposites seemed to excel in all 
aspects with a 60% increase in alkaloid production, 40% 
more phenol accumulation and improved organogenesis of 
the plant in vitro (Asgari-Targhi et al. 2021).

The enhanced production of alkaloids in plants in 
response to other MONPs is evident from the published lit-
erature reports. Al-Oubaidi and Jawad (2021) published a 
study in which CuO NPs were applied to Physalis peruiviana 
for the enhanced production of atropine and scopolamine. 
The experiments were performed at different concentrations 
of CuO NPs (0.5, 1.0, 1.5, and 2.0 mg/L). Highest concen-
tration of the before-mentioned alkaloids was obtained at 
2.0 mg/L CuO NPs concentration. Likewise, hyoscyamine 
and scopalamine production was enhanced in Hyoscyamus 
niger L. by the application of TiO2 NPs. Highest content of 
hyoscyamine was obtained at 80 mg/L TiO2 NPs concentra-
tion whereas 20 mg/L concentration was found optimum 
for the enhanced production of scopolamine (Ghourbanpour 
et al. 2015). Similarly, silicon dioxide NPs (SiO2 NPs) were 
also found to have elicitation potential for alkaloids as evi-
dent from the study performed by (Hedayati et al. 2020). 
Two species of Hyoscyamus were selected to study the effect 
of SiO2 NPs for the production scopolamine and hyoscya-
mine. The highest content of both metabolites was obtained 
at 100 mg/L and 10 mg/L respectively (15.56 µg/g FW and 
7.42 µg/g FW) indicating the use of SiO2 NPs as efficient 
elicitors. Similarly, Fe3O4 NPs has also been employed for 
tropane alkaloids production in genetically transformed 
H. reticulatus root cultures by Moharrami et al. (2017) At 
450 mg/L Fe3O4 NPs concentration, maximum increase 
(20.3%) was observed in case of scopolamine as compared 
to hyoscyamine, of which maximum content was observed 

Table 3   Role of MONPs in the elicitation of alkaloids

NPs Plant species Culture system NPs size Effective NPs 
concentration

Secondary 
metabolite

Yield increase References

ZnO, Fe2O3 Trigonella 
foenum-grae-
cum L.

Hairy root 
culture

– 2× concen-
tration of 
medium

Trigonelline 1.85 mg/g Tariverdizadeh 
et al. (2021)

ZnO, chitosan Nicotiana 
benthamiana

Callus culture 327 nm 440 ppm Nicotine 125% increase Patel et al. (2020)

ZnO Hyoscyamus 
reticulatus L

Hairy root 
culture

30–50 nm 100 mg/L Scopolamine 37.63% Asl et al. (2019)

ZnO Capsicum 
annuum

Micro-propa-
gated plantlets

10–30 nm 1 mg/L Total Alkaloid 
Content

60% increase Asgari-Targhi 
et al. (2021)

CuO Physalis 
peruiviana

Seedlings – 2 mg/L Atropine, sco-
polamine

29 µg/g, 
26.9 µg/g

Al-Oubaidi and 
Jawad (2021)

TiO2 Hyoscyamus 
niger L.

Plantlets 10–15 nm 80 mg/L, 
20 mg/L

Hyoscyamine, 
scopolamine

0.286 g/kg, 
0.126 g/kg

Ghourbanpour 
et al. (2015)

SiO2 Hyoscyamus 
reticulatus,

Hyoscyamus 
pusillius

Hairy root 
culture

10–100 nm 100 mg/L, 
10 mg/L

Hyoscyamine, 
scopolamine

15.56 µg/g FW 
and 7.42 µg/g 
FW

Hedayati et al. 
(2020)

TiO2, NiO, 
Al2O3

Nigella arvensis Seedlings 20 nm, 5–8 nm, 
5 nm

1000 mg/L of 
NiO NPs

Glaucine 3.2-fold 
increase

Modarresi et al. 
(2020)

Fe3O4 Hyoscyamus 
reticulatus L.

