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Abstract

Silver nanoparticles (AgNP) exhibit size and concentration dependent toxicity to terrestrial plants, 

especially crops. AgNP exposure could decrease seed germination, inhibit seedling growth, affect 

mass and length of roots and shoots. The phytotoxic pathway has been partly understood. Silver 

(as element, ion or AgNP) accumulates in roots/leaves and triggers the defense mechanism at 

cellular and tissue levels, which alters metabolism, antioxidant activities and related proteomic 

expression. Botanical changes (either increase or decrease) in response to AgNP exposure include 

reactive oxygen species generation, superoxide dismutase activities, H2O2 level, total chlorophyll, 

proline, carotenoid, ascorbate and glutathione contents, etc. Such processes lead to abnormal 

morphological changes, suppression of photosynthesis and/or transpiration, and other symptoms. 

Although neutral or beneficial effects are also reported depending on plant species, adverse effects 

dominate in majority of the studies. More in depth research is needed to confidently draw any 

conclusions and to guide legislation and regulations.
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1. Introduction

The market size for metal nanoparticles is estimated to be USD 25 billion by 2022 

worldwide.1 As a representative, silver nanoparticles (AgNP) will reach a market of USD 3 

billion by 2024. Its application covers many industries, including pharmaceutical, 

healthcare, electrical, chemical, personal care, and cosmetics. Started in 2003, AgNP has 

been investigated for applications in food and agriculture industry; and since then, hundreds 

of commercial agricultural product containing or based on AgNP have been marketed.2–4 It 

is estimated that by 2024, AgNP application in food and beverage industry will surpass USD 
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300 million.1 Therefore, AgNP will be released into the environment in the near future and 

the majority will end up in the terrestrial environment. It thus brings concerns on potential 

adverse impact on the ecosystem and the food supplies. There is an urgent need to 

understand their impact on terrestrial plants.

In the past decade, many studied the effect of nanoparticles on terrestrial plants including 

agricultural plants, annual herb, grass and flowering plants. Few studies focus on perennial 

trees. However, this list is far from complete. For instance, many crucial experimental details 

or parameters are missing in the reports.

Under this background, the impact of AgNP in literature is comprehensively reviewed from 

several standpoints, seed germination, seedling growth, and overall botanical health, 

including morphological change, cytotoxicity and genotoxicity. Possible mechanism is 

discussed from Ag intake, metabolic and proteomic response upon AgNP exposure. This 

piece of information provides crucial and fundamental guidance and reference for scientists, 

product developers, government agencies, and policy makers to design, make, legislate, 

regulate, market, and dispose metal nanoparticle containing products in an environment 

friendly manner.

The current report addressed the influence of AgNP on three common beans, Black eyed 

(Vigna unguiculata L.), Garbanzo (Cicer arietinum L.) and Lentil (Lens culinaris) beans, to 

observe their seed germination, elongation and biomass of both root and shoot of seedlings, 

and Ag intake by seeds upon AgNP response. These common beans are commercially grown 

all over the world and occupy a huge market in agricultural industry.

2. AgNP inhibit seed germination and seedling growth

The majority of literatures report adverse effects of AgNP on seed germination and seedling 

growth while no effect and some beneficial aspects are mentioned. Such influence mainly 

depends on the concentration of AgNP and plant species. Higher concentration of AgNP 

leads to more severe inhibitory influence, but root growth inhibition can be induced at a 

concentration as low as 0.001 ppm in onion and radish.5 Effect of AgNP varies, as listed in 

Table 1. The main reason is that AgNP are coated or mixed with many other materials. The 

observed outcome is not solely owing to core AgNP but also to a comprehensive list of all 

the co-existing substances, which will be discussed in section 2.3.

2.1. Effects of AgNP vary but toxicity dominates

There are three main types of AgNP: chemically synthesized, green synthesized using 

natural product extract, and commercially purchased. Each type of AgNP has unique profile 

depending on their form, size, shape, coating and additives,6 which makes it complicated to 

study their interaction with seeds and plants. Considering varieties of terrestrial plants on 

earth, there are theoretically countless combinations of studies in this field. This topic is still 

in its infancy and gained attention only ten years ago in 2009 when Stampoulis et al.7 

evaluated the effects of five nanomaterials, including AgNP, on seed germination and 
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seedling growth of Cucurbita pepo (zucchini). Ever since, it has grown to a long list of such 

studies shown in Table 1.

2.2. Crops are the most studied among terrestrial plants

Majority of studies focus on agricultural plants (at least 43 out of 53 publications, some are 

shown in Table 1). Some focus on flowering/medicinal plants that are commonly available in 

fields and agricultural lands (like Arabidopsis thaliana,30 Thymus vulgaris L. and Thymus 
daenensis Celak,31 Thymus kotschyanus,32 Artemisia absinthium33). Few focus on trees 

including orange trees (Citrus reticulate34), pine (Pinus muricata,27 Pinus sylvestris L.35) 

and oak (Quercus robur L.,36 Quercus robur L.35).

Among the crops, common wheat (Triticum aestivum) is the most studied with at least 8 

publications, followed by maize/corn (Zea mays) with at least five reports. Rice (Oryza 
sativa) has also been included in at least three reports. According to the Food and 

Agriculture Organization,37 corn, rice, and wheat are three most produced crops in the world 

that are directly consumed by humans and they have received the most attention regarding 

their response to AgNP exposure.

