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A B S T R A C T   

The potential toxicity and ecological risks of rare-earth nanoparticles in the environment have become a concern 
due to their widespread application and inevitable releases. The integration of hydroponics experiments, partial 
least squares structural equation modeling (PLS-SEM), and Transmission Electron Microscopy (TEM) were uti-
lized to investigate the physiological toxicity, uptake and translocation of yttrium oxide nanoparticles (Y2O3 NPs) 
under different hydroponic treatments (1, 5, 10, 20, 50 and 100 mg⋅L− 1 of Y2O3 NPs, 19.2 mg⋅L− 1 Y(NO3)3 and 
control) in tomato (Lycopersicon esculentum) seedlings. The results indicated that Y2O3 NPs had a phytotoxic 
effect on tomato seedlings’ germination, morphology, physiology, and oxidative stress. The Y2O3 NPs and soluble 
YIII reduced the root elongation, bud elongation, root activity, chlorophyll, soluble protein content and super-
oxide dismutase and accelerated the proline and malondialdehyde in the plant with increasing concentrations. 
The phytotoxic effects of Y2O3 NPs on tomato seedlings had a higher phytotoxic effect than soluble YIII under the 
all treatments. The inhibition rates of different levels of Y2O3 NPs in shoot and root biomass ranged from 0.2% to 
6.3% and 1.0–11.3%, respectively. The bioaccumulation and translocation factors were less than 1, which 
suggested that Y2O3 NPs significantly suppressed shoot and root biomass of tomato seedlings and easily bio-
accumulated in the root. The observations were consistent with the process of concentration-dependent uptake 
and translocation factor and confirmed by TEM. Y2O3 NPs penetrate the epidermis, enter the cell wall, and exist 
in the intercellular space and cytoplasm of mesophyll cells of tomato seedlings by endocytic pathway. Moreover, 
PLS-SEM revealed that the concentration of NPs significantly negatively affects the morphology and physiology, 
leading to the change in biomass of plants. This study demonstrated the possible pathway of Y2O3 NPs in uptake, 
phytotoxicity and translocation of Y2O3 NPs in tomato seedlings.   
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1. Introduction 

Nanoparticles (NPs) have drawn public attention because of their 
unique physicochemical properties and extensive applications in a va-
riety of fields (Rajput et al., 2018). With the rapid growth of NPs pro-
duction and applications worldwide, NPs have played a primary part in 
society and remarkably affect technical advances (Peijnenburg et al., 
2016). The most frequent application of NPs in daily life are generally 
titanium, lead, copper and some rare earth elements (-oxides) (Courtois 
et al., 2019; Hou et al., 2017; Ullah et al., 2020). Rare earth elements 
(REEs) have become an important part of modern technologies, finding 
various routes into different environmental media (Khanna et al., 2021; 
Tian et al., 2018). For example, high contents of REEs have been found 
in atmospheric particulates (63.23–105.52 ng⋅m− 3), freshwater lake 
sediment (145.1–351.1 μg⋅g− 1), ocean bottom sediment (ΣREEs ˂ 2511 
mg⋅kg− 1) and soil (122–825 μmol⋅kg− 1), contributing to environmental 
pollution, ecological risks and human health (Balaram, 2019; Mihajlovic 
et al., 2017; Wang et al., 2014, 2019). 

Rare earth oxide nanoparticles (REONPs) are abundant in nature and 
manufactured at a large-scale such as for application in coatings, pol-
ishing powders, automotive exhaust catalysts, nanoparticles-containing 
biosolid, fertilizer and pesticides (Qi et al., 2019; Younis et al., 2021). 
Yttrium oxide nanoparticles (Y2O3 NPs) are among the most important 
yttrium compounds and are representative of heavy REONPs (Yu et al., 
2020). Most Y2O3 NPs are used in manufacture of catalysts, in synthesis, 
and for biological applications (Chen et al., 2016; Gong et al., 2019). The 
wide application of Y2O3 NPs inevitably spread into the ecosystem as 
dust or migrates to plants, animals and even people through water and 
soil during their production and waste treatment, causing potential ef-
fects on the ecological function and human health (Gong et al., 2019). 
For example, Y2O3 NPs (10–500 mg⋅L− 1) inhibited the maize seed vi-
tality and seedlings growth (Gong et al., 2019), 24-h incubation exper-
iment revealed that Y2O3 NPs (12.5–50 mg⋅L− 1) promote the apoptosis 
and decrease the cell survival (Selvaraj et al., 2014). Thus, it is impor-
tant to assess the environmental risks of Y2O3 NPs and understand their 
fate and effects on the environment. 