Genetically 
transformed 
root culture

– 450 mg/L,
900 mg/L

Scopolamine, 
hyoscyamine

20.3%, 43.82% Moharrami et al. 
(2017)
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at 900 mg/L concentration (43.82%) after the treatment of 
48 h and 24 h respectively. As mentioned before, Modarresi 
et al. (2020) further reported the impact of TiO2 NPs, NiO 
NPs and Al2O3 NPs on the production of glaucine, a com-
mercially important alkaloid, in N. arvensis. The highest 
concentration of glaucine was observed when 100 mg/L of 
Al2O3 was applied to the plant. In case of NiO and TiO2 
NPs, the alkaloid content was reduced. The increase was 
more than 50% as compared to the control groups.

Nano‑elicitation of terpenes

Terpenes are a broad class of natural organic compounds 
primarily existing in plants. They are derived from a 5-car-
bon compound called isoprene; the polymers of isoprene are 
called as terpenes. More than 60,000 terpenoids have been 
identified up to date, making terpenes a major class of SMs 
(Jahangeer et al. 2021). The terms terpenes and terpenoids 
are used interchangeably, however they differ in the addition 
of a functional group in terpenoids with general structure 
same as terpenes. Being SMs, terpenes and its derivatives 
provide plants with defensive strategies against the environ-
ment (Toffolatti et al. 2021). They have long been used as 
natural flavoring compounds, insecticides, pharmaceutical 
compounds, fragrances and industrial compounds. With the 
growth of pharmaceutical uses of plant based drugs and the 
uses of terpenes as alternative fuels, scientists are looking 
for ways to enhance the production of terpenes (Tholl 2015). 
The potential of MONPs has been exploited for eliciting of 
terpenoids in several studies as shown in Table 4.

ZnO NPs have extensively been used to produce SMs 
evident from a variety of reported studies. Expression 
Analysis of ADS, DBR2, ALDH1and SQS genes was done 
in the hairy root cultures of A. vulgaris by Yarizade and 
Hosseini (2015). These are some of the key genes that reg-
ulate the artemisinin biosynthesis pathway in plants. The 
up-regulation of these genes result in the enhanced synthe-
sis of artemisinin as well (Wani et al. 2021). Elicitation of 
the expressed gene products i.e., terpenes was mediated by 
cobalt nanoparticles (Co NPs) and ZnO NPs. After the treat-
ment of culture with NPs, the expression level was examined 
after 8, 24, 48 and 42 h. It was reported that 1.0 mg/L ZnO 
NPs resulted in the maximum expression of all the genes, 
whereas 0.25 mg/L of Co NPs resulted in the maximum 
gene expression. According to the study, ZnO NPs were 
established as the nano elicitor, however, Co NPs had an 
advantage that in addition to up regulating the ADS gene, it 
down regulated the SQS gene, its antagonist for the maxi-
mum elicitation of artemisinin. Bhardwaj et al. (2018) evalu-
ated the nano-elicitation potential of ZnO NPs by apply-
ing them to cell suspension cultures of Baccopa monnieri. 
HPLC analysis showed that varying concentrations of ZnO 
NPs showed varying bacoside yield. A two fold increase 

in bacoside A production was observed in the suspension 
cultures supplemented with 1ppm ZnO NPs as compared 
to control. Another study was conducted by Mosavat et al. 
(2019) in order to evaluate the elicitation effect of ZnO NPs 
on thymol and carvacrol production in callus cultures of 
three different thymus species. The concentration of the two 
mentioned terpenoids was measured by HPLC which indi-
cated that 150 mg/L ZnO NPs resulted in the highest content 
of thymol and carvacol (28.8 mg/L and 0.68 mg/L respec-
tively) making them potential nano-elicitors of terpenoids in 
T. kotschyanus and T. daenasis respectively (Mosavat et al. 
2019). The effect of ZnO NPs, jasmonate and chitosan as 
non-biological elicitors were studied on the M. charantia 
shoot cultures as mentioned previously. The results showed 
an overall increase in the secondary metabolite content. 
At 20 ppm ZnO NPs concentration, the carotenoid content 
increased to 2.767 mg/g FW as compared to control, when 
carotenoid content was 1.086 mg/g FW (Sharifi-Rad et al. 
2020). In addition to evaluating their potential of nano-elic-
itation of phenolic compounds, ZnO NPs have also estab-
lished themselves as the potent nano-elicitor of glycyrrhizin, 
which is structurally a saponin, in licorice seedlings. The 
content of glycyrrhizin was increased by supplementation 
of 1mM of ZnO NPs in seedlings (Oloumi et al. 2015). Nek-
oukhou et al. (2022) studied the effect of ZnO NPs on the 
synthesis of medicinally important terpenes, geranial, geran-
iol and neral by applying ZnO NPs formulation in dragon-
head (Dracocephalum moldavica L.). The result showed the 
gradual increase in the biomass, total chlorophyll and total 
secondary metabolite content in dose-dependent manner. 
The dose of 160 mg/L of ZnO NPs was found suitable for 
the increased concentration of terpenes.