Other studied crops include zucchini (C. pepo),7 mung bean (Phaseolus radiatus),18 great 

millet (Sorghum bicolor),18 common bean (Phaseolus vulgaris L.),38 castor bean (Ricinus 
communis),39 pearl millet (Pennisetum glaucum),17 tomato (Solanum lycopersicum,40 

Lycopersicon esculentum Mill10), radish sprouts,12 pea (Pisum sativum),41 lettuce,15 pigeon 

pea (Cajanus cajan L),42 cabbage (Brassica oleracea var. capitata L.)43 and onion (Allium 
cepa L.).5

2.3. AgNP as potential threat to terrestrial plant community

As shown in Table 1, various ambient conditions are covered. Tested concentration ranges 

from 0 (control) to 10,000 ppm (10,000 mg/L−1).5 Suspension solvents include different 

types of water (deionized, distilled, etc.), medium (1/2 MS medium, MS medium and other 

artificial medium) and buffers. The toxic effect of AgNP is concentration dependent. A high 

AgNP concentration exerts more adverse influence. In the practical situation, one excuse for 

the low or non-toxicity of AgNP to the plants is the low concentration available in the soil 

since the portion of nanoparticle in actual products is low that is further distributed into 

massive of soil. This assumption does not consider the potential bioaccumulation of Ag 

element. Besides, many studies in Table 1 covering AgNP concentration of 1.0 ppm and 

lower observed adverse influence toward seed germination and seedling growth of terrestrial 

plants.

Overall, adverse effects dominate when compare acute impact of AgNP on terrestrial plants. 

Particularly, varieties of plants coexist in the same community and ecosystem. When AgNP 

are harmful to most or even some species of plants, they are threat to the whole community 

and to the environment and ecosystem. Some studies reported that no obvious adverse 

effects on germination rate and seedling growth,44,45 and even a stimulatory effect.46–48 A 

dose-dependent manner is concluded by many reports.17,23,38,49,50 Low concentrations of 
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AgNP exerted no or mild toxic activity while increasing concentration induced a significant 

inhibitory effect.

2.4. AgNP as a mixture plays the key role

In the case of wheat, tested AgNP are not exactly the same and the resulting effects are also 

different. Five commercial AgNP from Sigma-Aldrich (St. Louis, Missouri, US),14 RAS AG 

(Regensburg, Germany),16 XFNANO Materials Technology (Nanjing, China),20 Biopure 

Nanocomposix (San Diego, CA)24 and Attostat (West Jordan, UT, US)26 all showed adverse 

effect on germination and shoot and root growth of seedlings, regardless of the size and 

coating of AgNP. AgNP produced using the high voltage physics arcing method did not 

affect germination but damaged root cells.51 Green synthesized AgNP using Laminaria 

japonica algal extract49 had no impact on seed germination, increased root length at low 

concentration but inhibited both root and shoot growth at high concentrations.

The case of wheat is a good representative that AgNP with different parameters could have 

distinct impacts on the seed germination and growth of wheat. It is the same for corn and 

other plants. For instance, inhibitory effect,16 or both positive and negative effects29,38 were 

reported for corn, depending on the AgNP parameters and its concentrations. Overall, 

adverse influence dominates in majority of reports.

All parameters of AgNP play some role when they interact with seeds and seedling. 

Blending chemically synthesized AgNP with nicotinic acid and KNO3 exerted a beneficial 

effect by increasing length and fresh weight of shoot and root.52 This means introducing 

new chemicals to the AgNP could potentially alleviate the negative influence of AgNP. It 

was reported that cytotoxicity and phytotoxicity of the green synthesized AgNP are 

significantly less than wet-chemistry synthesized AgNP.53 The underlying mechanism is not 

clarified but new chemical species could replace coating agent, interact with AgNP core, and 

trigger a series of down-stream reactions, i.e., AgNP transformation. AgNP could be altered 

before they interact with seeds or plants so that distinct outcome is observed. It is highly 

possible because of high reactivity of AgNP cores, similar with synergistic antibacterial 

mechanism of AgNP combine with tetracycline.54

It also provides a potential strategy to reconcile the phytoxicity of AgNP by introducing one 

or more particular substance(s), which needs to be further studied.

Size is another important factor whereas its impact is found different. Smaller sized AgNP 

had stronger inhibition on A. cepa.9 No clear size dependent effect was reported on Flax, 

ryegrass and barley.13 However, AgNP with larger sizes exerted stronger toxicity in both 

Lettuce (Lactuca sativa L.)15 and Jasmine rice (O. sativa L.).11

Instead of regarding them as “inconsistent” or even “contradictory” findings, the difference 

among the finds is due to different parameters of AgNP. It was pointed out that AgNP and 

the majority of other metal (oxide) nanoparticles, are a complicated mixture during toxicity 

studies.6 Variable intrinsic crystal structure of Ag(0) core, starting materials and coating 

agents (it is impossible to get rid of all materials, instead “a minimal concentration” is more 
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appropriate), co-existing species and transformation products (i.e., Ag2O and released Ag+ 

ions) plus the change of ambient conditions (temperature, concentration, etc.), all can 

contribute to these differences. Every single parameter that is ignored could cause significant 

differences.

2.5. General method – three common beans as an example

A general routine to study effect of AgNP on seed germination is to soak seeds first in AgNP 

suspension, followed by germination process in petri dish (in the lab, with or without agar) 

or in pots (in green houses or field, with or without soil). AgNP treatment can also be 

achieved by soaking direct contact with AgNP suspension or mixing AgNP with agar or soil. 

Different methods lead to different observations too, like in agar and soil.13,18,55 A universal 

direct contact method was employed to evaluate influence of chemically synthesized AgNP 

on seed germination rate, length and mass of root and shoot of the three common beans. 

