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Abstract

In this review, an effort is made to discuss the most recent progress and future trend in the two-

way traffic of the interactions between plants and nanoparticles (NPs). One way is the use of 

plants to synthesize NPs in an environmentally benign manner with a focus on the mechanism and 

optimization of the synthesis. Another way is the effects of synthetic NPs on plant fate with a 

focus on the transport mechanisms of NPs within plants as well as NP-mediated seed germination 

and plant development. When NPs are in soil, they can be adsorbed at the root surface, followed 

by their uptake and inter/intra-cellular movement in the plant tissues. NPs may also be taken up by 

foliage under aerial deposition, largely through stomata, trichomes, and cuticles, but the exact 

mode of NP entry into plants is not well documented. The NP-plant interactions may lead to 

inhibitory or stimulatory effects on seed germination and plant development, depending on NP 

compositions, concentrations, and plant species. In numerous cases, radiation-absorbing efficiency, 

CO2 assimilation capacity, and delay of chloroplast aging have been reported in the plant response 

to NP treatments, although the mechanisms involved in these processes remain to be studied.

Graphical Abstract

Critical review is made to discuss the two-way traffic of interactions between plants and 

nanoparticles (NPs). One way is the plant-mediated green synthesis of NPs, in particular, its 

mechanism and the commercial potentials of NP phytosynthesis. Another way is the NP-mediated 

fate of plant cells and tissues, in particular, the transport mechanisms of NPs within plants as well 

as NP-mediated seed germination and plant development.

* mrkhan777in@yahoo.co.in; cbmao@ou.edu. 

HHS Public Access
Author manuscript
Small. Author manuscript; available in PMC 2020 September 01.

Published in final edited form as:
Small. 2019 September ; 15(37): e1901794. doi:10.1002/smll.201901794.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

nanoparticles; plants; mechanism; plant response

1. Introduction

Nanotechnology concerns the synthesis of metal, semi-metal and nonmetal nanoparticles 

(NPs), offering promising solutions for a wide range of disciplines including agriculture.[1] 

NPs can be considered as colloidal particles with one or more dimensions of 1–100 nm.[2] 

They bear unique properties such as an extremely high ratio of surface-to-volume and 

specific surface area, which determine excellent chemical, optical, mechanical and 

electronical properties.[3] From the points of view of structure and chemical composition, 

nanomaterials are heterogeneous group of compounds, include carbonaceous materials,[4] 

semiconductors, metal oxides,[5] lipids,[6] zero-valent metals,[7] quantum dots, 

nanopolymers,[8] and dendrimers[3] with different morphologies such as rods, fibers, wires 

and sheets.[9]

Nanotechnology has developed into a high-tech industry with stupendous market growth; 

hundreds of nanomaterials produced by physical or chemical methods[10] are commercially 

available. Currently, the most popular and important methods to synthesize NPs are 

ultraviolet (UV) irradiation,[11] microwave irradiation,[12] chemical reduction,[13] 

photochemical methods,[14] electron irradiation,[15] and sono electrochemical methods.[16] 

Due to few decades of intensive and extensive research and development in this field, these 

methods give repetitive and demanded size particles, but they are also costly and hazardous.
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[17] Physical methods are time-consuming and need to use expensive equipment.[18] 

Chemical methods involve greater risks of contamination of NPs with precursor chemicals, 

the toxic solvents, and the formation of hazardous byproducts.[19] In view of the 

environmental risks associated with chemical methods, demand for green technologies such 

as biological synthesis of NPs via microorganisms and plant extracts[20] has been increasing. 

Among microorganisms, numerous yeasts,[21] algae and cynobacteria,[22] fungi,[23] bacteria,
[24] flagella,[24a] pili,[25] and viruses[26] are potential candidates to facilitate controlled NP 

synthesis.[27] To meet the increasing demand for NPs and expand their use in various fields, 

a switch to green synthesis methods,[28] especially phytosynthesis, is a rational approach.

Although microorganisms especially algae, cyanobacteria, fungi and bacteria[29] constitute 

important candidates for NP green synthesis,[30] none of the reported reviews on these 

aspects described the two-way traffic of plant-NP interactions. Hence we aim our attention 

at the two-way traffic of such interactions. We first describe the use of plants to interact with 

NPs and then summarized the effects of NPs on plant development. Specifically, we 

critically assess the principles and mechanisms of the plant-mediated synthesis of NPs as 

well as the fundamental rules governing the NP fate in plant tissues/ cells and the way by 

which NPs affect plant development.

2. Current status of plant-mediated synthesis of nanoparticles

NP synthesis via plant extracts has been known for more than a century, but this process has 

only been explored and exploited in the last twenty years.[31] Reviews on the synthesis of 

NPs utilizing green methods have been published in recent years.[20d, 20e, 32] However, 

almost no reports have systematically presented the mechanism of plant-mediated NP 

synthesis, factors affecting this synthesis, the NP effects on the plants themselves, and the 

mechanism of the effects. The present review offers detailed and critical information on the 

aforementioned aspects of NP synthesis, which are, by and large, undescribed. Critical 

efforts have been made to streamline the mechanism(s) involved in NP synthesis and to 

identify efficient plant species for commercial exploitation. The effects of NPs on 

phytosystems have been examined for crop production and phytotoxicity; however, the 

possible route of metabolism of NPs in the plant system remains difficult to explain.

In general, NPs are formed by two pathways, depending on the form and size of the metal in 

the solvent. For example, if the metal particles are smaller than nanosized, i.e., atoms, ions 

or molecules, the “bottom-up” pathway operates. In this pathway, NP synthesis occurs 

through aggregation of atoms, molecules and/or clusters through the action of reducing 

agents of chemical or biological origin.[19] The second pathway is “top-down” and operates 

when particles are larger than nanosized. In this pathway, particle size is gradually reduced.
[33]

Phytosynthesis is a technique in which extract of parts from plants are used to synthesize 

NPs.[34] This technique may prove to be highly effective, quick, economical, and eco-

friendly and free of hazardous byproducts. Researchers have used different preparations of 

plant extracts such as whole plant biomass,[35] aerial parts,[36] leaves[37] and seeds.[38] These 

plant parts were macerated in different solvents, including ethanol,[39] distilled water[35] or 
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deionized water,[40] followed by filtration through a filter paper to separate plant tissue and 

other debris. The plant extract (containing multiple molecules) is applied to the metal salt 

solution to mediate synthesis of nanoparticles of the respective metal. This general 

procedure is reported to yield stable NPs with good quality as well as lesser risk of 

contamination. In phytosynthesis, the whole plant as well as soft tissues such as foliage, and 

more specifically the leaves and buds[41] are generally used. The NP synthesis can also be 

accomplished with dry leaf powder.[11] Extracts from plant tissue act as reducing and anti-

agglomerating agents.[42] Leaf extract or biomass contains triterpenes, flavonoids, phenols 

flavonoids, carbohydrates, anthraquinones etc., which reduce metal ions into NPs and 

stabilize the resultant NPs.[43] Other researchers have reported that plant extracts contain 

alkaloids, terpenoids, and proteins. Among these, flavonoids and proteins have been 

hypothesized to be pivotal in bringing out the reduction of NP precursors and stabilization of 

NPs.[44] Some researchers have shown that Au NPs can be synthesized by plants rich in 

tannic acid. Such plants can also efficiently catalyse to synthesize Ag NPs.[27a, 45]

3. Mechanism of NP phytosynthesis

The bottom-up pathway is widely used to synthesize metallic NPs. NPs formed through this 

pathway have fewer surface structural defects and greater homogeneity with regard to size 

and chemical composition than those formed through the top-down pathway.[19] It is 

believed that this pathway is initiated with the reduction of metal ions by phytomolecules. A 

range of phytomolecules existing in plant extracts, are believed to be responsible for 

reducing metal ions in aqueous salt solutions, resulting in the solution-phase formation of 

NPs through the bottom-up pathway (Figure 1). Ion reduction does not appear to occur 

directly; instead, intermediate biosynthetic products or reduced cofactors are formed during 

the reduction of the respective ions to neutral particles. The reduction of ions is followed by 

the growth and coalescence of small particles. Coalescence occurs through a coarsening 

process. Finally, particles with stable shape and size are formed by a continuous process of 

coalescence and growth. Aggregated particles are stabilized by the formation of a 

surrounding organic coating.[46] In general, the mechanism of phytosynthesis of metal NPs 

operates in three phases:

