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Abiotic stress in plants is a crucial issue worldwide, especially heavy-metal contaminants, salinity, and drought.
These stresses may raise a lot of issues such as the generation of reactive oxygen species, membrane damage,
loss of photosynthetic efficiency, etc. that could alter crop growth and developments by affecting biochemical,
physiological, and molecular processes, causing a significant loss in productivity. To overcome the impact of these
abiotic stressors, many strategies could be considered to support plant growth including the use of nanoparticles
(NPs). However, the majority of studies have focused on understanding the toxicity of NPs on aquatic flora and
fauna, and relatively less attention has been paid to the topic of the beneficial role of NPs in plants stress
response, growth, and development. More scientific attention is required to understand the behavior of NPs on

crops under these stress conditions.

abiotic stresses environmental contaminants heavy metals nanoparticles soil

| 1. Introduction

In the current scenario, population explosion has emerged as one of the major challenges, especially for
sustainable food production, in feeding the growing population &I, The world population may reach up to 10.9 billion
by 2100 and will lead to an increase in demand for food by nearly 50%. To achieve the “Zero Hunger” goal, which
is one of the goals of sustainable development of the UN to be achieved by 2030, there is an urgent need for
revolutionizing conventional agricultural practices. Such changes can be achieved by employing eco-friendly and

sustainable innovations [LI21E14],

Plants are unable to move physically from their location to prevent the consequences of environmental stress such
as abiotic stresses. Among different abiotic stresses, heavy metal (HM) contamination, soil salinity, and drought
stress are described to limit the crop productivity by multiple orders of magnitude BIEIZl These changes under
abiotic stress trigger perturbations in the metabolism of plants, thereby facilitating reorganization of the metabolic

network in order to keep the vital metabolic processes active [EI210111]112]

Soil pollutants, especially HMs and metalloids such as Cr, Cd, Ni, Zn, As, and Hg, are identified as the most
commonly detected contaminants 134 The increased release of HMs in the terrestrial environment has been
documented to severely affect the productivity of cultivated areas [2l[18] Furthermore, most of the metal
contaminants eventually find their way into the terrestrial and aquatic environment, thereby directly or indirectly
affecting human health and the associated ecosystems 718l Additionally, there are ample chances of

accumulation of HMs in plants exposed to contaminated areas 19,
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Salinity and drought stresses are devastating stresses that are reported to limit the economic yield of several crops
via inducing biochemical and physiological perturbations 292122l These stresses confine the plant productivity
and growth due to osmotic stress, nutritional imbalance, and oxidative stress (23] The salt stress results in the
accumulation of sodium (Na*) and chloride (CI7) ions in the cytosol, eventually causing considerable damage to the
cell [24], Drought stress is known to induce stomatal closure, to inhibit photosynthesis, to reduce the leaf area, to
reduce the biomass and growth, to decrease the water potential, to increase the amount of osmolytes, and to
induce the generation of reactive oxygen species (ROS) [22. Abiotic stress triggers perturbation in the metabolism
of plants, thereby facilitating reorganization of the metabolic networks in order to keep the vital processes active [
[BIORLIZ] Thys, the onset of abiotic environmental stressors because of immobile nature of plants eventually

leads to reduced crop productivity.

Numerous stress management strategies have been developed by researchers in recent decades. Among them,
nanotechnology is one of the emerging strategies that has been anticipated to improve crop productivity 23],
Nevertheless, most of the research focusing on nanoparticles (NPs) currently is concentrated on their toxicity [41126]
(271281291 Relatively fewer publications are available regarding the role of NPs in crop protection, especially under

various abiotic stress conditions [BI3A31],

Nanoparticles may be described as materials with diameters between 1 to 100 nm in at least one dimension 22,
Metal and metal-based NPs show various physiochemical features that are different from their native bulk
compounds. The application of NPs has gained widespread popularity in agriculture and allied sectors including
various other fields, i.e., the chemical, optical, biomedical, pharmaceutical, food, and textile industries [32I34],
Different NPs for field applications such as nano-agrochemicals have been used to increase agricultural
productivity. Some of them include phosphorous NPs (Cas(PO4)30H), calcium NPs (CaCO3), Mg NPs, ZnO NPs,
Fe,O3 NPs, TiO, NPs, Ag NPs (AgNO3), Mn NPs (MnSQ,), Cu NPs (CuO), Mo NPs, SiO, and AIO, CNTs (carbon
nanotubes), and a complex of Chitosan with Zn or Cu 23],