Although limited evidence is available on the exploita-
tion of CuO NPs for the nano-elicitation. However, existing 
studies have shown promising results regarding the produc-
tion of terpene and their derivatives. In a study performed by 
Ahmad et al. (2020) tissue culture regenerates of S. rebaudi-
ana were comparatively studied after the application of ZnO 
NPs and CuO NPs. Different concentrations of both NPs were 
applied to the MS media in which tissue culture were grown 
and their effects on the morpho-physiological responses viz. 
plant biomass, shooting and rooting and the number of leaves, 
roots and nodes were studied as well as the synthesis of SMs 
namely seviol glycosides (SGs). The results obtained by 
HPLC showed that greatest content of SGs was obtained at 
2 mg/l of ZnO NPs and 20 mg/l of CuO NPs. Both type of NPs 
were reported to have adverse effects on the plant biomass and 
antioxidant activities of plants and elicited the SMs response 
i.e., synthesis of SGs. As SGs have significant anti-diabetic 
and anti-cancerous properties and are also used pharmaceuti-
cally for obesity relief (Dey et al. 2013; Ashwell 2015). CuO 
NPs and ZnO NPs has proved as potential nano-elicitors and 
can be applied at industrial level to extract SGs from tissue 
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cultured SGs-rich plants. It is supported by another study per-
formed by same authors who studied the comparative effect of 
ZnO NPs and CuO NPs as mentioned previously. In this study, 
micro-propagated shoots of S. Rubaudiana were investigated 
after the application of NPs. The result showed a significant 
increase in SGs content, however a decrease in TPC and TFC 
was observed (Javed et al. 2017). Chung et al. (2019) reported 
the increased yield of gymnemic acid II in the cell suspension 
cultures of G. sylvestre as mentioned in prior heading. The 
highest yield was observed after the treatment of cultures with 
3 mg/L of CuO NPs for 48 h, where the amount of gymne-
mic acid II increased nine-fold as compared to untreated cul-
tures. Gymnemic acid is a triterpene saponin with potential 
anti-diabetic applications (Li et al. 2019). Nekoukhou et al. 
(2023) studied the impact of different concentrations of CuO 
NPs and chelated-CuO NPs on the production and yield of 
SMs such as geraniol, neral, geranial and geranyl acetate in 
dragonhead (D. moldavica L.). The study showed promising 
results at 80 mg/L of CuO NPs as compared to 160 mg/L of 
conventionally chelated-CuO NPs. A recent research reported 
by Asadollahei et al. (2023) stated the potential effect of CuO 
NPs as elicitors on the essential oils and terpenoid compo-
nents in Lavandula stoechas L. The results showed a signifi-
cant increase in the essential components such as lavandulol 
(21.68%), germacrene D (9.33%) 1, 8-cineole (17.21%), and 
E-nerlidol (8.11%). The study proved the significant potential 
of CuO NPs for its application in SMs production for indus-
trial and medicinal use.

