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S1. Carbon-based NM interactions with plants 

Carbon-based NMs have been shown to exert positive effects on plant yield and nutrient 

contents under full life-cycle exposure in soil. They may enhance plant transpiration and nutrient 

bioavailability due to high surface porosity and a high density of active exchange sites. Sprouted 

gram seeds exposed to carbon nano-onions (CNOs; 10-30 µg/mL) before transplantation to soil 

showed significant, concentration-dependent increases in the size, weight, protein, electrolyte, and 

micronutrient contents (Mo, Cu, Mn, Ni, Zn, and Fe) of seeds produced at maturity compared to the 

control, without evidence of CNO translocation [1]. Full life-cycle exposure of two wheat cultivars 

to nanochitin (0.002-0.02 g/kg soil) resulted in increased uptake of N and K from soil and improved 

photosynthetic parameters, leading to increases in grain yield, and grain protein, Fe, and Zn 

contents [2]. 

S2. Silver-based NM interactions with plants 

Silver NMs, which are most frequently used as antimicrobial agents in medical dressings and 

clothing items, have generally been found to exert negative effects on agricultural yield and 

nutritional value. Full life-cycle exposure of peanut [3] and wheat [4] to Ag NMs in soil resulted in 

dose-dependent increases in grain Ag content, decreased yield (87% and 91% decreased peanut 

yield at 500 and 2,000 mg/kg exposures, respectively; 16% and 24% decreased wheat yield at 200 

and 2,000 mg/kg exposures, respectively), and decreased grain nutritional quality (12% increase in 

unhealthy saturated fatty acids and 3% decrease in healthy unsaturated fatty acids in peanuts at 500 

mg/kg; 50% decreased Fe 15 2,000 mg/kg and 16-60% decreased Zn and Cu contents and protein 

contents at 200 and 2,000 mg/kg). In peanut plants, adverse changes were accompanied by 

significant, concentration dependent alterations in stress enzyme activities [3]. Similar results were 

shown for full life-cycle exposure of tomato to polyethylene glycol (PEG)-coated Ag NMs in soil, 

including significant translocation of Ag to tomato fruits, reduced plant uptake of N, P, and K 

macronutrients, and decreased fruit yield. Alterations to photosynthetic parameters were also 

measured along with increased oxidative stress parameters [5].  

S3. Copper-based NM interactions with plants 

As Cu is an essential plant micronutrient, a hormetic effect is frequently observed in which 

toxicity at excessive doses is preceded by physiological improvements at lower doses. For example, 

lettuce and cabbage foliar exposure to CuO NMs improved lettuce dry weight at a low dose (10 

mg/plant), but decreased the dry weight, net photosynthesis, and stomatal conductance of both 

plants at a high dose (250 mg/plant), likely due to physical blockage of the stomata by CuO NM 

aggregates [6]. Among less beneficial outcomes, foliar exposure to a commercial Cu(OH)2 spray (18 

mg/plant) significantly decreased the contents of antioxidant compounds and amino acids in 

spinach [7], while soil exposure to CuO NMs (50 and 500 mg/kg soil) significantly decreased the 

1,000-grain weight and total amino acid contents (33.6% and 21.1% for 50 and 500 mg/kg exposures, 

respectively) of peanut grains [8]. Full life-cycle rice exposure to CuO NMs significantly reduced 
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grain yield (500 and 1,000 mg/kg soil), but significantly increased grain Cu, Zn, and Fe contents (500 

mg/kg) [9]. At the same exposure concentration in soil (500 mg/kg), full life-cycle exposure to CuO 

NMs did not significantly affect bell pepper agronomic parameters, however, fruit and leaf Zn 

levels were significantly decreased by 47% and 55%, respectively [10].  

S4. Cerium-based NM interactions with plants 

Cerium is not an essential element, however, it exhibits antioxidant enzyme-mimetic 

properties which can enhance plant growth [11]. Under drought conditions, foliar-applied CeO2 

NMs (2 mg/plant) elevated photosynthetic rates and lowered lipid peroxidation in sorghum plants, 

leading to a 31% increased seed yield relative to unwatered controls [12]. In a multi-generational 

study, first generation wheat plants exposed to CeO2 NMs in soil (500 mg/kg) produced grains with 

increased biomass, amino acids, and fatty acids, which led to improved growth parameters in 

unexposed, second-generation plants. However, consecutive first- and second-generation exposures 

(125 mg CeO2 NMs/kg) decreased grain nutrient contents (8, 8, 17, 20, and 19% decreases of Mn, Ca, 

K, Mg, and P respectively relative to second generation exposure alone) and minimized growth 

parameter increases that were measured from first generation exposure alone (500 mg CeO2 

NMs/kg in both generations). No evidence of CeO2 NM translocation to grains was found, however, 

the mechanisms by which they affect multi-generational plant responses remain unclear [13].  

S5. Titanium-based NM interactions with plants 

TiO2 is frequently incorporated into consumer products (e.g., sunscreens, paints, cements, and 

food products, such as chewing gums) and therefore has a high potential to accumulate in outdoor 

environments. Rice grown to maturity in TiO2 NM-amended soil at high exposure concentrations 

(50-200 mg/kg) under either ambient or high CO2 conditions showed significantly reduced grain 

yield (21% and 44% for 50 and 200 mg/kg exposures, respectively) and grain fat, protein, and total 

sugar contents under high CO2 conditions (200 mg/kg), even though high CO2 alone significantly 

increased grain yield in control plants relative to control plants grown under ambient CO2 

conditions. At 200 mg/kg TiO2 NM-amended soil (high CO2), rice grains contained significantly 

increased Ti, P, Mg, Ca, Mn, and Zn contents, which were likely due to the decreased size of the rice 

grains in this treatment group relative to the control groups [14]. Peanut plants root-exposed to TiO2 

NMs in soil produced grains with a significantly decreased 1,000-grain weight (50 and 500 mg/kg) 

and with decreased total amino acid contents (20.4%; 500 mg/kg) [8]. Conversely, full life-cycle rice 

exposure to TiO2 NMs (25-750 mg/kg) in P-deficient soil significantly increased P uptake (5.8% 

increase in phytoavailable P at 750 mg/kg), and amino acids, palmitic acid, and glycerol contents in 

grains, without evidence of NM translocation [15]. 

S6. Zinc-based NM interactions with plants 

As with Cu, Zn NMs can be expected to improve agronomic yield and nutrient values at 

appropriate concentrations due to its micronutrient status. Foliar application of a ZnO NM, B2O3 

NM, and CuO NM mixture to soybean plants decreased the effects of drought conditions, 

significantly increasing chlorophyll contents, grain yield (36%), and grain N (35%), K (32%), Zn 

(68%), B (56%), and Cu (13%) relative to the control after full life-cycle exposure.[16] In response to 

ZnO NM exposure, bean and sorghum plants produced increased seed yield with increased 

nutrient contents regardless of whether the soil was fresh or used [17] or contained high or low 

NPK contents [18]. In another study, ZnO bioavailability and benefit to bean plants were 

significantly affected by soil type; those grown in organic matter-enriched soil (ES) had significantly 

increased seed yield (155%), which contained significantly higher concentrations of Zn (38%), K 

(64%), S (44%), P (83%), Mg (86%), Ca (70%), Fe (89%), and Mn (85%) relative to plants grown in 

natural soil (NS). The more beneficial outcomes obtained from plants grown in ES was attributed to 

a more neutral pH (more suitable for bean growth), the presence of organic matter (which increases 

metal bioavailability), and a higher concentration of bioavailable P [19]. 
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