Phase 1 - activation phase

During this phase metal ions are reduced before the atoms nucleate. When plant extract is 

introduced to the metal salt solution, the metal ions react with the reducing phytomolecules 

such as polyphenols, vitamins, sterols, triterpenes, alkaloids, sugars, proteins, 

polysaccharides, saponins, β-phenylethylamines, phenols, amino acids, antioxidant 

metabolites, flavonoids and stabilizing agents.[47] As a result, the ions are reduced to metal 

atoms (Figure 1). The resulting complex of metal atoms, ions, and phytomolecules further 

interact and react to form small metal NPs. The reducing agents vary by plant species. In the 

case of the leaf extract of neem, metal ion reduction possibly occurs through reducing sugars 

present in the leaves.[48] The leaf extract of Capsicum annum, however, contains amine-

bearing proteins that may reduce the Ag+ ions in the solution, as evidenced by the change in 

the secondary structure of the proteins following their interaction with Ag+ ions.[49] The leaf 

extract of Ficus benghalensis showed a higher concentration of antioxidants and polyphenols 
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(flavonoids).[50] These phytomolecules hunt active oxygen molecular species. The 

antioxidant action of flavonoid donation of electrons or hydrogen atoms may change keto 

groups to the enol form of phenols and other chemicals, thereby enabling the reduction of 

Ag+ ions and imparting high stability to NPs.[50]

Zheng and colleagues developed a detailed study to understand the bioreductive mechanism 

of NP phytosynthesis.[51] They principally examined the relative role of saccharides, 

reducing sugars, flavonoids, and proteins in reducing the metal ions.[51] The concentrations 

of flavonoids and proteins were observed to be much greater than those of reducing sugars 

and saccharides. After the reaction was completed, a notably lower concentration of 

reducing sugars and flavonoids was recorded, whereas the saccharide (non-reducing sugars) 

and protein contents remained significantly unchanged. These results indicated that the 

reducing flavonoids and sugars participated in NP synthesis.[52] The major phytochemicals 

involved in metal ion reduction also vary by plant groups. Mesophytes contain terpenoids, 

flavones, ketones, aldehydes, amines, flavones, organic acids, and quinones, immediately 

leading to ion reduction,[53] whereas xerophytes contain the anthraquinone emodin, which 

undergoes tautomerization, leading to silver ion reduction.[53] In general, cyperoquinone, 

dietchequinone and remirin basically benzoquinones, were present in mesophytes, which 

played a direct role in ionic reduction and Ag NP formation.[54]

Phase 2 - growth phase

In this phase, the smaller particles formed in phase-1 undergo spontaneous coalescence. The 

coalescence mainly occurs between adjacent small particles, leading to the formation of 

larger particles. Additionally, heterogeneous nucleation, coupled with the growth of existing 

nuclei and further reduction of metal ions, occurs with larger particles, leading to the 

formation of NPs in a process called Ostwald ripening.[55] As the duration of the growth 

phase increases, NP aggregates of different shapes such as nanotubes, nanoprisms, 

nanohexahedra, and other irregular shapes are formed. Little identification of biomolecules 

that cause aggregation and coalescence of ions has been reported. Egorova and Revina 

reported the involvement of quercetin for the quick and stable synthesis of Ag and Cu NPs.
[55] They demonstrated that when a synthetic quercetin solution (0.15 mol octane or 

heptane/L) was added to aqueous AgNO3 or Cu(NO3)2 solutions, Ag and Cu NPs were 

formed, respectively.

Phase 3 - termination phase

The final phase of NP synthesis involves the final shaping of NPs. In this process, NPs 

require energy to become stable. Gibbs free energy (GFE) is liberated during a reaction to 

form a stable product.[47] The energy input requirements vary with NP shape.[47] For 

example, nanotriangles have very high surface energy, which makes them less stable; if the 

stability of NPs is not supported by counter equivalent GFE in a given plant extract, the 

nanotriangles shift to a more stable shape, such as that of a truncated triangle. The shape 

transformation occurs because of the lesser GFE available in the plant extract; thus, the 

reaction proceeds toward the formation of particles with more stable shapes. Therefore, the 

type of plant extract having different levels of GEE governs the stabilization of NPs, and 

growth and coalescence are terminated after the particles are stabilized. Stability refers to a 
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stage where further growth of particle has ceased and the particle has assumed a permanent 

shape. The particle stability occurs when the surface energy and GFE are equal. Thereafter, 

the particle is coated by an organic material and attains a specific size (Figure 1). To prevent 

the dispersal of aggregated particles, the aggregate is encased or covered by organic 

materials such as proteins and polysaccharides. These materials provide additional stability 

to the particles, and after this process further growth in the particles is ceased or the particles 

are capped. Li and colleagues identified 3-nm protein moieties in C. annum extracts that 

served as Ag NP capping agents.[49] Ag+ ion reduction was induced by the amino groups of 

proteins present in the pepper extract. Shanker and colleagues identified citronellol and 

geraniol in the decocted Geranium leaves for Au NP synthesis and capping.[27a] Similarly, 

proteins and other biomolecules present in chickpea leaf extract bring about the stabilizing 

Au NPs.[56] The neem leaf extract contains terpenoids that could serve as a surface active 

molecule to stabilize NPs.[48]

The above information has revealed that the plant extracts containing different molecules 

such as proteins, polysaccharides, phenols, flavenoids reducing sugers etc. are involved in 

the reduction of metal ions to metal nanoparticles.[57] Most of these molecules also 

participate in the final stabilization and capping of NPs.[58] It shows that a plant molecule 

may perform different functions during NP synthesis. On the contrary, different molecules 

may be involved in a specific process and may bring about reduction, capping or 

stabilization of NPs.[59] Since, plant extract contains large number of chemical compounds 

along with sugars, proteins and other residual materials, it is hard to define exact role of each 

and every constituents at different phases of NP synthesis.[60] However, concerted research 

efforts are needed to pin point the role of individual phytomolecules in the synthesis.

Chemical modification—Nanoparticles synthesized by the green methods are less stable 

and low in viability in comparison with NPs produced by conventional synthesis.[61] The 

plant extracts are high in ionic strengths which usually induce NP aggregation, and in other 

molecules such as proteins, lipids, sugars, and nucleic acids., Especially, proteins molecules 

affect NP stability and its viability.[62]

Two methods are typically used for the colloidal stability of green synthesized NPs: 

electrostatic repulsion and steric stabilization. The stabilization through electrostatic 

repulsion is the simplest and widely used method. In this method, at low ionic strengths, the 

diffuse double layer (DDL) extends far from the particle surface, facilitating particle–particle 

repulsions. However, at high ionic strengths, the NP DDL is compressed and neutralized 

with the subsequent aggregation due to van der Waals forces.[63] Thus, electrostatic 

stabilization largely fails to provide sufficient colloidal stability in biological media.[64] The 

other method is based on the generation of a physical barrier at the NP surface like steric 

stabilization. Attachment of polymers on the nanoparticle surface such as polyethylene 

glycol (PEG) or polyvinyl pyrrolidone (PVP), are used to increase NPs stability in 

suspensions.[65] The PEG and PVP are hydrophilic in nature, inducing extra stabilization 

through the short range repulsive hydration forces.[66]
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4. Factors affecting biosynthesis of NPs

Only a few deliberate efforts have been made to identify the factors that affect NP yield 

during the phytosynthesis of NPs. The reported pace and yield of phytosynthesis has not 

been consistent. Some researchers have shown a good NP yield, whereas others have 

reported a low NP yield using the same metal salt and plant species.[67] This indicates that 

other factors, namely, temperatures, reaction time, and pH values, may also influence the 

yield, size or shape of the resulting NPs. Although this generalization is broad because of a 

lack of information concerning the effect of different factors on NP yield, the available data 

is sufficient to support the argument that these factors require standardization for 

commercial exploitation of phytosynthesis, which is described below.[67]

4.1 Plant species

A critical analysis of the published information reveals that plants such as Aloe vera, Avena 
sativa, Azadiracta indica, Chenopodium album, Jatropha and Pelargonium graveolens have 

been extensively used to produce NPs and have been found to mediate NP synthesis more 

efficiently than other plant species. The concentrations of plant extract may also affect the 

NP synthesis and particle morphology.[68] The concentrations of lemongrass leaf extract 

were found to control the shapes of the NPs,[20a] which could be somewhat connected with 

chemical composition and synergic effect of unique chemicals found in this plant species. 

The average count of hexagonal and triangular shapes decreased and the number of spherical 

NPs (vs. non-spherical NPs) increased when the leaf extract concentration was increased 

from 0.2 to 1.6 mL.[20a] The leaf extract of A. vera, A. sativa, A. indica, C. album and 

Jatropha with a concentration lower than that of other plant species led to the effective 

synthesis of NPs; hence, these plant species can be considered “NP efficient plants”. 