AgNP were chemically synthesized and used as described in our previous reports.54,56,57 

Sodium borohydride was used to reduce silver nitrate, followed by citrate mediated 

reduction and growth.58,59 Such chemically synthesized AgNP have a characteristic 

extinction peak at 398 nm revealed by UV–vis spectroscopy and a spherical morphology of 

an average diameter of 20 ± 4 nm as revealed by transmission electron microscopy. To 

determine the concentration of AgNP, its solution was added with nitric acid to completely 

oxidize all Ag atoms to Ag+ ion, followed by dilution and analysis with inductively coupled 

plasma mass spectrometry (ICP-MS). This protocol is applied to all Ag samples that are 

subject to ICP-MS characterization. All these characterization details are the same as used in 

our previous reports.54,56,60

AgNP solutions of 0, 2, 5, 10, 20 and 50 ppm were prepared in deionized water and used to 

soak the three types of bean seeds: Black eyed (V. unguiculata L.) Garbanzo (C. arietinum 
L.) and Lentil (L. culinaris) beans. Sodium citrate of 1.3 ppm, that is, the minimal sodium 

citrate concentration in AgNP solution,56 was used as control group to soak bean seeds as 

well. Each group contained 10–15 randomly chosen seeds. After soaking for 24 h under 

room temperature (20 °C), all the seeds were rinsed with deionized water and then 

transferred onto moist filter paper and kept in dark under room temperature for germination 

purpose. The seeds were checked daily and were taken out for characterization on the 3rd 

day. Roots and shoots of all groups were collected. The length and mass of the root and 

shoot were recorded. Each experiment was replicated three times. The results are expressed 

as mean ± standard deviation (SD). To confirm statistical significance between data obtained 

from AgNP-treated groups and water control groups, one-way ANOVA in Statistical 

Package for Social Sciences (SPSS) software was employed and a p < 0.05 is used for 

significant responses.

2.5.1. AgNP affects seed germination rate—Seed germination rates of the three 

beans are shown in Table 2. Sodium citrate of 1.3 ppm does not affect germination rate. 

Treatment of AgNP shows no obvious impact on germination rate of black eye beans, but 

slightly inhibited garbanzo bean germination by 5.2–9.9% and enhanced lentil bean 
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germination by 16.0–21.0%. These effects are not AgNP concentration dependent in the 

tested range.

2.5.2. AgNP influence root length and mass—As listed in Table 3, among the three 

beans, black eye has the longest root length and heaviest root mass. Both length and mass 

steadily increase with the increase of AgNP concentration, although the increase is not 

significant until AgNP concentration reaches 50 ppm. Compared to control, black eye beans 

treated with AgNP had greater root length and mass. Garbanzo roots were not significantly 

affected by AgNP treatment but the root mass increased with 20 and 50 ppm AgNP 

treatment compared to control. Length of lentil roots significantly increased by 3.6–7.2% at 

AgNP concentrations below 50 ppm. However, when treated with 50 ppm, there was a 

reduction in root length, which was significantly different from control. The AgNP had no 

significant effect on the root mass of Garbanzo beans regardless of the concentration. Length 

and mass of black eye bean are proportional to AgNP concentration while length of lentil 

bean is inversely proportional to AgNP concentration.

2.5.3. AgNP influence shoot length and mass—AgNP treatment exhibits no 

significant impact on length or mass of both black eye and lentil beans shoots, as shown in 

Table 4. Shoot of garbanzo bean seeds did not fully develop on the third day of germination 

because of the relative low temperature, 20 °C. Setting temperature to 25 °C using an 

incubator could greatly improve the level of shoot development (results not shown). In term 

of shoot rate, black eye beans treated with AgNP were inhibited by 5.1–8.5% while lentil 

beans were significantly enhanced by10.9–18.4% when compared to control. The shoot rate 

of lentil beans decreased with the increase of AgNP concentration.

In control groups, the germination rate, root development and shoot rate are identical for 

both citrate and water-treated black eyed and lentil bean seeds. However, in the presence of 

AgNP, shoot rate of both black eye and lentil beans becomes smaller than root rate, 

indicating that some seeds germinated but the development of shoot is slowed down. AgNP 

treatment delays or inhibits shoot development even though seed germination rate is not 

affected (black eye bean) or even enhanced (lentil bean).

3. AgNP cause morphological, metabolic and proteomic changes – 

phytotoxicity mechanism

To understand phytotoxicity mechanisms of AgNP, more and more studies have been 

digging deeper to unveil how AgNP interact with terrestrial plants at tissue and cellular 

level. The morphological, metabolic and proteomic changes upon exposure to AgNP are 

summarized in Table 5. Each finding provides a piece of information regarding the 

mechanism puzzle of AgNP phytotoxicity. Details will be discussed in terms of uptake of 

Ag, role of AgNP and Ag+ ions, morphological, metabolic and proteomic response.
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3.1. Uptake of Ag

It is a fact that AgNP treatment leads to uptake of Ag element through root system, followed 

by translocation and accumulation in specific parts of the plant. So that bio–nano 

interaction3,70 can take place and exhibit phytotoxicity. Detailed pathway of AgNP uptake is 

not certain but can be one or more of the following:71,72 (1) direct uptake by root hair cells; 

(2) cross cell wall due to small size (despite the pore size barrier); (3) internalization by 

endocytosis; (4) endocytosis involving Clathrin dependent and independent pathway; (5) 

either Symplastic or Appoplastic mechanism; and (6) through Xylem as the conducting 

vessel.