Nanoparticles as soil-improving agents, nano-fertilizers, nano-pesticides, growth stimulators, and nano-sensors for
controlling various agricultural factors in the farm 28 have been utilized for improving crop yield. It has gained
popular acceptance for its potential application in the smart and controlled delivery of pesticides and herbicides and
in the sustained-release of fertilizer formulations. Additionally, the contribution of NPs in the alleviation of abiotic
stress-induced toxicity in plants is of immense agricultural importance. The intervention of nanotechnology has
demonstrated effectiveness not only in the removal of non-degradable metals, but also in the detoxification of
slowly degrading contaminants 7. The past decades have substantially received tremendous contribution about
NPs improving plant growth and soil characteristics, particularly in the management of marginal soils affected by
HM contamination 8189 |n a recent study, the contents of chlorophyll (a and b) and carotenoids were noticeably
enhanced by magnetic NP treatment to Hordeum vulgare, apart from the positive impacts on the genes of

photosystems 19, Likewise, the negative impacts of drought and salinity stress have also been mitigated by the
use of NPs [41142],
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In order to obtain in-depth knowledge on field applications of NPs, the present review aimed to discuss the
challenges of different abiotic stresses causing substantial changes in crops at the morphological, anatomical,
biochemical, and physiological levels and the possible roles and mechanisms of NPs for mitigating the negative

consequences of abiotic stresses to improve the agricultural productivity.

2. Alleviation of Heavy Metal Toxicity in Plants Using
Nanoparticles

Excessive release of HMs in the environment by an exponential rise in anthropogenic activities and industrial
processing is of great concern 2324l The risks of HM contamination in cultivated fields and aquatic environments
due to the indiscriminate addition of various agro-fertilizers are of considerable concern 4248l The abundance of
HMs in a given environmental matrix beyond certain limits exerts toxicity because of accumulation and genotoxic,

carcinogenic, and mutagenic behaviors “8I471[48][49]

The HMs and metalloids associated with the environmental and human health concerns include Cu, Zn, Cd, Cr, Pb,
As, and Hg BB, Therefore, it is imperative to develop innovative and economical technologies for the successful
elimination of HMs from contaminated sites. However, the characteristic toxicity at low concentrations, slow
removal using conventional approaches, and non-biodegradable attributes of HMs 4252531541 are the important
factors imposing restrictions in successful detoxification from contaminated sites. The fabrication of effective and
eco-friendly NPs for successful employment in managing widespread contamination of hazardous HMs has
received much popularity 2. Among the different metal and non-metal-based NPs, generally, those with an
environmentally friendly nature, cost-effectiveness, and ease of availability are preferred for application in

environmental clean-up programs as well as in the alleviation of toxicity (281,

The contribution of myriads of NPs in overcoming the challenges of HM-induced toxicity has been presented by
various researchers worldwide (Table 1). In general, it has been observed that NPs minimize the uptake of HMs by
modifying the expression of genes responsible for metal uptake and by reducing HM bioaccumulation.
Furthermore, NP treatment improves the physiological and biochemical parameters of the plants such as
enhancing the synthesis of defense enzymes (SOD, POX, CAT, APX, etc.); augmenting nutrient uptake; decreasing
the loss of electrolytes; improving pigments and soluble proteins; reducing peroxidation; and causing rise in the
levels of proline, glutathione, and phyto-chelatins. These attributes are primarily responsible for the overall increase

in the tolerance of the crops and may vary slightly according to different plant species.