Chemical analyses of leaf extracts have indicated that these plants contain greater amounts 

of primary, secondary and tertiary compounds such as flavonoids, phenols, polyphenols, and 

antioxidants.[69] The phenols and antioxidants[69] are strong reducing and stabilizing agents; 

hence, their concentrations in the extract appears to actually govern the NP synthesis and 

particle stability.

Research has also indicated that the specific plant species and extract concentration may also 

control the particle shape and size. The addition of Geranium leaf extract at 1 mmol/L to an 

HAuCl4 aqueous solution bring about rapid formation of rod-, flat-, and triangular-shaped 

Au NPs, whereas lower or higher concentrations yielded NPs of either shape.[70] Leaf 

extracts of lemongrass (Cymbopogon flexuosus) and alfalfa are notably efficient plant 

species with regard to NP synthesis.[20a] Lemongrass extract in HAuCl4 solution induced 

rapid formation of triangular and hexagonal Au NPs,[20a] whereas the alfalfa extract 

synthesized icosahedral NPs.[71] Above information has revealed that plant extracts prepared 

by macerating the plant parts in a solvent and filtering through a simple filter paper were 

used to convert metal ions into metal NPs. Surprisingly, none of the researchers concerned 

for impurities present in the extract which might influence synthesis or quality of NPs. 

Probably for rapid synthesis of NPs induced by plant extracts, researchers did not consider 

undertaking additional purification steps to separate the impurities. However, we presume 

that these impurities may pose some hindrance in the NP production at commercial scale. A 
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further purification of plant extract may resolve this issue but it may increase the process 

cost.

4.2 pH of reaction solvents

Solvent pH may regulate the pace of synthesis and morphology of NPs. Studies indicated 

that smaller NPs are formed at pH 3–4 and larger NPs are synthesized at pH 2,[31a] 

suggesting that higher acidity may cause greater aggregation of neutral particles, resulting in 

larger particles. In another study, chemically modified hop biomass (Sargassum wightii) led 

to 70, 80 and 84% yields of Au NPs from esterified, native, and hydrolyzed hop biomass, 

respectively. Chemical treatments of the hop biomass in different forms resulted in different 

NP sizes, i.e., 0.92 nm (esterified), 1.73 nm (native), and 2.5 nm (hydrolyzed).[72] Some 

researchers have used plant biomass for NP synthesis and have demonstrated the are 

governed by the pH of reaction size and shape of NPs mixture.[31a] Ground wheat biomass 

(Triticum aestivum) was added to KAuCl4 solutions (0.3 mmol/L) with various pH values, 

i.e., pH 2.0–6.0, and incubated for 3.5 h. The process led to formation of 10–30 nm Au NPs 

with tetrahedral, hexagonal, irregular, decahedral and other shapes. The maximal synthesis 

of Au NPs was achieved at pH 2.0–3.0 with a rod-like shape. In similar studies, oat biomass 

(A. sativa) mediated the synthesis of Au NPs at pH 2–6 in 1 h. Maximum NP synthesis was 

achieved at pH 3.0.[31a] On the basis of the aforementioned information, an acidic pH range 

of 2.0–3.0 appears to be optimal for the phytosynthesis of NPs.

4.3 Reaction time

The reaction duration may also influence NP synthesis. The leaf extract of Geranium (P. 
graveolens) in HAuCl4 solution led to the synthesis of rods, flat sheets, and triangle-shaped 

Au NPs within 2 h.[70] The reduction of Au3+ ions was almost completed in 60 min. In the 

experiments with a fungus (Fusarium oxysporum[73]) and an actinomycete 

(Thermomonospora sp.[55]) under nearly identical reaction conditions, Au NP synthesis was 

finished after 48 and 120 h, respectively. Geranium leaf extract induced the formation of 

crystalline, highly stable Ag NPs (from AgNO3 solution) in very high yield.[74] Rapid 

reduction of the silver ions occurred, achieving 90% reduction within 9 h of reaction. Li and 

colleagues reported that the size of Ag particles (16–40 nm) varied with the reaction time.
[49] An increase in the reaction time led first to polycrystalline and then to single-crystalline 

particles, and NP size also increased to 40 nm. Spherical and polycrystalline particles of 10 

± 2 nm were formed in 5 h. A further increase to 9 and 13 h in the reaction time resulted in 

25 ± 3 and 40 ± 5 nm particles, respectively.71

5. NP effects on plant growth and mechanism of action

NPs enter plant systems mainly through roots and leaves. After entry, NPs interact with 

plants at the cellular and subcellular levels, facilitating changes to morphological and 

physiological states,[75] which may be suppressive or stimulatory depending on the NP 

properties. NP effects on the plant systems may be determined by the chemical nature, size, 

reactivity, and specifically, the amount of NPs present in or on the plant.[76] To understand 

the NP-plant interaction and to assess the agriculture risks/benefits, we discuss the inhibitory 

(negative) and promoting (positive) effects of NPs on the growth and development of plants 
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separately. Table 1 and 2 summarize the inhibitory and promoting effects of NPs the seed 

priming, plant growth and development, respectively. Researchers have used different 

methods of NP application viz., soil application, foliar spray or seed treatment while 

examining the influence of nanoparticles on seed germination or plant growth. However, 

seed treatment has been used in majority of the studies, apparently due to its handiness.

5.1 Inhibitory effects of NPs

The negative effects of metallic NPs are very evident because of phytotoxicity.[75, 77] The 

degree of toxicity varies by the type of NPs and their concentrations. Seed treatment with 

cadmium selenide (CdSe) quantum dots inhibited the germination of rice seeds.[78] Lin and 

Xing reported that seed treatment with NPs of carbon, aluminum and zinc adversely affected 

seed germination in corn, cucumber, lettuce, radish,[79] rape canola, and ryegrass.[80] They 

found that high concentration of 2000 mg/L of 20 nm and 35 nm ZnO NPs negatively 

affected the sprouting of seeds of corn and ryegrass, respectively. Conversely, NPs of neither 

size affected seed germination at 200 mg/L but did suppress root growth in ryegrass and 

corn. Adverse effects of ZnO NPs on peanut, onion, bean and wheat were observed, though 

not at low concentrations (i.e., 30–40 mg/L as seed treatment).[81] Ma et al. examined the 

effects of seed treatment with four nano-oxides, viz., gadolinium(III) oxide (Gd2O3), 

cerium(IV) oxide (CeO2), ytterbium oxide (Yb2O3) and lanthanum(III) oxide (La2O3) at a 

much higher concentration, rarely used in practice on the growth and development of 

cabbage, lettuce, radish, rape, cucumber, tomato, and wheat.[76] Their results show that 

CeO2 suppressed the elongation of the root at 2000 mg/L in lettuce, whereas the La2O3, 

Gd2O3 and Yb2O3 at 2000 mg/L severely inhibited the elongation in all seven plant species. 

Similarly the seed treatment with titanium dioxide (TiO2) and aluminum oxide (Al2O3) 

inhibited seed sprouting, growth and development of tobacco plants.[82] This effect may be 

regulated by small regulatory microRNAs (miRNAs)—a vast RNA classification that is key 

in almost all biological and metabolite processes[83] and plays a central role in gene 

regulation.[84] The treatment of Ag NPs of the size lower than 30 nm inhibited the root shoot 

growth in plants.[85] Treatment of Capsicum annum seedling with 12.9 nm with 1 mg/L 

decreased the plant growth.[86] Enhancement in peroxidase, catalase, superoxide, dismutase 

activity and inhibition in plant growth was recorded in Lemna minor with treatment of 40 

nm CuO (200 mg/L).[87]

Above information has shown that the lowest observed effects concentration (LOEC) of 

nanoparticles depends largely on metal species, its concentration and plant tolerance on a 

given metal kind as well. For example, Ag NPs at 40 mg/L inhibited seed germination of ten 

wetland plants species from the genera Carex, Juncus, Lobelia, Panicum, Phytolaca and 

Scirpus.[12a] However, Al2O3 NPs caused phytotoxic effects and suppressed the root growth 

of corn, cucumber, soybean, cabbage, and carrot root at 10%, 100%, or 432% concentration 

(w/v).[88] Other studies have also shown that minimum phytotoxic concentration of NPs 

varied with the metal species such as carbon nanotubes,[89], ZnO NPs (30–40 mg/L) [81] and 

CuO NPs (200 mg/L).[87]
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5.2 Mechanism of inhibitory effects of NPs on plant growth