REONPs in soil interact with plants, adhere to the surface of roots, 
accumulate in plants, and affect growth and biochemical functioning 
(Spielman-Sun et al., 2019). REONPs and physical and chemical pro-
cesses in plants lead to phytotoxicity, including many physiological and 
biochemical mechanisms in root and other plant tissues (Malandrakis 
et al., 2021). Some studies have been conducted on the interaction be-
tween NPs and plants. These reports indicated that REONPs directly or 
indirectly affect germination rate (Gong et al., 2019), root and shoot 
lengths (Ma et al., 2010), shoot and root biomass (Dong et al., 2021), as 
well as root morphology (López-Moreno et al., 2016). At the same time, 
the positive or negative impact of NPs on plant germination, photo-
synthesis and growth depend on the concentrations and mobility of NPs. 
For instance, CeO2 NPs accelerated the growth of rice at 100 mg⋅kg− 1 

application rate while inhibited plant growth at a higher application rate 
of 500 mg⋅kg− 1 (Zhang et al., 2021). Y2O3 NPs could delay germination 
by reducing seed vitality at 10–500 mg⋅L− 1 (Gong et al., 2019). CeO2 
NPs reduced the fresh weight of plant shoot by 34.5% at 75 CeO2 
mg⋅kg− 1 (Dong et al., 2021). Approximately 45.5% of NPs were detected 
in plant root, and about 0.6% of NPs were measured in leaves (Ma et al., 
2010). CeO2 NPs significantly adversely affect the antioxidant systems 
and photosystem of Arabidopsis thaliana at higher solution concentra-
tions (2000 or 3000 mg⋅L− 1) (Yang et al., 2017a, 2017b). However, the 
quantitative impact of REONPs on the morphology and phytotoxicity of 
plants is unclear. Advanced testing methods and appropriate model 
could provide a new insight to understand the toxicity mechanisms of 
REONPs on plants. Synchrotron dual-energy X-ray micro-tomography 
(Chen et al., 2016), nuclear magnetic resonance (Gong et al., 2019), 
and transmission electron microscopy (TEM) (Yang et al., 2017a, 2017b) 
have been applied to clarify the mechanism of phytotoxicity, uptake, 
and translocation of REONPs in plants. TEM is the most popular 

technique to capture fine detail—even as small as a single column of 
atoms, which has the potential to image the location of REONPs on a 
cellular scale (Yang et al., 2017a, 2017b). The impact of REONPs on 
plants manifests in changes of physical, chemical and biological func-
tioning. The relationship between the REONPs and these plant functions 
may be quantified by partial least squares structural equation modeling 
(PLS-SEM), which is beneficial to understand the relationship between 
REONPs and their effects on plants (Wang et al., 2021). 

Tomato (Lycopersicon esculentum) is a major vegetable or fruit crop 
with high nutrition and strong economic values, which also is one of the 
most consumed vegetables in the world. Some prior studies have 
investigated the effect of light REONPs (CeO2, Gd2O3 and La2O3) on the 
phytotoxicity of tomato root elongation but paid little attention to the 
adsorption of NPs by plants (Ma et al., 2010; Mihajlovic et al., 2017). 
The interaction of Y2O3 NPs with other crops (such as rice and maize) 
(Gong et al., 2019; Zhao et al., 2021), and the effect of soluble YIII 

released from the Y2O3 NPs have had only little attention in these 
studies. Thus, this present study aims to: (i) evaluate the phytotoxic 
effect of Y2O3 NPs and its released soluble YIII complexes on the 
morphology, physiology, and oxidative stress of tomato seedlings in the 
germination and growth process, (ii) clarify the translocation and bio-
accumulation mechanism in tomato seedlings, and (iii) identify the 
relationship between Y2O3 NPs and changes in plant properties. 