In the case of terrestrial plants, both Ag+ ions and AgNP can be absorbed through root 

system as is evident from many studies. For instance, Ag+ ion exposure (AgNO3 treatment) 

causes thinner and irregular root cells of Zea mays,43 indicating root tips can absorb soluble 

Ag+ ions. AgNP are also found in Lolium multiflorum root hairs69 and accumulated in root 

cap of wall cress (A. thaliana).73 These findings demonstrate that uptake of Ag is in the form 

of both nanoparticle and Ag+ ions, since Ag+ ions always co-exist with AgNP. One evidence 

is that both AgNP and soluble Ag are recovered from water extracts of the sand after growth 

of plants.26

Uptake of Ag by the three common beans is also confirmed by ICP-MS. Total amount and 

percentage of Ag intake by seed(s) is estimated in Table 6. For black eye bean, both intake 

mass and percent increased steadily with the increase in AgNP concentration. Three types of 

seeds showed different uptake pattern. Garbanzo seeds absorbed more Ag when AgNP 

concentration increased but percentage of Ag lies in 33–47%, approximately 2.2–3.2% by 

every single Garbanzo bean seed. It is proportional to AgNP concentration. Lentil seeds 

absorbed a relatively constant mass of Ag, 10 μg to 15 μg under AgNP concentration ranged 

2–10 ppm, which further increased to 49 μg and 159 μg under AgNP of 20 ppm and 50 ppm 

respectively. The percentage of Ag remains constant between 12–17%, accounting for 0.8–

1.2% for each lentil seed, except for the case of 2 ppm AgNP that has a percent of 52% that 

is equivalent to 3.5% for a single lentil bean seed.

During the soaking procedure, over 70% of lentil seed shell and around 25% of black eye 

bean seed shell fell off. Garbanzo bean seeds remained intact. This indicates that shells of 

the tested bean seeds do not protect seeds from absorbing Ag from solution and whether the 

shell fell off or not had no impact on Ag intake. Instead, the appearance and smell of the 

solutions resulted from soaking seeds demonstrate the release of some organic matter from 

the seeds. It is hard to draw any conclusion on the intake behavior of Ag by these three 

common beans whereas each type of bean shows a unique pattern of Ag intake when soaked 

in AgNP solutions.

3.2. Translocation and accumulation

Traces of AgNP has been found in root, leaves and stems, mainly in vascular system,74,75 

which could explain how AgNP travel through different parts of the plant. The driving force 

and kinetics for translocation is not yet very clear but it is species dependent. Only pieces of 

information can be found in literature. For example, AgNP accumulate in root cap of wall 
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cress (A. thaliana),73 in the shoots of wheat (T. aestivum L.) seedlings26 and in leaves of A. 
thaliana.30 In the case of Jasmine rice (O. sativa L.),11 AgNP is trapped in the roots rather 

than transported to the leaves.

Accumulation often triggers robust interactions between AgNP and local tissue, leading to 

acute toxicity to the plant.3,76 Different consequences can be observed at tissue, cellular and 

molecular level, i.e., biomass change (weight loss), root elongation, alterations in the shape 

and size of the cells43 and damage of vascular cylinder, cortex and epidermis of root tips as 

well as metaxylem vessel.3,75,77–80

3.3. AgNP vs. Ag+ ions

Albeit both AgNP and soluble Ag+ ions show toxicity to living organisms it is difficult to 

distinguish their toxicity profiles. Hence this has been an enigma for a long time.81–85 

Released Ag+ ions from AgNP are generally considered culprits for high toxicity of AgNP 

to mammal cells and microbe.54,83,85,86 In terrestrial plants, effect of AgNP and AgNO3 has 

been compared extensively but has ended in disagreements, even in the same plant species.

AgNP is reported to exhibit more toxicity than equivalent Ag+ ion in terms of inhibition to 

seed germination and seedling growth of L. esculentum, maize (Zea mays)8 and A. thaliana.
30 One evidence is provided by adding CaCl2, where the negative effects disappeared in 

maize. This indicates that acute negative effects can be largely attributed to free Ag+ ions 

rather than AgNP.16 In contrast, germination and root elongation revealed lower toxicity in 

AgNP than ions in both maize and cabbage.43 One explanation is that AgNP exposure 

resulted in lower Ag biouptake. Also, no significant difference between AgNP and Ag+ ions 

is reported in wheat.63 Both AgNP and AgNO3 cause a significant change in metaxylem 

count in both maize and cabbage,43 and enhanced enzymatic activity of reactive oxygen 

species (ROS) enzymes and phenolic content in seedlings.39 Both AgNP and AgNO3 

treatments cause changes in proteins involved in the redox regulation and in the sulfur 

metabolism that are essential to maintain cellular homeostasis.87

Yin et al.69 compared the action of AgNP and Ag+ ions in common grass (Lolium 
multiflorum). Seedlings exposed to AgNP failed to develop root hairs, accompanied by 

highly vacuolated and collapsed cortical cells and broken epidermis and root cap. However, 

identical concentrations of AgNO3 showed no such abnormalities. Adding cysteine (which 

binds Ag+) mitigated the effects of AgNO3 but did not reduce the toxicity of AgNP 

treatments. This means effects of AgNP are not simply due to the release of Ag ions, in 

accordance with findings in Eruca sativa.87

Insight into their action pathways could somehow reconcile the disagreement. Soluble Ag+ 

ions seems to be much easily absorbed by root systems of plants and traveled throughout the 

plants. Instead, AgNP normally resulted in lower Ag bio uptake.43 AgNP toxicity is often 

mainly caused by interaction with adjacent biomolecules and the main factor responsible 

appears to be total surface area. Smaller AgNP (6 nm) seems to inhibit the growth of grass 

more strongly as compared to larger AgNP (25 nm)69 due to the larger surface area.
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3.4. Morphologic changes