Negative influences of NPs on the plant growth mainly occur because of an overdose of 

NPs. The suppressive abilities of NPs on seed sprouting or plant growth occur because of 

inhibition of root development and AQP function. AQPs are the primary proteins involved in 

various molecules moving across the cells. A higher concentration of NPs may cause 

structural damage to cells and interfere in vital metabolic processes. Lin and Xing observed 

that ZnO NPs applied to soil significantly reduced the biomass of ryegrass.[124] The 

anatomical study of roots showed shrinkage of the root tip. The epidermal cells and 

parenchymatous cells in the root were collapsed or highly vacuolated. NPs accumulated on 

the root hairs and surface of feeder roots; as a result, absorption of water and minerals was 

adversely affected. One study found that NPs reached the apoplast and protoplast in the 

endodermal and stelar cells of the root, but the particles were profusely stuck at the root 

surface.[124] Rico et al. cultivated three cultivars of rice with various amylose character (low, 

medium, and high) in the soil applied with 500 mg CeO2 NPs/kg soil.[114] The grains from 

CeO2 NP treatment contained less starch, iron, sulphur, glutelin, prolamin, lauric and valeric 

acids.. The NP treatment decreased antioxidant levels, except for that of flavonoids, in 

grains. The accumulation of Ce in the grains was greater in the low- and medium-amylose 

cultivars than the high-amylose cultivar.

5.3 Stimulatory effects of NPs on plants

Available information has revealed that various NPs at concentrations below certain limits 

may promote the plant growth, development[125] and seed germination.[126] Among these 

studies, most have been conducted under artificial treatment conditions such as growth 

medium on plate, hydrophobic or pot conditions. To better understand plant growth 

enhanced by NPs, the information is organized here according to the type of NPs.

5.3.1 Silicon dioxide—The ability of SiO2 NPs to affect the germination of seeds is 

reported to be concentration-dependent. The seed treatment with 2–8 g/L SiO2 NPs 

promoted the germination of tomato seeds.[127] Suriyaprabha et al. have reported that SiO2 

promoted seed sprouting by making nutrients more available to maize seeds.[128] NP 

inoculation may modify the conductivity and pH values of the growing environment suitable 

for germination. The exogenous application of nano-SiO2 as root-dip treatment induced 

significant improvement in length and other growth parameters of root and shoot.[129] Under 

abiotic stress, SiO2 NPs enhanced seed germination. Treatment with nano-SiO2 promoted 

seed germination and enhanced the production of antioxidants. Treatments with nanosized 

Au, Cu, Pd, and Si significantly improved lettuce germination. SiO2 NPs and TiO2 NPs 

enhanced soybean sprouting by promoting the activity of nitrate reductase. The NP seed 

treatments improved water uptake and utilization, and enhanced nutrient availability for 

seeds from soil.[130] In tomato[131] and squash,[127] seed treatment with nano-SiO2 when 

plants encountered NaCl stress enhanced sprouting and stimulated antioxidant activities. 

Soil application of SiO2 NPs at 10 mL/L improved chlorophyll content, leaf dry weight, and 

proline accumulation.[132] Exogenous application of silica (6 g/L) significantly enhanced the 

growth of root and shoot in rice.[133] It was observed that treatment with SiO2 NPs promoted 

physiological processes, viz., transpiration, stomatal conductance, electron transport rate and 

photochemical efficiency. [127, 134] Si NPs treatments have been found to promote plant 
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growth and yield in addition to the resistance to abiotic and biotic stress in many plant 

species, including rice, Equisetum arvense, wheat,[135] and cucumber. Si NPs may act as a 

physical barrier by accumulating on epidermal layer and stelar tissues of stem and leaf 

sheath of rice plants. The seedling root-dip with Si NPs at 500 μL/L showed key regulating 

activity in physiological processes.[129]

5.3.2 Zinc oxide—Treatment with ZnO NPs of a low concentration (10–20 μg/mL) 

stimulated the seed germination of peanut, onion, soybean, and wheat; however, ZnO NPs of 

high concentrations (30 and 40 μg/mL) inhibited seed germination.[81a, 81b] It was also found 

that seed treatment with ZnO NPs affected the growth of cucumber, alfalfa, and tomato.[136] 

Among these three crops, cucumber exhibited enhanced seed germination. The addition of 

ZnO NPs promoted plant growth in soybean,[81a] onion,[81b] peanut[137] and wheat.[138] 

Raliya and Tarafdar provided evidence that exogenous inoculation of ZnO NPs on seeds 

markedly promoted plant development, biomass generation, leaf pigments, and protein 

content in cluster bean, Cyamopsis tetragonoloba.[139] The soil application of ZnO NPs 

increased microbial populations and enhanced the activity of phytase and acid and alkaline 

phosphatase182 in the rhizosphere of cluster bean (C. tetragonoloba). Mahajan et al. reported 

that root system of seedling of green gram and black gram absorbed ZnO NPs and that as a 

result, the length and biomass of root and shoot were increased.[140]

5.3.3 Gold NPs—Understanding of the effect of Au NPs on the plants is still limited. 

Seed or seedling treatment with Au NPs (62 μg/mL) improved seed germination in Lactuca 
sativa and Cucumis sativus,[141] Brassica juncea (10 ppm),[142] and Gloriosa superba (1000 

μM).[143] Au NP treatments also enhanced plant growth and yield, including the number, 

area, and chlorophyll and sugar content of leaves,[142–143] and 10 and 80 μg/mL Au NPs 

promoted antioxidant production and seed germination in Arabidopsis thaliana.[144] These 

positive effects, however, may be connected with stimulation of biochemical pathways as the 

response on the low doses of xenobiotics. Xenobiotics is a foreign substance or exogenous 

chemical which the plant or animal body does not recognize, such as drugs, pollutants, some 

food additives and cosmetics. Besides, stimulating the production of antioxidants, 

xenobiotics etc. AuNPs may also act as workhorse of biolistic gene delivery in plants.[145] 

The extended matrices of AuNPs may offer high efficiency for transformation of plasmids, 

requiring exceedingly a small amount of gold.[146]

5.3.4 Silver NPs—Numerous investigations have tested the effect of Ag NPs on 

microbial and animal cells,[147] but little information is available on the growth and 

development of the plants.[148] The germination of the seeds and the synthesis of the 

proteins and carbohydrates increased in Bacopa monnieci after seed treatment with Ag NPs, 

whereas the phenol content, catalase activity, and peroxidase activity decreased.[148a] Seed 

treatment with 4 μg/mL silver NPs facilitated the sprouting and seedling growth in a tree 

species, Boswellia ovaliofoliolata.[149] The treatment of seedlings or seeds with Ag NPs 

(20–60 ppm) positively impacted root and shoot length as well as the leaf area of mustards, 

beans, and corns.[142, 150] The NP treatment also significantly increased carbohydrate, 

chlorophyll, and proteins (e.g., antioxidant enzymes) in these crops. Both negative and 

positive influences of Ag NPs (1–10 mg/L) were found on the barley and lettuce root 
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growth, in which root length was increased for barley whereas that for lettuce decreased due 

to seed treatments. Similarly, among eleven wetland plant species, the germination rate 

increased only in Eupatorium fistulosum after seed treatment with 40 mg/L Ag NPs.[12a] 

The impact of different shapes of Ag NPs (spherical, 2 and 10 μm, and decahedral, 100 μm 

applied as root-dip) was studied to understand Arabidopsis physiology and molecular 

response.[151] It was found that Ag NPs of decahedral shape induced the greatest 

enhancement in root growth, followed by polyhedral particles. The spherical particles caused 

maximum accumulation of anthocyanin without affecting the root growth of Arabidopsis 
seedlings. The seedling treatment with decahedral and spherical Ag NPs resulted in 

enhanced activity of Cu superoxide dismutase, but inhibited the expression of Zn superoxide 

dismutase.