2. Materials and methods 

2.1. Nanoparticles and chemicals 

The Y2O3 NPs were provided by Nanjing Hongde Nanomaterials Co., 
Ltd (Nanjing, China), which provided the results showed the mean 
particle size and specific surface area of purchased Y2O3 NPs were 
20–30 nm (purity > 99.99%) and 61 m2⋅g− 1, respectively. Y(NO3)3.6 
H2O (analytical grades) were purchased by Nanjing Hongde Nano-
materials Co., Ltd (Nanjing, China), with a density of 2.7 g⋅mL− 1 at 25 ◦C 
and solubility in water (100 mL) of 123 g at 20 ℃. 

2.2. Plant germination 

Material preparation: REEs have a hormesis effect on plant growth 
and development (Agathokleous et al., 2018). Previous studies revealed 
that Y2O3 NPs could promote plant growth at a low concentration (0–10 
mg⋅L− 1) (Gong et al., 2019). However, Y2O3 NPs had an inhibition effect 
on germination indexes of the plants when Y2O3 NPs concentrations 
exceeded 50 mg⋅L− 1 (Gong et al., 2019; Yu et al., 2020). The positive or 
negative effect on seed germination and plant growth depends on the 
concentration of NPs (Xie et al., 2022). Therefore, the Y2O3 NPs con-
centrations in all treatments were set at 1, 5, 10, 20, 50 and 100 mg⋅L− 1. 
Different concentration levels of Y2O3 NPs (0, 1, 5, 10, 20, 50 and 100 
mg⋅L− 1) were made by dilution with water. After ageing of the Y2O3 NP 
suspension for 3 days, the concentrations of soluble YIII were 3.9, 5.0 and 
6.2 mg⋅L− 1, when the concentration of Y2O3 NPs suspensions were 20, 
50 and 100 mg⋅L− 1, respectively. Hence, the 100 mg⋅L− 1 Y2O3 suspen-
sion was used to clarify the difference in translocation of Y2O3 NPs and 
YIII species in plants. 

Tomato seeds (Lycopersicon esculentum, Meiqi 1) with a germination 
rate of 90% were purchased from Yangling Agricultural High-tech 
Development Joint Stock Co., Ltd (Yangling, China). Approximately 
26.7 mg of Y(NO3)3.6 H2O was dissolved in 1 L of deionized water. The 
concentration of Y(NO3)3 and soluble YIII in the Y(NO3)3 solution were 
19.2 mg⋅L− 1 and 6.2 mg⋅L− 1, respectively. An aqueous suspension of 
Y2O3 NPs with a concentration of 100 mg⋅L− 1 was prepared ultrasoni-
cally mixed for 30 min (100 W, 40 kHz). Different concentration levels 
of Y2O3 NPs (0, 1, 5, 10, 20, 50 and 100 mg⋅L− 1) were made by dilution 
with water. The solution pH was approximately 6.8 only with 1/2 
Hoagland nutrient solution in the control group, and the optimal pH for 
tomato growth is between 6.0 and 6.8 (Ovelar et al., 2021). Hence, the 
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solution pH of all treatments was adjusted to 6.8 ± 0.1. 
Germination experiment: The tomato seeds were sterilized with 

NaClO for 30 min and washed with 20 mmol⋅L− 1 Na2-EDTA and ultra-
pure water. After that, the tomato seeds were soaked in 0, 1, 5, 10, 20, 50 
and 100 mg⋅L− 1 Y2O3 NPs suspension and 19.2 mg⋅L− 1 Y(NO3)3 for 4 h. 
Then, 20 seeds were planted in Petri dishes that were added 15 mL Y2O3 
NPs at the respective concentrations. All treatments were kept under 
ambient conditions (approximately 80% relative humidity, darkness 
and 25 ℃) for 7 days. When the length of the embryo reached half of the 
seed diameter, the seed was considered fully germinated (Zhao et al., 
2021). The germinating seed numbers, shoot lengths, and root lengths 
were recorded every day. 