Visible consequences caused by AgNP exposure include inhibited germination and growth, 

root and shoot elongation, shape and size change of cells (under the microscope) and overall 

health to name a few. AgNP blended with nicotinic acid and KNO3 exerted stimulatory 

effect on the number of grains/spike, 100-grains weight and yield of wheat without any 

negative influence on growth and morphology of next generation wheat plants.52

The growth of black eye bean treated with AgNP was also monitored. Experiment groups 

had the seeds soaked in 20 ppm AgNP and watered with 50 mL of 20 ppm AgNP solution 3 

times a week (4 plants per pot). Several morphological observations included: (1) Seedling 

growth of beans soaked in AgNP was much slower and were substantially shorter than seeds 

soaked in water in the same environmental conditions. (2) AgNP irrigated bean seedlings 

tended to have irregular leaf shapes. (3) AgNP-treated plants were more sensitive and 

vulnerable to change of environmental parameters. For instance, in a case of temperature 

drop, AgNP-treated black eye beans exhibited symptoms of freezing and drying of leaves 

before the control group. (4) AgNP treatment altered the soil conditions in many ways, 

which could further cause growth differences or health issues of the plant. Another 

interesting observation was that soil irrigated with AgNP solution dried out much faster as 

compared to soil irrigated with water.

3.5. Metabolic and proteomic response

Interaction between AgNP and plants could trigger a series of metabolic and proteomic 

response.88–90 Using general engineered nanomaterials as reference, such consequence 

could possibly include: (1) altered stomatal conductivity resulting in decreased 

photosynthesis; (2) chloroplast disorganization reducing photosynthetic activity; (3) altered 

acquisition of water and nutrients (via the changes of epidermis, cortex, pitch, cambium, 

xylem and/or phloem); (4) impediment in the generation of secondary metabolites; (5) 

histological alteration (some are listed above); (6) alteration in the normal electron transfer 

signal pathways; (7) changes in cellular structure and metabolism caused by ROS; (8) 

negative influence on plant genome system, either up- or downregulated certain genes; and 

(9) certain protein get expressed or repressed.

Phytotoxicity study showed that AgNP could induce stress in plants by manipulating the 

endogenous mechanisms. For instance, oxidative stress,26 osmotic stress action,63 oxygen-

deprivation stress,67 as stated in Table 5. In response to these stresses, plants release various 

defensive compounds, known as antioxidant secondary metabolites,91 accompanied by 

altered enzyme activity as well as regulated gene expression. Several representatives are 

shown below.

In E. sativa, AgNP caused changes in proteins involved in the redox regulation and in the 

sulfur metabolism as well as proteins related to the endoplasmic reticulum and vacuole, 

indicating that these two organelles are targets of the AgNP action.87

In rice (O. sativa L., cv. Swarna),61 antioxidative enzyme activity and related gene 

expression level is changed. Elevated levels of catalase, ascorbate peroxidase and 

Budhani et al. Page 9

J Environ Sci Health C Environ Carcinog Ecotoxicol Rev. Author manuscript; available in PMC 2020 December 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



glutathione reductase activities were recorded with improved seedling growth. Enzymes of 

the ascorbate cycle, such as ascorbate peroxidase and glutathione reductase were more active 

in ensuring protection against oxidative damage since the activity of superoxide dismutase 

(SOD) was not significantly altered at low concentration of AgNP. There was significant 

upregulation of catalase and ascorbate peroxidase gene expressions in seedlings exposed to 

AgNP. Acceleration of seedling growth was due to increased efficiency of redox reactions, 

revealed by the antioxidant enzyme activities and gene expression patterns coupled with the 

levels of H2O2 and lipid peroxidation.

Besides proteins related to defense mechanism (like oxidative stress), proteins involved in 

photosynthesis appears to have interested many investigators. Jhanzab et al.52 carried out 

proteomic analysis in wheat (T. aestivum L.) where growth was promoted by AgNP blended 

with nicotinic acid and KNO3. This was achieved by the regulation of energy metabolism 

due to suppression of glycolysis. Increased proteins included those associated with 

photosynthesis and glycolysis (such as glyceraldehyde-3-phosphate dehydrogenase). 

Antioxidant enzyme activities such as SOD, catalase, and peroxidase are promoted. 

Suppressed proteins were those related to glycolysis, signaling, cell wall, redox and 

mitochondrial electron transport chain as well as phosphoenol pyruvate carboxylase.

Besides metabolism, modifications in plant growth were also noticed. AgNP increased 

seedling biomass at low concentrations but reduces seedling size at high concentration in 

Physalis peruviana L. Interestingly, no change in the seedlings antioxidant metabolism was 

observed.92 Pyrrolizidine alkaloids, as a common naturally occurring alkaloid, were widely 

identified as capping agents during green synthesis of AgNP.93,94 Metabolism of 

pyrrolizidine alkaloids produced a series of DNA reactive pyrrolic metabolites95–99 that 

could lead to complicated interactions with AgNP as well.

3.6. Role of soil

The role of soil was not our focus but it could not be ignored during the evaluation of the 

influence of AgNP on terrestrial plants. The soil itself is a complicated system containing 

mineral, organic matter, air, water and numerous microbial cells. Each component could 

potentially interact with AgNP and alter their properties before AgNP can actually be 

absorbed by plant roots. Meanwhile, each component also determines the growth status of 

the plants. Thus, the essential question is how much AgNP the soil could hold and how these 

AgNP would impact on soil components (specifically soil microbial).