5.3.5 Titanium dioxide NPs—The seed treatment with TiO2 NPs at 2000 mg/L 

promoted the germination of canola seeds.[152] The emergence of radicle (root initial) and 

growth of plumule (shoot initial) were also promoted. Application of 0.02% (w/v) TiO2 NPs 

enhanced plant growth and yield in wheat under water stress.[153] The 2.5% (w/v) nano-TiO2 

seed treatment enhanced germination of aged seeds in spinach[154] and wheat. However, 

Frazier et al. did not observe this promotion in tobacco after TiO2 NP seed treatment, 

although they observed a slight increase in the seed germination rate after 0.1% (w/v) TiO2 

NP treatment.[82b] TiO2 NP treatment strongly inhibited root and shoot development and 

further decreased plant biomass (fresh and dry weight).[82b]

TiO2 NPs treatments were found to improve plant growth by regulating the synthesis of 

enzymes, glutamine synthase, glutamate dehydrogenase, glutamic-pyruvic transaminase and 

nitrate reductase.[155] These enzymes help plants absorb and convert nitrate into organic 

nitrogen. A study showed that TiO2 NPs may catalyze the oxidation-reduction reaction.[156] 

It was discovered that seed treatment with TiO2 NPs promoted seedling vigor and 

biosynthesis of chlorophylls; TiO2 NP treatment stimulated the activity of an enzyme, 

ribulose 1,5-bisphosphate carboxylase, promoting photosynthesis and plant growth.[155a] 

Additionally, NP treatment increased the absorbance and conversion of light energy and 

prevented the aging of chloroplasts. Hong et al. investigated the impact of seed treatment 

with TiO2 and nano- TiO2 at 0.25% (w/v) on seed sprouting and plant growth in spinach 

(Spinacia oleracea).[130] The seed germination and vigor indices increased as much as 4% 

after treatment compared to those treated with non-nano TiO2. The TiO2 NPs treatment also 

promoted photosynthesis and nitrogen metabolism in spinach.[130] Zheng et al. showed that 

seed treatment with nano-TiO2 (0.25–4.0% w/v) promoted plant dry weight (73%), 

photosynthesis (three-fold), and chlorophyll formation (45%) over those of the control group 

for 30 days after germination of spinach seeds. Seed germination varied according to NP 

size, and the spinach rate of growth was negatively correlated to the size of TiO2 (30–40 

nm). Overall, a higher seed germination rate was observed when seeds were treated with 

nano-TiO2 than with non-nano-TiO2 particles.[154a] The NPs promoted photosterilization 

and the photogeneration of active oxygen ions such as superoxide and hydroxide. Active 

oxygen ions contribute significantly in enhancing the ability of seeds to resist stress and 

promote the intake of water and oxygen, which are vital for proper seed germination. 

Smaller TiO2 NPs were observed to promote inorganic nutrient uptake and organic material 
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breakdown.[154a] Similarly, Si NP treatment enhanced the germination and seedling growth 

of soybeans and protected them from rotting.[157] The NP treatment also promoted the 

activity of nitrate reductase, superoxide dismutase, and catalase enzymes, resulting in a 

marked improvement in stress resistance in soybean plants.[157] TiO2 NPs treatments were 

found to accelerate the Hill reaction and the overall photochemical reaction of chloroplasts 

in spinach.[130, 158] The non-cyclic photophosphorylation activity was enhanced compared 

with the cyclic photophosphorylation activity. The entry of TiO2 NPs into chloroplasts and 

induction of oxidation-reduction reactions resulted in accelerated electron transport and 

oxygen evolution.[130, 158]

5.4 Mechanism of stimulatory effects of NPs on plants

5.4.1 Mechanisms involved in NP-enhanced seed germination—The 

mechanism by which NP treatments improve seed germination rates is not fully understood. 

It is possibly attributable to the NP treatments enhancing seed uptake and retention of water. 

To better understand this mechanism, Khodakovskaya et al. conducted experiments with 

CNTs and tomato seeds that had been treated for their water level.[174] They placed dry 

seeds in media inoculated with CNTs and in media inoculated with Murashige and Skoog 

medium; after 2 d of incubation, the moisture content of seeds was measured. The seeds 

treated with CNTs contained 19% more water than the untreated seeds, which suggests that 

CNT treatments enabled the seeds to take up and retain water. The mechanisms by which 

NPs improve water entry and retention inside the seeds is not well understood. CNTs may 

create micropores [175] and channels for water permeation into the seed coat.[174] CNTs have 

been assumed to regulate the gates of aquaporins (AQPs) in the seed coat.[174] AQPs are 

membrane proteins, and act as channels for water transfer across the cell membrane.[176] In 

addition, small solutes or molecules including NPs may enter seeds as well as cell-to-cell 

contact through AQPs, endocytosis, plasmodesmata and cell wall pores (Figure 2). Little 

information is available on plant cell water channel gating; however, the available 

information suggests that CNTs play a role in accelerating water intake through AQPs.

5.4.2 Mechanism of plant growth promotion—Several studies have shown that NP 

treatment enhanced plant growth and development, possibly through protein-coding and 

miRNA gene expression regulation. Rezani et al. recorded that Ag NPs treatment enhanced 

growth of saffron roots (Crocus sativus) by blocking ethylene signaling in these plants.[177] 

The Ag NPs (100 μm/L) promoted indole acetic acid protein 8 gene expression but 

suppressed the ACC oxidase 2 expression as well as ACC synthase 7 synthesis. These data 

indicate that Ag NPs may interfere in the biosynthesis of ethylene by inhibiting ethylene 

perception.[151] Both TiO2 and Al2O3 affected the expression of ascorbate peroxidase and 

alcohol dehydrogenase in tobacco, which regulate reactive oxygen generation and various 

biotic and abiotic stresses.[82] In addition, miRNAs may be involved in NP-regulated plant 

growth and development; miRNAs are evolutionarily conserved small regulatory molecules 

that exist in all plant species and are key to all biological and metabolic processes.[178] 

Kurklew and colleagues reported that miR395, miR397, miR398, and miR399 were highly 

expressed in tobacco when 1% (w/v) Al2O3 NPs were applied compared with their 

expression levels with different NP treatments and the control. Frazier and colleagues also 
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reported that nano-TiO2 impacted miRNA expression significantly.[82b] Treatment with TiO2 

NPs at 0.1 and 1% induced drastic expression of miRNAs in tobacco seedlings.[82b]

CNTs promote the growth of plant cells by accelerating cell division through regulation of 

gene expression.[179] Notably improved elongation of root cells and greater activity of 

dehydrogenase was reported in wheat treated with oxidized-MWCNTs (Multi walled 

CNTs). MWCNT uptake followed by accumulation in roots resulted in the promotion of 

dehydrogenase activity in Onobrychis arenaria.[180] Two separate studies consistently show 

that the absorption and accumulation of MWCNTs may result in greater synthesis of 

photosynthetic enzymes.[179] Soluble CNTs inside the plants were attributed to 

enhancements in the growth of roots and shoots in wheat.[181] MWCNTs have also been 

shown to enhance water retention capacity, plant growth and fruit production in tomato and 

alkaloid synthesis in medicinal plants, viz., Morinda citri, Cinnomomun camphora and 

Pangamia pinnata.[127]

5.4.3 Mechanism of acceleration in photosynthesis—Recently, concerted efforts 

have been dedicated to improving the CO2 fixation efficiency of C3 plants.[182] NP 

application may enhance the photosynthesis efficiency in plants via different pathways 

(Figure 3). An in vitro study showed a three-fold increase in photosynthetic activity and a 

greatly accelerated rate of electron transport in an isolated chloroplast embedded with single 

walled carbon nanotubes abbreviated as SWCNTs.[183] SWCNTs also allowed the 

transmission of signal molecules such as nitric oxide by plants. [184] Noji et al. reported that 

photosynthetic oxygen-evolving reaction was achieved with a stable activity when a 

nanomesoporous silica compound was bound to photosystem II (PSII).[185] The application 

of nanosilica enhanced the synthesis of chlorophylls and the activity of carbonic anhydrase.
[127, 186] Nano-anatase TiO2, acting as a photocatalyst, may improve the absorbance of light 

and the conversion of light energy into chemical energy, thereby leading to greater CO2 

assimilation.[187] Gao and colleagues reported that the application of nano-anatase TiO2 

promoted the carboxylation by activating RuBisCO enzymes.[155a] Ma et al. showed that 

nano-anatase may act at the gene level by inducing the expression of the marker gene for 

RuBisCO activase (rca) mRNA,[124] which may result in greater synthesis of proteins, 

thereby enhancing RuBisCO carboxylation.[124]

Treatment with TiO2 NPs improved the transpiration and the rate of photosynthesis.[188] 

Nano-anatase strongly increased electron transport, photoreduction, photophosphorylation 

and chlorophyll formation under a visible or ultraviolet light. The accumulation of free 

radicals is a key mechanism of organism aging, and chloroplast aging is related to the same 

accumulation.[158] Chloroplasts generate free radicals of reactive oxygen, such as O2
.–, 