2.3. Hydroponic culture experiment 

The tomato seeds were sterilized with NaClO for 30 min and washed 
with 20 mmol⋅L− 1 Na2-EDTA and ultrapure water. After sterilization and 
washing, tomato seeds were soaked in ultrapure water for 4 h. Twenty 
seeds were then planted in seedling trays with vermiculite substrate and 
grown in a climate incubator until in two true leaf stage at 80% humidity 
and 25 ◦C with light (225 μmol⋅m− 2⋅s− 1 for a 14/10 h light/dark cycle). 
Afterward, the seedlings were planted into Y2O3 NPs suspensions and Y 
(NO3)3 solution (mixed with 1/2 Hoagland’s solution) for 15 days. All 
treatments were three replicates in a climate incubator. The suspensions 
were stirred with a glass rod about 6 times a day to prevent the 
agglomeration of Y2O3 NPs. 

The tomato seedlings were removed from the nutrient solution and 
washed with ultrapure water. The roots were soaked in Na2-EDTA (20 
mmol⋅L− 1) for 30 min. This step aims to remove the Y2O3 NPs adhering 
to the root surface. Subsequently, the seedling roots were washed with 
ultrapure water. All samples of tomato seedlings were separated into 
root and shoot, and then their masses were weighed. Samples were dried 
at 105 ◦C for 35 min and then at 70 ◦C for 10 h (Zhao et al., 2021). After 
this, the mass of the dried biomasses were recorded. 

2.4. Analyses 

Proline is a critical substance in preventing membrane distortion and 
functional failures under stress (Lei et al., 2016). Malondialdehyde 
(MDA) is a lipid peroxidation product resulting from the oxidative attack 
on cell membrane phospholipids and circulating lipids. The two in-
dicators can reflect plant membrane integrity and the degree of oxida-
tive stress under the treatment with NPs (Dragun et al., 2017). 
Superoxide dismutase (SOD) is a crucial component of the antioxidant 
enzyme system in biological systems (Du et al., 2019). 

Chlorophyll contents were extracted by acetone water solutions 
(80% v/v) in the dark and measured with a spectrophotometer at 
wavelengths of 663 nm, 645 nm and 470 nm (Iftikhar et al., 2019; 
Lichtenthaler, 1987). Proline was determined by the sulfosalicylic acid 
method (Zhao et al., 2021). Malondialdehyde (MDA) and SOD (super-
oxide dismutase) were measured with a thiobarbituric acid method and 
the nitroblue tetrazolium method, respectively (Dong et al., 2021). 
Coomassie Brilliant Blue G-250 was used to assess the soluble protein 
content (Zhao et al., 2021). Triphenyl tetrazolium chloride was used to 
test the root activity of tomato seedlings (Zhao et al., 2021). The details 
of the analytical methods (i.e., SOD, MDA and root activity) have been 
presented in previous studies (Dong et al., 2021; Zhao et al., 2021). 

The yttrium concentrations in the root and shoot of tomato seedlings 
were measured using ICP-MS (Agilent 7700, USA); the details of the 
digestion process are listed in Supporting Information. For the distri-
bution of yttrium in tomato seedlings, the samples were imaged by 
Transmission Electron Microscope (TEM) coupled with Energy Disper-
sive Spectrometer (EDS) (Tecnai G2 F20, USA). After exposure to 15 
days, the leaves of tomato seedlings were washed and dried, and the 
leave samples then cut into small pieces of about 1 mm2. Then the 
samples were immersed in phosphate buffer (pH=7, 0.1 M) containing 

2.5% glutaraldehyde for more than 3.5 h and 1% osmic acid for 2 h. 
After these steps, the leave samples were dehydrated with a series of 
gradient concentrations (50%, 70%, 80%, 90%, 95%) of ethanol for 20 
min and finally treated with 100% ethanol 3 times (20 min-
⋅treatment− 1). The sample was transfered to acetone solution and 
embedded in epoxy resin (ETON 812), and then sliced to 60–80 nm by 
an ultramicrotome. After double staining with uranyl acetate and lead 
citrate for 15 min, they were fixed on nickel grids, and the samples then 
analyzed by TEM. 