Table 1. Applications of NPs in the mitigation of HMs stress by altering the morphophysiological responses of

plants.
Germination and
Nanoparticles Plants Morphological Physiological Responses References
Responses
Si (10 uM) Pisum Presence of Si NPs Si NPs minimized the Cr 57]
sativum L. improved the growth in storage, enhanced the
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Germination and

Nanoparticles Plants Morphological Physiological Responses References
Responses
presence of Cr synthesis of defense enzymes
and augmented nutrient
uptake
ZnO NPs amendment
improved pigments and
ZnO (25 mglL) Leucaena Application of .NPS solublle pr.ote.ins, reduceo! . 58]
leucocephala  induced seedling growth peroxidation; there was rise in
the antioxidant defense
enzymes
N FesOu NP treatment Fe304 NPs supplementation
Fe304 Trl{/cum minimized the inhibitory |mprovefj the_level of 9
aestivum L. . superoxide dismutase and
action of HMs .
peroxidase
Si NPs enhanced the
number of cultured cells
and decreased Si NPs amendment caused
Si (19, 48, and Oryza sativa  proportionally with the altered expression of genes [60]
202 nm) L. rise in NP size; the responsible for reduced metal
treatment maintained the  uptake
cellular integrity in the
presence of metals
ZnO NPs application
enhanced chlorophyll content,
Treatment caused rise in  gas exchange characteristics,
Zn0 (0, 50, 75, Zea mays L. plant length, leaf and antioxidant enzymes; (61]

and 100 mg/L)

ZnO (0, 25, 50,
75, and 100
mg/L) and Fe

NPs (0, 5, 10, 15,
and 20 mg/L)

Si

Mel-Au (200 uM)

T. aestivum L.

Glycine max
L.

O. sativa L.

number, and biomass

Treatment induced plant
growth, dry weight, and
grains under Cd stress

Si NPs minimized the
growth inhibitory action
of Hg

addition led to reduced
content of Cd in root and
shoot

Addition of NPs decreased the

loss of electrolyte and activity

of superoxide dismutase and [62]
peroxidase along with

diminished Cd accumulation

Incorporation of Si NPs

improved the chlorophyll [63]
content and reduced the Hg

content in root and shoot

Application of Mel-Au NPs [64]
caused reduction of Cd level

in root and shoot, improved

chlorophyll content and raised
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Germination and

Nanoparticles Plants Morphological Physiological Responses References
Responses
the activity of antioxidant
enzymes
Fe NPs application caused
rise in the level of proline
T f Fe NP . '
Fe (25 and 50 . . reatment of Fe NPs glutathione and phyto- [19]
O. sativa L. improved plant length . .
mg/L) . chelatins; Fe NPs addition led
and dry weight .
to improved defense enzymes
and glyoxalase machinery
Amendment of ZnO Treatment_facmtated rgdgced
ZnO (10-100 . . accumulation of arsenic in root [65]
O. sativa L. increased the growth of B
mg/L) and shoot together with rise in

Cu (25, 50, and
100 mg kg™ of
soil)

Cu (0, 25, 50,
and 100 mg kg™t
of soil)

Fe203 (O, 25, 50,
and 100 mg kg™t
soil)

Fe,05 (25, 50,
and 100 mg kg™t
soil)

TiO, (0, 100, and
250 mgl/L soil)

SiO2 (30 and 50
nm)

Au (200 pM)

T. aestivum L.

T. aestivum L.

O. sativa L.

T. aestivum L.

Z. mays

O. sativa L.

seedlings

Rise in plant height and
shoot dry weight

Improved biomass and
growth

Improved fresh and dry
biomass; increased
height

Rise in plant fresh and
dry biomass; increase in
plant length

Foliar application
improved shoot and root
dry weight

Improved seedling fresh
weight

phytochelatin level

Increase in N and P content;

reduced Cd transport, rise in [66]
the level of vital ions and

antioxidant pool

Reduced Cr availability;
increase in nutrient uptake; [67]
rise in antioxidant content

Augmented detoxifying

enzymes, photosynthetic

potential, and nutrient uptake

attributes; reduced formation

of ROS, lowered expression of [68]
genes supporting the transport

of Cd,; restricted Cd

mobilization in upper plant

parts

Reduced Cd transport;

enhanced N, P, and K content; [69]
increased antioxidants and

pigment content

Reduced accumulation of Cd;
increased activities of (2]

antioxidant enzymes

Improved chlorophyll content;

lowered accumulation of Hg in [63]
root
Reduced level of Cd in root [64]

and leaves by 33 and 46.2%,
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Germination and
Nanoparticles Plants Morphological Physiological Responses References
Responses

respectively; improvement in
antioxidant defense enzyme;
restricted expression of genes
associated with metal

transport
. Improved chlorophyll; | and
Si (0, 25, 50, and T. aestivum L. Improved plant height photosynthesis; diminished Cd [E4]

A0 et Sl content in tissues;

Reduced arsenic Singh,
concentration in root and of Food
shoot; improved

ZnO (0, 50, and ' .