H2O2 and singlet oxygen (1O2), under light that causes chloroplast aging; consequently, 

photosynthetic capacity and plant growth decrease. TiO2 NP treatment may protect 

chloroplasts from aging for longer illumination life spans.[130, 155a] When TiO2 NP 

treatment was applied to chloroplasts, the production rate of free radicals was lower than in 

the case of untreated chloroplasts.[158] A dramatic difference in the production rate of free 

radicals was found between TiO2 NP-treated and untreated groups with 40-min illumination.
[158]
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6. Uptake of NPs by plants

The mode of NPs uptake by plants depends on the way of exposure (Figure 4). When NPs 

are applied to foliage, they directly deposit onto the aerial parts of plants. However, when 

applied to soil, the NPs gradually move in soil pores through various forces, such as water 

movement and physical pressure. As a result, NPs enter the vicinity of the roots. After they 

are in contact with a root or leaf surface, NPs adhere to the plant surfaces via forces such as 

electrostatic, hydrophobic, and van der Waals forces.[84] This process is followed by 

wrapping or docking with the surface and subsequent entry into cells near the surface.[189] 

The uptake of NPs through underground parts occurs mainly through physiologically active 

lateral roots and root hairs, whereas in the leaf, NPs enter largely via stomata but also 

through trichomes.[10] The plants may also block the uptake of NPs through the exudation of 

mucilage, which bonds the NPs on the root surface.[190] After entering roots and leaves, NPs 

spread from one cell to another and move upward and downward through xylem or phloem 

tissues, respectively.[191] Investigations of NP uptake in animal and plant cells have 

indicated that NPs may enter plant cells and move intercellularly through different modes 

and mechanisms, such as cell wall pores,[192] endocytosis,[193] plasmodesmata,[194] AQP,
[195] and ion transporters[196] (Figure 4). The mechanisms that control the NP entry and 

movement into the plant cells are largely dependent on the NP size.[191]

6.1 Cell wall pores

After application of NPs to plants, the epidermis is the first barrier for NP entry into the 

epidermal and cortical cells of roots. Cellulose microfibrils provide the main structural 

components of cell wall. The cell wall pores are believed to be cellulose chains. Numerous 

pores are formed in the cell wall with a size of 5–10 nm and a length of micrometers[192] 

(Figure 2). The cell wall pores allow entry/diffusion for movement of NPs as large as 10 nm, 

small proteins and other molecules. Hence, a limited range of NPs (up to 10 nm size) may 

also enter and pass through these pores. The cell wall acts prevents entry of foreign particles 

larger than the cell wall pores.[197]

6.2 Endocytosis

Endocytosis is a process by which the cell membrane engulfs an object for cellular uptake. 

Endocytosis is thought to be a more common process which operates uptake of NPs by 

plants (Figure 5). When the particles come in close contact with the surface of root or leaf 

cells, they become wrapped/docked on the cell surface.[198] Wrapping of NPs requires a 

minute curving of the cell surface. This process provides adhesion, which is accomplished 

through hydrophobic interactions, electrostatic interactions, van der Waals forces, and/ or 

through ligand receptor binding.[199] These forces also initiate endocytosis, where 

intracellular vesicles are formed followed by invagination of the plasma membrane [200] 

(Figure 5).

On the basis of vesicle formation, endocytosis may occur in various ways, including 

phagocytosis, pinocytosis, and macropenocytosis.[201] The NPs may be taken up by cells 

through endocytosis via various endocytic pathways, depending on particle size. Clathrin- 

and caveolin-dependent endocytosis are mainly involved in the uptake of NPs of up to 80 nm 
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in diameter.[202] During caveolin-dependent endocytosis, hairpin-like caveolin pores and 

cytosolic sites of plasma membranes are formed (Figure 5). As a result, flask-shaped 

caveolin of 50–80 nm width is formed.[203] Large NPs up to a 1000 nm in size may enter 

cells through phagocytosis[204] and endocytosis.[205] In the former, the cell membrane 

protrudes to form a cup-shaped vesicle that gradually surrounds a particle till it is fully 

enclosed, followed by engulfing of the particle by the cell[198] (Figure 5). Although, 

nanoparticles of varying size can move through endocytosis, the fastest movement has been 

recorded for NPs of 20–50 nm in size.[206]

6.3 Plasmodesmata

Plasmodesmata provide a complex intracellular path of cytoplasmic bridges that connect 

cells (Figure 5A). The endoplasmic reticulum (ER) forms a tube that passes through the 

plasmodesmata, connecting the ER of neighboring cells and thereby providing 

endomembrane continuity among cells. The plasmodesmata are microchannels for the 

transport of various molecules. Structurally, they are cylindrical and approximately 40 nm 

wide.[207]

The plasmodesmata may serve as an alternate passage for NPs larger than 10 nm[92] that 

cannot pass through cell wall pores.[208] Hence, 40-nm particles can be transported through 

plasmodesmata. Larger particles may also move through the plasmodesmata.[209] However, 

the exact mechanism of the regulation of transport for larger particles is not understood. 

Some molecules have been observed to temporarily widen plasmodesmata channels to 

transport larger particles.[209] The outward opening of plasmodesmata may become wider to 

allow passage of larger particles and molecules[210] (Figure 5A). For example, plant virus 

particles move through plasmodesmata by manipulating width of the passage.[210] In the 

same way, the ingress of larger NPs may also occur through the plasmodesmata, by 

modifying its width through physical pressure induced by a concentration gradient.[211] 

However, the movement of larger particles is believed to be much slower.

6.4 Aquaporins and ion channels

Aquaporins (AQPs) are membrane water channels up to 1.0 nm in diameter; they are known 

for their key contribution to water concentration control in the cells.[212] In addition to water, 

other ultrasmall molecules are also transported through AQPs.[213] Generally, AQPs operate 

via the principle of permeation; however, AQPs also act as “always open channels”.[214] 

Ultrasmall NPs with sizes below 1.0 nm may move through AQPs (Figure 5B). Structurally, 

AQPs are similar to cell wall pores. The transport carrier proteins and ion transporters may 

also participate in the movement of NPs through the cell wall and plasma membrane. [215] 

Tani and Barrington reported significant role of ion transporters in the movement of NPs in 

the root cells.[216] However, more information on NP transport through ion transporters is 

not available. In a very recent study regarding the gene expression encoding the activity of 

AQPs under NPs treatment and water-stress conditions, it was observed that the 

downregulation of AQPs genes due to NPs treatment resulted in the reduction of water 

uptake.[217]
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6.5 The upward and downward movement of NPs

The intercellular movement of particles may finally lead to NP arrival into stellar tissues, 

through which the NPs may move to different plant parts at a higher rate. NPs, when sprayed 

on aerial parts, enter stomata, trichomes and cuticle,[218] finally reach the phloem, and are 

transported downward.[191] Similarly, when applied to the soil, they are absorbed by roots.
[219] The intercellular movement of NPs through different modes may also lead to their 

arrival in the xylem tissue. Through the xylem, NPs are transported upward to different plant 

parts.[219]

7. Conclusion and future perspectives

Demand for nanomaterials, including NPs, has drastically increased in recent decades. With 

respect to other production processes, green and eco-friendly technologies are required for 

risk-free nanomaterial manufacturing. At present, plants and microbes are the only sources 

for green synthesis of NPs. In this process microbial cultures function as the reducing and 

stabilizing/capping agents. Phytosynthesis process is a simple and inexpensive with 

relatively lesser environmental risks. Leaf extracts have been largely used to synthesize 

metal and carbonaceous NPs. The pH, temperature, and, to some extent, reaction time 

control the formation and size of NPs. Depending on the concentration, NPs may suppress 

or improve seed sprouting and plant growth. Many studies have shown that the application 

of NPs at low dose promotes seed germination, plant growth and development. In many 

cases, radiation-absorbing efficiency, CO2 assimilation capacity, and aging of chloroplasts 

have been improved in response to NP treatments. However, numerous studies have also 

indicated negative effects of NPs, especially at the higher concentrations. When NPs are 

applied to the soil, particles accumulate at the root surface, followed by entry through cell 

wall pores (up to 10 nm), endocytosis (up to 80 nm), plasmodesmata (up to 40 nm), AQPs 

(up to 1.0 nm), or induced pores (bigger NPs). From aerial parts, NPs are taken up largely 

through stomata and through the trichomes and cuticle. The further course of NP movement 

in shoots resembles that in the root, except that NP dispersal occurs through the phloem. 