3.6.1. AgNP holding capacity of normal garden soil – 12.3 μg/g of dry soil—A 

device was designed to test the amount of AgNP that normal garden soil could retain in the 

current experimental conditions, as shown in Figure 1. A cylinder with diameter of 6.5 cm 

and height of 7.0 cm contained approximately 30.0 g of completely dried soil and was 

slowly irrigated with 50 mL deionized water with or without AgNP. Filtrate was collected 

for further ICP-MS characterization. To mimic the practical agricultural condition, the soil 

was neither flooded nor dried out, but saturated with deionized water. The depth was kept at 

7.5 cm to mimic the depth of bean roots.
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Results showed that 30.0 g of dried garden soil could retain 73.8 ±11.9% of total Ag, when 

slowly irrigated with 50 mL of 50 ppm AgNP solution. This percent was obtained from the 

initial two irrigation, which yielded an AgNP holding capacity of at least 12.3 μg Ag per g 

of dried soil (or 0.16 μg Ag per cm3 of dried soil). The AgNP retention was dependent on 

soil type and property.100

It has to be mentioned that in the control group where the soil was treated with deionized 

water (before treatment of AgNP solution), 21.8 μg of Ag was washed out by 50 mL of 

water. This indicated that original commercial garden soil contains traceable Ag elements 

although the form is not clear.

The presence of soil has proven to have a modest influence on AgNP toxicity and inhibitory 

effect of AgNP is less pronounced compared to other media (aqueous solution or agar).
13,18,55 One illustration is that soil contains varieties of organic components that have high 

binding affinity to AgNP. Thus, AgNP is more likely to be “trapped” in the soil and its 

toxicity is reconciled.

3.6.2. AgNP affect soil microbials activity—AgNP is well known owing for its 

antimicrobial activity101–104 and could possibly pose a threat to the microorganism 

community in the soil. Recent studies105–108 provide evidence that AgNP contamination 

exerted a significant negative effect on soil microbial biomass, relative abundance, growth, 

diversity and some enzyme activity. Meanwhile, no significant effect was also reported in 

long time exposure109 or during the field study.110

AgNP could simultaneously impact plant pathogens. Seedling blight of wheat caused by 

Fusarium culmorum infection has been reduced by AgNP treatment51 while AgNP did not 

appear to affect the growth and development of P. herpotrichoides,65 a plant pathogen 

infecting rye and wheat. So far, however, data is not convincing enough to draw any safe 

conclusions.

4. Perspective

Many reports have focused on the phytotoxicity of AgNP on terrestrial plants but without 

providing enough information about the mechanisms of action. At least three aspects need to 

be more comprehensively addressed.

4.1. Provision of more rigorous and comprehensive data

AgNP show phytotoxicity to terrestrial plants, indicating as a potential threat to ecosystem. 

Similar effects have been found in other engineered nanomaterials, as extensively reviewed.
71–73,79,80,111 There is no convincing evidence to draw any clear conclusion on phytotoxic 

pathways. AgNP exert unique influence on a terrestrial plant of a specific class, family, 

genus, or even same species but at different stages of growth.7,10,49,112 Each evaluation 

should be dealt as a case-by-case scenario that is evidenced by the results from three type of 

beans. This indicates that a database containing such massive information is the need and 

would benefit a broad range of people from academics and industry, including scientists, 
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product developers, government agencies, and policy makers. With the assistance of big data 

or other computer based techniques, this goal could be achieved consuming much less effort 

and cost.

The main challenges are the complexity of both nanoparticle and botanic systems together 

with the complicated ambient conditions. Too many variables are involved in each study, i.e., 

nanoparticles (metal core, synthesis method, coating agents, size, shape, etc.), concentration 

of nanoparticles, ways and time of treatment, exposure time, ambient conditions 

(temperature, humidity, etc.) and of course species of plants. However, some important 

details were found to be ambiguous or completely missing in several references, including 

AgNP size, shape, coating agents, suspension solvent and concentration. Any of these 

factors could potentially contribute to significant and varied outcomes. Therefore, a concern 

is also raised that rigorous studies are needed to comprehensively include all these crucial 

parameters. Besides, a proper control must also be placed in experimental design.

4.2. In-depth study of bio–nano interaction continues to be a frontier topic

Investigations on the impact of AgNP on terrestrial plants began around a decade ago. It has 

blossomed roughly five years ago, with a shift of research focus from morphological 

observations to mechanistic studies, i.e., bio–nano interactions. Bio–nano interaction 

determines the behavior of biomolecules near AgNP surface, transformation and fate of 

AgNP, as well as impact on plants/environment.3,56,113 In depth study of bio–nano 

interaction serves as the most promising pathway to understand mechanism of nanomaterials 

action, which will further guide fabrication and disposal of metal nanoparticle containing 

products to ensure their safe application.

As summarized above, many aspects regarding the bio–nano interactions at various levels in 

terrestrial plants have been studied. However, more puzzles remain to be solved and this will 

continue to be a hot research field in near future.

4.3. Moving policy and regulation forward for nanotechnology applications

The main driving force for research in this field is the huge economic market of metal 

nanoparticles.1,2 AgNP in particular shows the promising applications including the 

agriculture and food industry. Industries are proposing more and more AgNP containing 

products to be marketed that has to be first approved by government agencies. However, 

current legislation and regulation regarding engineered nanomaterial is very general and 

limited and many details remain blank since each evaluation could be unique.114–116 

Therefore, it is extremely essential to move policy and regulation forward for 

nanotechnology applications particularly in agriculture.117 On the other hand, experimental 

findings and phytotoxicity data serve as fundamental guidance and reference to make policy 

and regulations. Therefore, research on the influence of AgNP on terrestrial plants is of 

urgent need and it lays corner stones to move legislation and regulations forward.
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Figure 1. 
Schematic drawing of device designed to evaluate AgNP retention by soil.
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Table 2.