100( mg L) G. max Ir’;\c})ovrv(ta;]/ed (LI photosynthesis, water loss, (1] 3,
9 photochemical yield; raised

antioxidative defense
enzymes \no-
Decline in the level of ROS from Its

Ti (0.1 to0 0.25%) Vigna radiata ~ Augmented radlcle and lipid perOX|dat|on; [72]

L. length and biomass upregulation of genes related

with antioxidative enzymes ced

Se and Si (5,_110, 0. sativa L. - LO\{vgred accrugl of Cd and (73]

and 20 mg L™) Pb; improved yield

1rooq,

M. Cadmium Toxicity in Plants: Impacts and Remediation Strategies. Ecotoxicol. Environ. Saf.
2021, 211, 111887.

f.ﬁﬁn F.; OIivos-Hernz’i:ngz, K.; Stan% C.; Handforérjlvw.ﬁiziitjc Stressm Crop %)ecifs: |
Aleviation of. salinity, Stress.Inblant Using Nanoparticles
FaliviyldnasBmeogpingt aAg)dRalhrnecers Judaray@adDilrSees i agitidistaled| iws! iththey BrouhtvBiigssY.
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stress in plants are shown in Figure 1.

9. Rajput, V.; Minkina, T.; Semenkoy, I.; Klink, G.; Tarigholizadeh, S.; Sushkova, S. Phylogenetic

Analysis of Hyperaccumulator Plant Species for Heavy Metals and Polycyclic Aromatic
Hydrocarbons. Environ. Geochem. Health 2021, 43, 1629-1654.

10. Minkina, T.; Rajput, V.; Fedorenko, G.; Fedorenko, A.; Mandzhieva, S.; Sushkova, S.; Morin, T.;
Yao, J. Anatomical and Ultrastructural Responses of Hordeum Sativum to the Soil Spiked by
Copper. Environ. Geochem. Health 2020, 42, 45-58.

11. Verma, K.K.; Anas, M.; Chen, Z.; Rajput, V.D.; Malviya, M.K.; Verma, C.L.; Singh, R.K.; Singh, P,
Song, X.-P.; Li, Y.-R. Silicon Supply Improves Leaf Gas Exchange, Antioxidant Defense System
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and Growth in Saccharum officinarum.-Respomsibaso Water Limitation. Plants 2020, 9, 1032.
(including Lot Remefaln,
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: }h S J | Number
15. Rajput, V. MEM_M arji, M.; Shencﬁa% ﬁgsh- 2 S hle@% achevskaya,
M.; Chaplygin,imaingh, 4.; aiert of Nanoparticles|in thq,ﬁm].,plant Systems
and Their SffeCt$"6H Human Health. Ann Agric,| S8i. 2020, 65, 137-143. s

16. Chaplygin, IMJVD Mandzhieuag

"-#:a ina, T.M.; Nevi omSMG Nazarenko,
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V.A.C mpanson o?'ﬁeavy Metal

17. Malar, S.; Manikandan, R.; Favas, P.J.; Sahi, S .. Venkatachalam, P. Effect of Lead on
Phytotoxicity, Growth, BiochenfERYVAFS AR AR AROBEE B enomic Template Stability in

Sesbania grandiflora: A Potential Plant for Phytoremediation. Ecotoxicol. Environ. Saf. 2014, 108,
Figypeylohalinity and drought stress-mediated responses in the plants; ETS: electron transport system.
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gro)ﬁ(&ﬁfrﬁuI%H.”%ﬁ?hbﬂﬁélpgfﬁiémﬁhefﬁﬂ,Oj_@.?,f gﬁgggé)plogical antioxidant activities 9. Similarly, in

salt-stressed T. aestivum L. cultivars, nano-SiO, was found to improve seed germination and growth 9.
20. Kamran, M.; Parveen, A.; Ahmar, S.; Malik, Z.; Hussain, S.; Chattha, M.S.; Saleem, M.H.; Adil, M.;