2.5. Data analyses 

In this study, the content of Y2O3 NPs in roots and shoots is expressed 
based on fresh weight (FW). The Michaelis-Menten equation was applied 
to represent the process of the concentration-dependent NP uptake of 
tomatoes. 

V = VmaxC/(Kt + C) (1)  

Where V and Vmax are the uptake rate and maximum uptake rate (mg⋅ 
(kg⋅h)− 1), respectively. C is the concentration of Y2O3 NPs in solution 
(Y2O3 NPs, mg⋅L− 1), and Kt is the Michaelis constant representing the 
substrate concentration at half of the maximum absorption rate (Wang 
et al., 2020). 

Partial least squares structural equation modeling (PLS-SEM) is a 
statistical method for multivariate data analysis by hypotheses testing, 
focusing on mining sample information, and has no requirement for 
normal data distribution (Hair et al., 2019). Besides, PLS-SEM empha-
sizes prediction on estimating statistical models, which can construct 
both reflective or formative indicators simultaneously, or even a hybrid 
model with both the two models (Wang et al., 2021). Factor loadings, 
Cronbach’s alpha, rho_A and composite reliability exceed 0.7, suggest-
ing that this model is reliable and suitable (Yang et al., 2022). 

3. Results and discussion 

3.1. Characterization of Y2O3 NPs 

Y2O3 NPs exhibit spherical or elliptical-shaped particles with equal 
sizes in TEM images (Fig. 1). Due to their large specific surface areas and 
small particle size, Y2O3 NPs are easily aggregated and coagulated in 
ultrapure water. The XRD pattern of Y2O3 NPs produce peaks at 20.5, 
29.2, 33.8, 48.6, and 57.6 ◦2θ. The intense diffraction peaks were 
consistent with the standard reflections of Y2O3 NPs (JCPDS 43–1036), 
which demonstrated that the composition is pure Y2O3. The average 
diameter of NPs was 25.5 nm, according to the Debye-Scherrer formula 
(Ullah et al., 2020). The zeta potential of Y2O3 particles was 33.5 mV 
(ranges from ± 30 to ± 40 mV), and thus Y2O3 NPs have positive sur-
face charge. The TEM results (Fig. 1) confirmed that NPs were inclined 
to aggregate in aqueous media, forming micron-sized aggregates that 
altered the effect of particle morphology and surface properties on 
phytotoxicity (Hazeem et al., 2016). 

3.2. Effect of Y2O3 NP on seedling germination and growth 

Germination rate, bud elongation, and root elongation are the in-
dicators widely used for testing the phytotoxicity of chemicals (Duan 
et al., 2020; Ullah et al., 2020). All tests demonstrated that a high 
concentration of Y2O3 NPs led to a delay in the germination of tomato 
seeds but did not significantly affect the germination rate of tomato 
seeds after 7 days (Fig. S1). At the same time, the soluble YIII appeared to 
only very weakly affect the germination rate of tomato seedlings. In this 
study, the germination time of all treatments was on the same day 
(Fig. S1). However, the germination rates of tomato seeds were lower 
than the control group at high concentrations (20–100 mg⋅L− 1). With 
the increasing Y2O3 NP stress, the germination rates of plants were not 
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significantly limited with a period of 7 days. However, other morpho-
logical performance parameters (i.e., root elongation, root activity, and 
bud elongation) was substantially reduced in presence of Y2O3 NPs. 
After 15 days of exposure to Y2O3 NPs, the inhibition on bud elongation 
and root elongation of tomato seedlings increased significantly over the 
control as the NP concentration increased from 20 mg⋅L− 1, to 50 mg⋅L− 1 

and 100 mg⋅L− 1. Thus, the bud elongation of tomato seedlings was 
reduced by 48.8%, 68.8%, and 73.8%, while root elongation inhibition 
rates were 73.7%, 88.4% and 94.2%, and root activity was reduced by 
42.0%, 66.7% and 83.6% compared with the control, respectively. Even 
at NP concentrations of 50 mg⋅L− 1 and 100 mg⋅L− 1, seedling roots 
almost stopped growing on the 3rd day after germination. The effects of 
germination delay also have been observed for silver NPs on Lolium 
perenne, Hordeum vulgare, and Oryza sativa (Courtois et al., 2019). 