Seed germination rates of the three beans under 20 °C for 3 days.

Black eye (%) Garbanzo (%) Lentil (%)

Control Water 96.7 ± 1.3 94.5 ± 1.5 65.9 ± 2.0

Citrate 94.3 ± 1.7 95.0 ± 2.4 65.1 ± 2.3

[AgNP], ppm 2 96.8 ± 1.7 89.3 ± 2.1* 84.7 ± 1.6*

5 94.2 ± 2.0 86.1 ± 1.5* 86.9 ± 1.4*

10 93.8 ± 2.3 87.9 ± 2.2* 85.6 ± 1.5*

20 93.2 ± 1.3 84.6 ± 2.8* 84.3 ± 2.2*

50 95.3 ± 1.7 88.4 ± 1.8* 81.9 ± 2.0*

Notes: Sodium citrate (citrate) of 1.3 ppm is used as control group.

*
Significance is confirmed by one-way ANOVA, p < 0.05.
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Table 3.

Root length and mass of three beans in presence of AgNP solutions.

Root length (mm) Root mass (mg)

Black eye Garbanzo Lentil Black eye Garbanzo Lentil

Control Water 28.4 ± 2.2 16.6 ± 2.0 19.8 ± 1.5 91.2 ± 9.9 45.8 ± 7.8 27.0 ± 4.8

Citrate 27.6± 1.8 16.4 ± 2.0 19.1 ± 2.2 78.4 ± 7.9 44.6 ± 6.7 25.7 ± 3.7

[AgNP], ppm 2 30.5 ± 2.4 16.7 ± 2.4 27.0 ±2.0* 89.0 ± 12.2 43.2 ± 7.5 30.0 ± 5.8

5 30.6± 1.8 16.5 ± 2.3 26.3 ± 2.0* 95.3 ± 10.2 47.6 ± 5.9 27.1 ± 5.1

10 31.5 ± 2.6 16.3 ± 2.2 24.8 ± 1.6* 102.3 ± 11.7 49.4 ± 6.7 28.3 ± 6.6

20 32.5 ± 2.5 18.6 ± 2.5 23.4 ± 1.8* 104.1 ± 14.1 60.5 ± 8.0 24.7 ± 7.1

50 34.1 ± 1.8* 17.9 ± 2.4 22.5 ± 2.3 117.6 ± 12.0* 56.2 ± 8.2 24.9 ± 5.4

Note: Same volume of water and sodium citrate (citrate) solution are used as control.

*
Significance is confirmed by one-way ANOVA, p < 0.05, as compared to control groups.
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Table 4.

Shoot length, mass and percentage of beans in presence of AgNP solutions.

Shoot length (mm) Shoot mass (mg) Rate (%)

Black eye Lentil Black eye Lentil Black eye Lentil

Control Water 12.0 ± 2.1 18.8 ± 1.9 19.0 ± 1.9 16.0 ± 1.8 96.7 ± 3.3 65.9 ± 3.0

Citrate 11.2 ± 1.4 17.7 ± 2.0 18.5 ± 1.7 14.8 ± 2.0 94.0 ± 2.4 65.0 ± 1.8

[AgNP], ppm 2 10.3 ± 1.8 19.1 ± 1.5 16.6 ± 2.1 16.1 ± 1.8 91.6 ± 2.9 83.0 ± 1.1*

5 10.5 ± 1.7 19.0 ± 2.1 20.0 ± 2.1 14.8 ± 1.9 89.2 ± 3.1* 84.3 ± 2.1*

10 11.1 ± 2.5 21.0 ± 2.0 18.4 ± 2.3 16.4 ± 1.2 88.2 ± 3.0* 78.7 ± 1.7*

20 11.5 ± 2.1 21.2 ± 2.2 17.4 ± 2.3 15.3 ± 1.9 89.4 ± 2.7* 77.9 ± 2.3*

50 10.9 ± 1.8 18.6 ± 2.4 20.0 ± 2.3 16.8 ± 1.7 90.5 ± 1.2* 76.8 ± 2.8*

Note: Water and sodium citrate (citrate) solution are used as control.

*
Significance is confirmed by one-way ANOVA, p < 0.05.
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Table 5.

Phytotoxic pathways of AgNP on plants.

Plants Main action of AgNP* Ref.

Zucchini Decrease in plant biomass and transpiration. [7]

Jasmine rice AgNP trapped in the roots rather than transported to the leaves. Cause leaf cell deformation. [11]

Wheat Suppress the photosynthetic activity with a destruction of photosystems. Lead an improper regulation of PSI electron 
transport.

[14]

Maize AgNP reduced transpiration and assimilation rate. [16]

Cabbage Increase ROS generation, malondialdehyde production, anthocyanin biosynthesis, and decrease chlorophyll content. 
Induce most of the genes related to secondary metabolism (glucosinolates, anthocyanin) and antioxidant activities.

[19]

Pea Stimulate the activities of SOD and ascorbate peroxidase while inhibited activities of glutathione reductase and 
dehydroascorbate reductase. Declined the total ascorbate and glutathione contents and severely damage leaf and root 
anatomical structures.