Thd iERAER SFRRNPsth Ait-QnaRdg W Atz ARSI AMPaRsi ke HbaliRtyiHy (cRfe thRlERBN§Rpacts
by NBRHARIEAES RO CoARBRKREREO MY IS CAR RIS BRRIFIIMRSAIAR INbrk: NMEhraCiE2019, Zbid
NCASRUTN Sl PRIZBPIISTHI S, IRAVES FMiERCSSAiRRATRS P NIV B rapfolig i StFe sEatio-
MojRaNREatBrSPATAPIRE RESH5HERST SHtRRIM Ry RIFDYS p RBACVARAMA e riRHE Rt AR S RS Strids the
COWVI‘Pﬂig%‘Fi‘HH?%WrdB?oF}Clii\é%"?%ﬁéf,"%zifF_Péﬁé%.SOD were also modulated, thereby improving the overall

plant's normal growth and development 2. |n addition, seed priming with ZnO NPs (60 mg/L) ameliorated the
dem D ViRl BBing Gado¥Pu MiRkian. rsamSR PRV RS ARTANIENE: ReoayRE AUCR! ks,
osmYEAIQ8EEaL EAGARE R SRy BHRNALR SeedIngR HRAGh ST Sibaes 4% FeleSdriming

of 7291]e's7t7v%%1 E W|th2£g NPs was also proven to be an adequate salinity stress management strategy 82!,
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mdg(allﬁﬁ{yw,&tc?éﬁ%tl%rﬁ'I@I'gg}wegﬁsisﬁ?% @%Hé)gég?e?lgﬂ?s(&b&oaulus euphratica, A Boon for Arid

ms. Actg Ecol. Sin. 201 497-503.
Tabl:rgg?XSE ica?ions?to NIggllnSsalin%;?s't?és%6ﬁ1itig9;ati()5nogy altering the morphophysiological responses of plants.

25. Ibrahim, W.; Zhu, Y.-M.; Chen, Y.; Qiu, C.-W.; Zhu, S.; Wu, F.; Shuijin, Z. Genotypic Differences in

Germination and

. . . . s of
Nanoparticles Plants Morphological Physiological Responses References
Responses
2 Seed priming with Ag NPs Ag NPs increased the renko,
o activities of vital antioxidative
significantly augmented enzymes whilst declined the il
Ag (0, 2,5, and Triticum the fresh and dry biomass y - 83] '
. . contents of stress indicators,
10 mM) aestivum L. of salinity stressed wheat . .
i.e., MDA and H,0, in wheat
plants at all doses d.:
leaves as compared to salt .,
compared to the control.
stressed plants.
2 NP treatment increased leaf Rolim
relative water content, leaf
photosynthetic rate, leaf Growth
Application of individual stomatal conductance, and
and binary treatment of chlorophyll content in
. Solanum } .
Zn-, B-, Si-, tuberosum L NPs improved plant comparison to the control;
and Zeolite Diamont " height, shoot dry weight, improved nutrients contents, (5] )
2 NPs cultivar number of stems per leaf proline content, and leaf 0V, A
plant, and tuber yield as gibberellic acid level; and of Bulk-
compared to the control. enhanced the contents of
protein adn carbohydrates,
and antioxidative enzymes’
2 activities. nO
Fe (0, 0.08, Appllcauon of NPs S|gn|f_|cantly _
2 and increased the total protein sain, K.;
0.8 ppm), and content, activities of Iheat b
' or?[gssiljm Vitis vinifera — antioxidative enzymes (POD, (6] eal by
.p. CAT, and SOD), and hydrogen
silicate (0, 1, . .
and 2 mM) peroxide, while reduced
3 proline content. kina, T.;
Fe NPs improved the contents tors of
Application of Fe NPs (at of photosynthetic pigments
Fe (0.0, 0.08, Fragaria h|gher concentratlons? and total soluble -
3 increased root dry weight carbohydrate, membrane Algae
and 0.8 ppm) ananassa . S .
and dry weight of the stability index, and relative e

explants.

water content of salinity-
stressed plants.