The root elongation, bud elongation and root activity were reduced 
by 61.1%, 7.0% and 10.6% after the exposure to soluble YIII at the 
concentration of 6.2 mg⋅L− 1. The inhibition rate of soluble YIII on these 
effects were 0, 0.1 and 0.1 times that of Y2O3 NPs (100 mg⋅L− 1). 
Therefore, it can be concluded that it is Y2O3 NPs that inhibit the 
germination rate, bud elongation, root elongation and root activity of 
tomato seedlings. This was contrary to previous studies which have 
suggested that NPs may not significantly limit the germination rate 
(López-Moreno et al., 2016). In all treatments, there was a 
dose-dependent effect of NPs on root elongation, bud elongation, and 
plant growth (Fig. 2). The seed coat is an important barrier against toxic 
chemicals and protects the embryo from stress. The REE nano-oxides 
could notably influence the seed dormancy by fatty acid 
beta-oxidation and accelerate the mobilization of the lipid bank in 

glyoxysomes, which could cause a burst of reactive oxygen species and 
adversely affect seed germination (Ahmad et al., 2018). 

3.3. Phytotoxicity of Y2O3 NP to tomato 

Chlorophyll is a major green photosynthetic pigment that accounts 
for the ability to absorb sunlight and the intensity of photosynthesis. In 
the present study, we found an inhibition effect of Y2O3 NPs on chlo-
rophyll contents in tomato seedlings, and the degree of inhibition was in 
proportion to the concentrations of Y2O3 NPs (Fig. 3). The chlorophyll 
content did not show a significant difference related to the concentration 
of soluble YIII and low concentrations of Y2O3 NPs (1 and 5 mg⋅L− 1). 
However, with the higher concentration of NPs the chlorophyll content 
was reduced by 25.3% (20 mg⋅L− 1), 34.2% (50 mg⋅L− 1) and 46.1% 
(100 mg⋅L− 1), respectively, compared to control group. 

The proline content in tomato seedlings grown in Y2O3 NP treat-
ments was 1.1–2.5 times higher than that of the control group for all 
treatments, and it increased with elevated Y2O3 NP concentration. Be-
sides, the proline content was 1.7 times that of the control group after 
exposure to soluble YIII. In comparison with the control treatment, a 
positive correlation was seen between MDA in tomato seedlings and the 
concentration of Y2O3 NPs across all treatments (Fig. 3). After exposure 
for 15 days, the content of MDA in tomato seedlings treated with Y2O3 
NPs and soluble YIII ranged from 1.1 to 2.4 times compared with the 
control, which indicated that Y2O3 NPs and soluble YIII induced plant 
membrane lipid peroxidation and cause a certain degree of damage to 
the plant membrane system. Among that, two exposure concentrations 
of Y2O3 NPs (50 mg⋅L− 1 and 100 mg⋅L− 1) inhibited SOD after 15 days of 

Fig. 1. TEM image (a: 50 mg⋅L− 1, b: 100 mg⋅L− 1), XRD pattern (c), and zeta potential (d) of Y2O3 NPs.  
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exposure with a reduction of 71.0% and 60.3% compared to the control, 
respectively. No significant change occurred in the 1.0 mg⋅L− 1 Y2O3 NPs 
treatment. The SOD effect was proportional to the Y2O3 concentrations 
of the solutions. The inhibiting effect of Y2O3 NPs on seedlings resulted 
in toxicity of NPs, which damaged the antioxidant capacity and mem-
brane system in the tomato seedlings. 

The soluble protein content in tomato seedlings was negatively 
correlated with the exposure concentrations of the NPs. When exposed 
to 1–100 mg⋅L− 1 Y2O3 NPs and soluble YIII for 15 days, the reduction 
rates of protein content in seedlings were 5.7–78.6% and 27.9%, 
respectively, compared to the control group (Fig. 3). In conclusion, Y2O3 
NPs had a significant inhibition effect on tomato soluble protein. The 
soluble protein content in plants treated with Y2O3 NPs above 20 mg⋅L− 1 

was lower than in the treatment with soluble YIII, which revealed that 
Y2O3 NPs above 20 mg⋅L− 1 had a greater inhibition effect on tomato 
seedlings than soluble YIII. 