Critical examination of the relevant information has revealed that basic information on the 

mode and mechanism of synthesis of NPs and their entry and action on plant synthesis is not 

available in detail. To date, the phytosynthesis of NPs has been carried out only under 

laboratory conditions, and the advantage of biosynthesis over conventional methods of NPs 

production needs to be proved at the large scale. Further, there is limited practical evidence 

that plant extracts containing phyto-impurities or byproducts formed during the process may 

not affect the yield and stability of NPs at large scale production. Hence, holistic approach 

and concerted research efforts are needed to understand the mechanism of phytosynthesis 

including factors (impurities/byproducts) affecting the synthesis. These studies will be 

helpful to standardize reaction conditions and to develop an industrial protocol for the 

production of NPs of desired shape and size. To address biosafety concerns, research efforts 

are required to determine the influences of NPs at the molecular, physiological, and 

biochemical levels in much detail. Moreover, NPs developed by phytosynthesis may also be 

used as probes for human disease diagnosis[220] or as a therapeutic agent for human disease 

treatment[221] because they may be more human-safe than their chemically synthesized 
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counterparts. Phytosynthesized NPs therefore also hold great promise as nanomedicines in 

human healthcare.
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Figure 1. 
Schematic diagram showing important steps involved in the phytosynthesis of metallic NPs 

such as Ag NPs.
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Figure 2. 
Schematic of the movement of NPs through cell wall pores in plants.
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Figure 3. 
Schematic of the stimulatory effect of NPs on different steps/enzymes of photosynthesis that 

lead to increased CO2 fixation in green plants. Downward and upward arrows indicate a 

decrease and an increase, respectively.
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Figure 4. 
Schematic depicting events potentially involved in the uptake of NPs by plants and their 

intercellular movement.
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Figure 5. 
Schematic of the endocytosis of NPs through the plant cell membrane.
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Figure 6. 
Illustration showing movement of NPs (up to 40 nm) through plasmodesmata (A) and 

Schematic showing the movement of fine NPs (up to 1.0 nm size) through AQPs (B).

Khan et al. Page 32

Small. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Khan et al. Page 33

Table 1.

Inhibitory effects of nanoparticles on the seed priming, plant growth and development.

Nanoparticles Plant species Effect on plant References

Type and size 
(nm)

Concentration

CdSe Rice Inhibited the germination [78]

C, Al, Zn Corn, cucumber, 
lettuce, radish rape 
canola, and ryegrass.

Adversely affected seed germination [79–80]

Metal and Metal 
oxides [Al (18), 
ZnO (20), Zn 
(35), Al2O3 

(60)]

2,000 mg/L Raphanus 
raphanistrum, Brassica 
napus, Lolium 
perenne, Lactuca 
sativa, Zea mays, 
Cucumis sativus

Phytotoxic effect [80]

Al2O3 100, 500, 1,000 mg/L Nicotiana tabacum Dose-dependent decrease in the average root 
length, average biomass, and leaf count of the 
seedlings

[82a]

NiO (23.34) 25, 50, 100, 250, 500, 1,000, 
2,000 mg/L

Solanum lycopersicum Induced apoptosis in tomato root cells. [90]

NiO (< 100) 87.8, 131.7, 197.5, 296.5, 
444.4, 66.7, 1,000 mg/Kg

Hordeum vulgare Decrease in leaf surface area, chlorophyll and 
carotenoids.

[91]

ZnO (20 ±5) 10, 20, 50, 100, 200, 1,000 
mg/L

Lolium perenne Dose-dependent inhibition of root elongation.
Above 20 mg/L decreased the seedling 
biomass.

[92]

ZnO 30–40 mg/L Peanut, onion, bean, 
wheat

Negative effect on germination [81]

ZnO (85) 200, 400, 800 mg/L Allium cepa Increased cytotoxicity in root cells. [93]

ZnO (15.37) 100, 200μM Triticum aestivum Reduced photosynthetic efficiency [85b]

CuNPs (20) 200, 400, 600, 800, 1,000 
mg/L

Phaseolus radiates
Triticum aestivum

No adverse effect on shoot growth in P. 
radiates till 800 mg/L whereas T. aestivum 
shoot growth adversely affected from 200 
mg/L concentration.
Roots were more sensitive than the shoot.

[94]

CuO (<50) 0, 5, 15, 30, 45, 60, 100, 200, 
400, 600, 800, 1,000, 1,500, 
2,000 mg/L

Glycine max
Cicer arietinum

Glycine max: Decline in root and shoot 
growth from 100 mg/L concentration.
Cicer arietinum: Decline in root and shoot 
growth from 45 mg/L concentration.

[95]

CuO (30–40) 680 ± 60, 1004 ± 120, 2008 
± 340, 4051 ± 950 mg/L

Lemna gibba Dose-dependent decrease in plant growth, and 
PSII activity and PSII reaction centers 
inactivated.

[96]

CuO (<50) 0.5, 1, 1.5mM Barley Dose dependent reduction in shoot and root 
growth.

[97]

CuO (30) 0.5, 1, 2, 5, 10, 20, 50, 100 
mg/L

Arabidopsis thaliana Dose dependent reduction in fresh weight, 
root length, and total chlorophyll.

[98]

CuO (43 ± 9) 100, 200, 500, 1,000 mg/L Elsholtzia splendens Dose-dependent decrease in root length and 
leaf chlorophylls.

[99]

CuO (30–50) 10 mg/L Elodea nuttallii Phytotoxic effect [100]

CuO (<50) 2.5, 10, 50, 100, 1,000 mg/L Oryza sativa Dose-dependent decrease in thylakoid number 
per grana, Photosynthetic rate, transpiration 
rate, stomatal conductance, maximal quantum 
yield of PSII photochemistry, and 
photosynthetic pigment contents.

[101]

CuO (40) 10, 50, 100, 150, 200 mg/L Lemna minor Inhibition of plant growth. [87]
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Nanoparticles Plant species Effect on plant References

Type and size 
(nm)

Concentration

CuO (<50) 3, 10, 30, 300 mg/Kg Triticum aestivum Inhibition of root elongation (>10 mg/kg).
Exposure resulted in root hair proliferation 
and shortening of the zones of division and 
elongation.

[102]

CuO (30 ± 10) 10, 200, 1,000 mg/L Transgenic cotton 
(Bt-29317)
Conventional cotton 
(Jihe321)

Decrease in growth, development, nutrient 
content, indole-3-acetic acid and abscisic acid 
concentrations.

[103]

CuO (20–40) 20, 50 mg/L Arabidopsis thaliana Inhibition in seedling growth [104]

CuO (<100) 10, 100, 50, 1,000 mg/L Raphanus sativus
Lolium perenne
Lolium rigidum

DNA damaged was found to be increased with 
an increase in NP concentration.

[105]

AgNPs (2) 0, 125, 250, 500 mg/L Raphanus sativus Concentration-dependent reduction in seedling 
elongation and water content.

[79]

Ag NPs 40 mg/L Carex, Juncus, 
Lobelia, Panicum, 
Phytolaca and Scirpus,

Inhibited seed germination [12a]

AgNPs (25) 1,000 mg/L Oryza sativa Phytotoxic effect on plant [106]

AgNPs (11 
± 0.7)

0.05, 0.1, 1, 18.3, 36.7, 73.4 
mg/L

Zea mays, Brassica 
oleracea

Structural change in maize primary root cells.
Phytotoxic effect on root development.

[107]

AgNPs (18.34) 0.30–60 mg/L Oryza sativa 60 mg/L damaged the root cell structure.
Up to 30 mg/L accelerated root growth 
whereas 60 μg/mL restricted the root growth.
60 mg/L decreased Chl b concentration and 
increased shoot carotenoid content

[108]

AgNPs (10) 0.2, 0.5, 3 mg/L Arabidopsis thaliana Root growth inhibition.
Decrease in chlorophyll a, chlorophyll b and 
total chlorophyll.

[109]

AgNPs (10) 10 0.5, 1.5, 2.5, 3.5, 5 mg/kg Triticum aestivum Reduced the length of shoots and roots. [110]

AgNPs (60) 12.5, 25, 50, 100 mg/L Vicia faba Genotoxic effect [111]

AgNPs (2) 0, 125, 250, 500 mg/L Raphanus sativus Less Ca, Mg, B, Cu, Mn, and Zn in seedlings 
at 50 mg/L

[79]

AgNPs (20) 5, 10, 20 mg/L Allium cepa Various chromosomal aberrations were 
induced in both mitotic and meiotic cells even 
at lower concentrations

[112]

AgNPs (5.6 
± 2.1)

25, 50, 75, 100μM Allium cepa Inhibition in root growth [85a]

AgNPs (20) 1000, 3000μM Pisum sativum Declined growth parameters, photosynthetic 
pigments and chlorophyll fluorescence.