33. Staron, A.; Dlugosz, O.; Pulit-Prociak, J.; Banach, M. Analysis of the Exposure of Organisms to
the Action of Nanomaterials. Materials 2020, 13, 349.
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2

il Nanoparticles Plants

Germination and
Morphological
Responses

Physiological Responses References

rrials in
7. 485—

3
N—-Na,SiO3 S. tuberosum
(400 ppm) L.
3
3
SiO; (0, 50,
100, and 150 Musa
acuminata
mg/L)
3
3
CNPs (0.3%
and 90-110 Lactuca sativa
nm)
4
ZnO (0, 1000, CZizZig?
and 3000 ppm)
graecum
4
ZnO (10, 50, Lycopersicon
and 100 mg/L) esculentum
4
TiO2, (40, 60, Zea mays L.
and 80 ppm)

Foliar spraying of N—
Na,SiO3 restored the
tuber number per plant
and tuber yield along with
improved water use
efficiency and tuber dry
matter percentage under
salinity stress.

All doses of SiO» NPs
improved the number of
shoots and shoot length of
banana.

The salinity-induced
deleterious effects on
germination and
associated parameters
were alleviated by the
exposure of C NPs, e.g.,
treatment of C NPs for 2 h
significantly improved the
germination rate in some
varieties.

Foliar spraying of ZnO
NPs increased shoot
length and root length,
biomass, and leaf area.

Seed priming with TiO>
positively impacted the
germination (germination

Application of N-Na,SiO3

exerted positive impacts on

the quantum yield of PS I,

carotenoids content, and (681
DPPH radical scavenging

activity in salinity stressed

plants.

Application of SiO2 NPs

increased chlorophyll content,

lowered electrolyte leakage, [89]
reduced MDA content, and

altered the content of phenolic
compounds

Interaction of NaCl and ZnO

was recorded to reverse the

salinity induced consequences
(L-proline, protein, MDA,

aldehydes, sugars, H»02, and [91]
antioxidative enzymes) in both

cultivars, but the results were

more apparent in case cv.

Ardestanian than cv.

Mashhadian.

Increased chlorophyll content
and photosynthetic attributes,
protein content, and activities

of antioxidative enzymes (2]
(POX, SOD, and CAT) in
salinity-stressed tomato

plants.

Results showed the 53]

enhancement in potassium ion
concentration, relative water

mic

int

agnetite
2r and

M.N.;
wlation

‘owth-
ted
1, V.K.,

D
:nt and
2020,

of
seus (L.)
1, 166—

ceous
c and

44. Ghazaryan, K.; Movsesyan, H.; Gevorgyan, A.; Minkina, T.; Sushkova, S.; Rajput, V.; Mandzhieva,
S. Comparative Hydrochemical Assessment of Groundwater Quality from Different Aquifers for
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Germination and

Nanoparticles Plants Morphological Physiological Responses References
Responses

percentage, germination content, contents of total .

4 energy, and seedling vigor  phenolic and proline contents; al Sail
index) and seedling increased SOD, CAT, and PAL ant.
growth (lengths of root activities; and decreased
and shoot, fresh, and dry sodium ion concentration,

4 weight) and reduced the membrane electrolyte sxis. F.-
mean emergence time. leakage, and MDA content. o T

Conventional Remediation Methods. Environ. Technol. Innov. 2021, 22, 101504.

£a2plleviation of Dfcudght'Stresein. Plants. Bsimgini, A Visioli, G.
Nmp&ﬂ“ﬂegte DNA Compaction and Methylation at CpG Sites in the Metal
Hyperaccumulator Arabidopsis halleri. Environ. Mol. Mutagen. 2021, 62, 133-142.

Drought stress is reported to have severe consequences for crops, mcludrng reduced Ieaf area, reduced growth,

48 Kontarsb S.: Bostanci, D. Genotoxic Effects of Environmental Pollutant Heav n Alburnus
limited carboxylation, decreased water Fotentral hormonal imbalance, and oxidative str ss It is frequently

chal cordes %PISCES Cy rlnldae nhabltlng Lower Melet River (Ordu, Turke}( ). Bull. Environ.
associated with high temperature du€ to increaséd water loss through evapotranspiration. Owing to this reason,

Contam. Toxrcol 2020, 104, 763-76
plants reduce the leaf water and’turgor pressure These consequences are also associated with the stomatal

4Q9osvad, Which iawnh Aldcdler£teaingegtaal, Petdvaism Snb.céamnyithbnkoxiatid eeastidhetals abvitast e
sevidre wareirenonagéaeckhtuanaodrealite @rduhteatmpriroith Genthiting¢aIRE Polymers, A
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