When plants are stressed, there is an excessive accumulation of 
reactive oxygen species (ROS) in the plant, which causes lipid peroxi-
dation, osmotic changes, protein oxidation and impaired metabolism 

(Ahluwalia et al., 2021). MDA and proline are the main cytotoxic 
product of membrane lipid peroxidation and a potent antioxidant, 
respectively, reflecting the extent of damage in plants (Courtois et al., 
2019). Y2O3 NPs have a prominent effect on lipid peroxidation and 
physiological indicators, expressed in the increased concentrations of 
proline and MDA with the increased NP concentrations. SOD and soluble 
protein content showed opposite trends. The inhibition rate of soluble 
YIII on chlorophyll content, soluble protein content and SOD were 1.1%, 
6.1% and 1.8%, while the concentrations of proline and MDA at the 
treatment with soluble YIII were higher than the control group. The 
change in SOD, MDA, proline and soluble protein revealed that the ROS 
accumulation caused by NPs had exceeded the elimination ability of 
antioxidative enzymes (Lin et al., 2020). In contrast, SOD in the shoot 
was higher than in the control group when cucumber seedlings were 
exposed to CeO2 NPs (Akanbi-Gada et al., 2019; Xie et al., 2022). 
Therefore, the SOD change in plants was affected by the phytotoxicity of 
NPs. Soluble YIII had a certain toxic effect on tomato seedlings, but the 
negative effect of Y2O3 NPs was higher than soluble YIII due to their 
nanotoxicity (Yu et al., 2020). 

Fig. 2. Effects of Y2O3 NPs and soluble YIII on the germination rate (a), root elongation (b), bud elongation (c) and root activity (d) of tomato seedlings. CK represents 
the control group. 
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Lipid peroxidation is seen in plants exposed to abiotic stresses, such 
as from metal-based NPs, due to over-generation of ROS. To protect cells 
from the toxic effects of ROS, plants scavenge damage-induced ROS 
through various defense mechanisms, of which the enzyme-antioxidant 

system is one of the protective mechanisms (Hou et al., 2017). In 
addition, proline regulates ROS in cells by acting in synergy with anti-
oxidant enzymes and non-enzymatic peroxidation systems (Courtois 
et al., 2019). The changes in soluble protein, antioxidative enzymes (i.e., 

Fig. 3. Effects of Y2O3 NPs and soluble YIII on chlorophyll content(a), proline (b), MDA (c), SOD (d) and soluble protein content (e) of tomato seedlings. CK rep-
resents the control group. 
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SOD), low molecular weight antioxidants (i.e., proline) and 
non-enzymatic components (i.e., MDA) reflected the oxidative damage 
resulting from nano metal oxides on cell membrane integrity (Siddiqi 
and Husen, 2017). Other NPs, such as NiO NPs (Faisal et al., 2013), 
CoFeO4 NPs (López-Moreno et al., 2016) and CeO2 NPs (Li et al., 2019), 
also affected oxidative stress and protein synthesis in plants. 

3.4. Y2O3 NP uptake and translocation in tomato 

The yttrium concentration in different plant parts was measured to 
specify the translocation of Y2O3 NPs. The bioaccumulation factor (BAF) 
is applied to describe the degree to which substances are accumulated 
into plant tissues from the growth medium, which is measured as the 
ratio of contaminant concentrations in plant tissue to the growing me-
dium (Bolan et al., 2013; Guo et al., 2021). Besides, the translocation 
factor (TF) is an important tool to evaluate the accumulation and 
translocation of chemicals in plants, which is defined as the ratio of 
contaminant concentrations in shoots to the roots (Cshoot / Croot) 
(Malandrakis et al., 2021). The results showed that with the elevated NP 
concentration in the growing medium, the yttrium concentrations in 
seedlings increased. The yttrium contents in the shoots were 3.0, 6.7, 
39.9, 57.0, 67.5, and 212 times higher than the control, respectively, 
while those in roots under the various treatments were 185, 533, 700, 
1610, 1910, and 2920 times the control (Fig. 4). The BAF values in the 
shoot were less than 1, while the BAF values in root were greater than 1 
under the same treatment. The trend of TF elucidates that a continuous 
decline in BAF value was observed from 1 to 50 mg⋅L− 1, and with all TF 
values less than 1. The observation of BAF and TF exhibited that the 
Y2O3 NPs would be more liable to bioaccumulate in roots than shoot. 