[85b]

AgNPs (12.9 
± 9.1)

0.01, 0.05, 0.1, 0.5, 1 mg/L Capsicum annuum Dose dependent decrease in plant growth and 
increase in cytokinin Concentration

[86]

AgNPs (<100) 250, 750 mg/L Cucurbita pepo Reduction in plant biomass and transpiration [113]

Al2O3 NPs 10%, 100%, or 432% Corn, cucumber, 
soybean, cabbage, and 
carrot

Suppressed root growth [88]

CeO2 2000 mg/L Lettuce Suppressed elongation of roots [76]

CeO2 (8) 500 mg/Kg Oryza sativa NP could compromise the quality of rice 
grain.

[114]

CeO2 (10 ± 3.2) 100, 500 mg/L Transgenic cotton 
(Bt-29317)

Decrease in indole-3-acetic acid and abscisic 
acid in the roots and destruction of vascular 

[115]
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Nanoparticles Plant species Effect on plant References

Type and size 
(nm)

Concentration

Conventional cotton 
(Jihe321)

bundles. Conventional cotton was more 
sensitive than transgenic cotton.

CeO2 (8) 400 mg/Kg Triticum aestivum Decrease in leaf chlorophylls and increase in 
catalase and superoxide dismutase activities.

[116]

TiO2 (25) 300 mg/L Zea mays Inhibition in leaf growth and transpiration due 
to physical effects on root water transport

[117]

TiO2 (<100) 2,000, 10,000, 20,000, 40,000 
mg/L

Vicia narbonensis, Zea 
mays

Decrease in root elongation. [118]

TiO2 (14, 25, 
140)

100 mg/L Brassica napus
Triticum aestivum

Moderate or no effect on plant growth. [119]

TiO2 (15) 100 mg/L Linum usitatissimum Reduction in seed germination, root biomass, 
and root length.

[120]

TiO2 (21) 10, 100, 1,000 mg/L Allium cepa Dose dependent increase in genotoxicity. [121]

TiO2 (90–98) 12.5, 25, 50, 100 mg/L Allium cepa Dose dependent increase in genotoxicity. [122]

TiO2 (11.93–
18.67)

80, 100 mg/Kg Triticum aestivum Decrease in root and shoot length [123]

TiO2 and Al2O3 Tobacco Inhibition in seed sprouting, plant growth and 
development

[82]

La2O3, Gd2O3 

and Yb2O3

2000 mg/L Cabbage, lettuce, 
radish, rape, 
cucumber, tomato, 
wheat

Inhibition in the plant elongation [76]

TiO2 0.1% Tobacco Inhibited root and shoot development and 
decreased plant biomass

[82b]
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Table 2.

Promoting effects of nanoparticles on the seed priming, plant growth and development

Nanoparticles Plant species Effect on plant References

Type and size 
(nm)

Concentration

SiO2 NPs 2–8 g/L Tomato Promoted seed germination [127]

SiO2 Maize Promoted seed sprouting [128]

SiO2 Tomato and squash Enhanced sprouting and antioxidant activity [131], [127]

SiO2 10 mL/L Improved chlorophyll content, leaf dry 
weight, and proline accumulation

[132a, 159]

Si NPs Rice, Equisetum 
arvense, wheat, 
cucumber

Promoted plant growth and yield and 
provided resistance to abiotic

[135]

and biotic stresses

Si NPs Rice Act as a physical barrier

Si NPs Soybean Enhanced seed germination and seedling 
growth

[157]

ZnO (25) 400, 1,000, 2,000 mg/L Arachis hypogaea Promoted seed germination and growth vigor 
up to 1,000 mg/L

[160]

ZnO 10–20 μg/mL Peanut, onion, 
soybean, and wheat

Promoted seed germination [81a, 81b]

ZnO 30 and 40 μg/mL Peanut, onion, 
soybean, wheat

Inhibited seed germination [81a, 81b]

ZnO Cucumber, alfalfa, 
tomato

Enhanced the plant growth, seed germination [136]

ZnO Soybean, onion, 
peanut, wheat

Promoted plant growth [81a] [81b] [137] [138]

ZnO Cluster bean Enhanced plant development, biomass, leaf 
pigments, and protein content

[139]

ZnO Green gram, black 
gram

Increased length and biomass of root and 
shoot were increased.

[140]

AgNPs (10) 2.5 mg/kg Triticum aestivum Increased root branching [110]

AgNPs (20) 40 gha–1 Field, Zea mays Improved foliage yield [161]

AgNPs (6 and 
20)

0.5, 5, 10 mg/L Spirodela polyrhiza Dose dependent increase in levels of ROS, 
superoxide dismutase, peroxidase, and 
glutathione activity

[162]

AgNPs 1 mg/L Trigonella foenum-
graecum

Enhanced in plant growth [163]

AgNPs (35–40) 50, 75 mg/L Triticum aestivum, 
Vigna sinensis
Brassica juncea

Wheat: relatively unaffected
Vigna: optimum plant growth and root 
nodulation at 50 ppm treatment (cowpea).
Brassica: improved shoot growth

[164]

at 75 ppm

Ag NPs Bacopa monnieci Increased seed germination and proteins, 
carbohydrates synthesis

[148a]

Ag NPs 4 μg/mL Boswellia 
ovaliofoliolata

Facilitated the sprouting and seedling growth [149]

Ag NPs 20–60 ppm Mustards, beans, corns Promoted root, shoot and leaf growth 
carbohydrate, chlorophyll, proteins

[142, 150]
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Nanoparticles Plant species Effect on plant References

Type and size 
(nm)

Concentration

Ag NPs 1–10 mg/L Barley, lettuce Barley: increased root length
Lettuce: decreased root growth

Ag NPs 40 mg/L Eupatorium fistulosum Germination rate increased [12a]

CuO (30) 0.025, 0.25, 0.5, 1, 5 mg/L Elodea densa Stimulated photosynthesis up to 0.25mg/L 
but suppressed at 1–5 mg/L

[165]

CuO (30 ± 10) 10, 200, 1,000 mg/L Transgenic cotton 
(Bt-29317)

Enhance the expression of Bt-toxin protein 
in leaves and roots.

[103]

TiO2 (5) 300 mg/L Spinacia oleraces More than 60% increase in plant fresh and 
dry weight.

[166]

TiO2 (11.93–
18.67)

0, 20, 40, 60 mg/Kg Triticum aestivum Increased root and shoot [123]

TiO2 (25 
± 0.64)

0, 100, 250, 500, 750, 
1,000 mg/Kg

Solanum lycopersicum Promoted plant height, root length, and 
biomass Up to a 250 mg/Kg and chlorophyll 
up to 750 mg/Kg

[167]

TiO2 (< 25) 0.01, 0.1, 1, 10 mg/L Hydrilla verticillata Catalase and glutathione reductase activities 
increased

[168]

TiO2 2000 mg/L Canola seeds Promoted seed germination [152]

TiO2 0.02% Wheat under water 
stress

Enhanced plant growth and yield [153]

TiO2 2.5% Spinach, wheat Enhanced germination of aged seeds [154]

TiO2 0.25% Spinach Promoted seed germination, vigor indices, 
promoted photosynthesis and nitrogen 
metabolism

[130]

TiO2 (30–40) 0.25–4.0% Spinach Increased plant dry weight, photosynthesis 
and chlorophyll formation

[154a]

CeO2 (8) 62.5, 125, 250, 500 mg/Kg Solanum lycopersicum NP increased total chlorophyll, chl-a, and 
chl-b increased at 250 mg/kg and stem 
length at 500 mg/kg

[169]

CeO2 (8) 0–500 mg/Kg Phaseolus vulgaris Increased antioxidant enzyme activities in 
the aerial tissues.

[170]

Fe3O4 (10) 5, 10, 15, 20 mg/L Triticum aestivum No effect on seed germination, plant growth 
and chlorophyll content.

[171]

Fe3O4 (17.7 
± 3.9)

20, 50, 100 mg/L Zea mays Germination index was increased at 20 and 
50 mg/L, but decreased at 100 mg/L

[172]

CdO (7–60) 2.03 ± 0.45 × 105 particles 
cm−3

Hordeum vulgare No change in total chlorophyll 
concentration, with minor change in Fv/Fm.
Increase in total amino acids in all three 
cases.

[173]

Au NPs 62 μg/mL Lactuca sativa, 
Cucumis sativus

Improved seed germination [141]

Au NPs 10 ppm Brassica juncea Improved seed germination [142]

Au NPs 1000 μM Gloriosa superba Improved seed germination [143]
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