A number of research reports have provided promising 
results regarding the use of TiO2 NPs for SMs production. 
Gohari et al. (2020) reported the effect of TiO2 NPs on the 
agronomic traits of D. moldavica grown under saline stress. 
The results showed a considerable increase in all the plant 
traits under study. The essential oil content consisting of 
geranial, geranyl acetate and z-citral increased significantly 
(1.19%) at 100 mg/L TiO2 NPs. Moreover, this concentration 
sharply ameliorated the salt stress condition in the plant. The 
content and yield of menthol increased to 9.6% in control 
and 124.1% in TiO2 NPs-treated M. piperita L. as reported 
by Ahmad et al. (2018). 150 mg/L concentration of TiO2 
NPs was found suitable for the significant increase in the 
production of essential oil and menthol content. The study 
investigated the effect of TiO2 NPs on the enzymatic activi-
ties and photosynthetic rate as well. Another study reported 
the increase in menthol production when TiO2 NPs were 
applied exogenously combined with methyl jasmonate to 
M. piperita L. The study provided astonishing results where 
the highest amount (44.51%) of menthol was produced when 
the subject plant was treated simultaneously with 150 mg/L 
TiO2 NPs and 0.1mM methyl jasmonate (Shenavaie Zare 
et al. 2022). Sheikhalipour et al. (2021) reported the stress 
alleviating effect of TiO2 NPs and Selenium NPs (SE NPs) 
functionalized with chitosan in Stevia rebaudiana Bertoni 

under salt stress. TiO2 NPs proved potentially successful 
in countering the adverse effects of salt stress in the plant 
under study. The results showed a significant increase in 
the concentration of stevioside (17.81%) and rebaudioside 
A (18.18%), tetracyclic triterpenoid compounds, and carot-
enoids (21.99%) in S. rebaudiana by the application of TiO2 
NPs. Fazeli-Nasab et al. (2018) reported the increase in the 
concentration of thymol and carvacol when TiO NPs were 
applied to Thymus vulgaris under drought stress. The result 
showed that the yield of thymol and carvacol was enhanced 
by 82.302% and 12.33% in plants under drought stress of 
70% field capacity upon TiO2 NPs application.

Concluding remarks

With the growing population, there is a growing need to find 
innovative solutions to the problems related to the pharma-
ceutical sector such as a need for higher production level of 
medicinally important SMs to combat diseases. To counter 
this, MONPs are widely explored in plant biotechnology 
research as novel elicitors of plant SMs. Numerous research 
found MONPs as an effective elicitor of SMs in terms of 
productivity and specificity. Despite immense research 
on MONPs as novel elicitors of SMs, there are still some 
knowledge gaps which need to be filled. Firstly, a deep 
understanding is required on dose dependent nano-elicitation 
of SMs for its successful industrial adoption. This can be 
achieved by targeted delivery and surface functionalization 
of NPs with various bio-molecules which can enhances the 
efficacy of elicitation using lower concentration of NPs and 
also prevents phyto-toxicity. Moreover, an understanding of 
plant response to the nanomaterials applied as elicitors either 
individually or in combination with other classes of NPs or 
with other types of elicitors is essential for developing strate-
gies for enhanced SMs production.

Furthermore, the knowledge gap exists on the exact 
mechanism of nano-elicitation due to the involvement of 
complex events and variation from plant to plant, parts of the 
plant and growing conditions, depending on other factors as 
well such as, size, structure, morphology and exposure time 
of NPs (Dey and Das 2013; Anjum et al. 2019). However, it 
is clear from our review that MONPs can trigger specialized 
pathways for SMs production in in-vitro cultures. Various 
studies have been performed on cultured cells, tissues and 
organs of medicinally important plants. Therefore, case to 
case analysis on the effect of MONPs on the production of 
SMs, metabolic modeling, omics-based studies, and com-
puter assisted simulations can be a future research direc-
tion in the area of nano-elicitation. This knowledge will be 
helpful in targeting specific metabolic pathway and adapt 
innovative strategies for nano-elicitation to gain commercial 
benefits. Further research on nano-elicitation will also be 
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helpful in the production of novel SMs to combat emerging 
diseases as well. Once these research gaps are addressed, 
MONPs can be applied for important biotechnological appli-
cations and to meet the emerging demands of SMs.
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