[21]

Mung bean Reduced Total chlorophyll content but increased proline content. Increased H2O2 level and lipid peroxidation levels in 
roots.

[22]

Turnip Anthocyanin, malondialdehyde, and hydrogen peroxide levels were increased. ROS production and DNA damage 
were significantly elevated.

[23]

Wheat Accumulation of Ag in the shoots. AgNP caused oxidative stress in roots, as indicated by accumulation of oxidized 
glutathione, and induced expression of a gene encoding a metallothionein involved in detoxification by metal ion 
sequestration.

[26]

Thale cress Accumulate in leaves. Disrupt the thylakoid membrane structure and decrease chlorophyll content. Alter the 
transcription of antioxidant and aquaporin genes, changing the balance between the oxidant and antioxidant systems.

[30]

Wormwood Enhance secondary metabolites production. Increase total phenolic AND flavonoid contents, antioxidant activity and 
SOD activity.

[33]

Kinnow Enhance antioxidant activity and SOD activity. Total phenolic and flavonoid contents were significantly high. [34]

Pine, Oak Chloroplasts shape changed from lenticular to round. AgNP-treated oaks contained large starch granules while treated 
pines exhibit plastoglobules.

[35]

English oak Disturbances in the shape of plastids, plastoglobules and the starch content of oak leaves. Showed the high degree of 
mycorrhization.

[36]

Castor bean Cause an enhanced enzymatic activity of ROS enzymes and phenolic content in seedlings. [39]

Maize A significant change in metaxylem count. [43]

Wheat Increase in the quantum efficiency of energy trapping in the PSII reaction center. Accumulate in roots of seedlings and 
translocation to aerial parts.

[51]

Wheat Proteins related to photosynthesis and protein synthesis increased, while glycolysis, signaling, and cell wall related 
proteins decreased. Proteins related to redox and mitochondrial electron transport chain also decreased. Glycolysis 
associated proteins (glyceraldehyde-3-phosphate dehydrogenase) increased, while phosphoenol pyruvate carboxylase 
decreased.

[52]

Rice Increase in chlorophyll a and carotenoid contents. A low level of ROS concomitant with decreased amount of lipid 
peroxidation and H2O2 content.

[61]

Mustard Improved photosynthetic quantum efficiency and higher chlorophyll contents in leaves. Levels of malondialdehyde 
and hydrogen peroxide decreased in the seedlings. Reduce ROS levels and decrease proline content.

[62]

Wheat Morphological changes induced oxidative stress in plant cells as a consequence of the osmotic stress action. [63]

Scots pine High concentration inhibited the formation of mycorrhizae. Low concentration increased mycorrhizal colonization 
and the dry mass of roots.

[64]

Wheat The wheat variety sensitive to pathogen action, showed a substantial increase in the TBARS contents, while other 
varieties showed less changes.

[65]

Rice An enhancement in the activities of the antioxidant enzymes catalase, superoxide dismutase, ascorbate peroxidase, 
glutathione reductase and glutathione peroxidase generally occurred in primed seedlings.

[66]

Soybean The abundances of glyoxalase II 3 and fermentation related proteins were time-dependently decreased. The alcohol 
dehydrogenase 1 and pyruvate decarboxylase 2 genes were downregulated.

[67]
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Plants Main action of AgNP* Ref.

Arabidopsis AgNP were taken up by the root and primarily localized at the cell wall and intercellular spaces. Auxin accumulation 
was reduced in the root tips. AgNP inhibited root gravitropism with a reduction in auxin accumulation and expression 
of auxin receptors.

[68]

Common grass Increased root and shoot Ag content but inhibited seedling growth. Seedlings fail to develop root hairs, with highly 
vacuolated and collapsed cortical cells and broken epidermis and root cap.

[69]

Main actions include accumulation in roots and/or leaves, suppression of photosynthesis and/or transpiration, alteration of metabolism and 
proteomic expression.

Abbreviations: ROS, reactive oxygen species; SOD, superoxide dismutase; TBARS, 2-thiobarbituric acid reactive substances.
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Table 6.

Mass and percent of Ag intake by three common bean seeds.

[AgNP], ppm

Black eye Garbanzo Lentil

Mass (μg) Percent, Mass (μg) Percent Mass (μg) Percent

2 4.6 ± 0.7 17.9 ± 2.8 16.9 ± 1.5 47.3 ± 4.1 13.3 ± 1.2 52.1 ± 4.7

5 19.5 ± 2.4 24.8 ± 3.1 39.6± 3.3 38.1 ± 3.2 10.5 ± 1.4 16.6 ± 2.2

10 55.4 ± 6.9 29.5 ± 3.7 70.1 ± 4.5 37.8± 2.4 14.8 ± 2.4 11.8 ± 1.9

20 152.8 ± 16.0 44.0 ± 4.6 133.1 ± 11.6 33.3 ± 2.9 48.8 ± 5.9 17.4 ± 2.1

50 488.3 ± 48.9 43.9 ± 4.4 566.3 ± 51.1 42.1 ± 3.8 158.5 ± 20.2 15.7 ± 2.0

2 0.3 1.2 1.1 3.2 0.9 3.5

5 1.3 1.7 2.6 2.5 0.7 1.1

10 3.7 2.0 4.7 2.5 1.0 0.8

20 10.2 2.9 8.9 2.2 3.3 1.2

50 32.6 2.9 37.8 2.8 10.6 1.0

Top half of the table shows the mass and percentage of Ag intake by a group of seeds (average ± SD, 15 seeds) while bottom part shows the 
average mass and percent of Ag intake by a single seed. Percent is estimated based on total mass of initial dose.
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