The concentration-dependent uptake of Y2O3 NPs by tomato shoot 
was linear and was well fitted by the analogous Michaelis− Menten 
model (R2＞93.4%, P＜0.05) with a Vmax of 1.0 mg⋅(kg⋅h)− 1 and Kt of 
2.9 (Fig. 4). Unlike the shoot, the uptake process of NPs by root was 
nonlinear, and the calculated Vmax and Kt were 113.5 mg⋅(kg⋅h)− 1 and 
31.2, respectively. The results are in line with the translocation of NPs in 
roots. After the exposure to Y2O3 NPs, Y2O3 NPs proved to have a 
concentration-dependent inhibition on the biomass of shoot and root 
(P < 0.05) (Fig. 4). The shoot biomass was reduced by 0.2–6.3% across 
all levels of Y2O3 NPs, while the reduction for roots ranged between 
1.0% and 11.3%. Thus, there was a stronger inhibition of Y2O3 NPs on 
root biomass than shoot biomass. The root is the primary entrance of 
NPs in the plant, with absorption of NPs on the epidermis and exodermis 
(Abbas et al., 2019; Siddiqi and Husen, 2017). The damage to the cell 
membrane in the root by accumulated NPs would block water and 
nutrient transport from root to shoot, such as the levels and distribution 
of N, P and K in plant tissues, which leads to a negative effect on seedling 
growth and biomass (Abbas et al., 2020b; Antoniadis et al., 2017; 
Tombuloglu et al., 2020). 

3.5. Translocation mechanism 

To better understand the translocation of Y2O3 NPs to tomato seed-
lings, Y2O3 NPs in the leaves of tomato seedlings were determined by 
TEM (Fig. 5). EDS (Fig. 5a) demonstrates that the black granular sub-
stances in the cells has the highest Y and O concentrations, demon-
strating that these are the Y2O3 NPs. There was no NPs in leaf cells of 
tomato seedlings of the control group, which had intact cell structures 
and morphology. However, Y2O3 NPs were found in the intercellular 
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Fig. 4. Effects of Y2O3 NPs on the yttrium concentration (a), biomass (b) of shoot and root in tomato seedling. The concentration-dependent uptake of Y2O3 NPs in 
the shoot (c) and root (d). CK represents the control group. The line (c) and curve (d) represent the fitting of the Michaelis-Menten equation. 
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space, cell wall and the chloroplast of tomato leaf samples in the treat-
ment of 100 mg⋅L− 1 NPs (Fig. 5b, c, d), which reflected that Y2O3 NPs 
could penetrate through the epidermis through the cortex as the apo-
plastic path. In addition, the observed vesicle-like structures illustrated 
that endocytosis was a translocation pathway of Y2O3 NPs to tomato 
seedlings (Fig. 5c). The entrance of NPs into plants is regulated by their 
particular barrier, which is mainly achieved by altering the solubility 

and other properties of the polymer as polysaccharides and pectin in the 
cell wall (Fincheira et al., 2020). Lv et al. (2019) have observed that NPs 
larger than 20 nm could enter the intercellular space, but only NPs 
smaller than 20 nm could cross the cell wall. NPs may enter the inter-
cellular space or even the xylem through damaged cell walls, enlarged 
pore diameters, or damaged roots caused by underground herbivores 
and mechanical diseases (Ullah et al., 2020). Hydroponic experiments 
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Fig. 5. TEM of tomato mesophyll cells under the control group (a) and Y2O3 NPs treatment (b-d). EDS of black granules in leaf cells of tomato seedlings (e).  
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have many advantages. For example, in hydroponic system, it is easy to 
control plant growth conditions (e.g., temperature, water flow rate and 
volume, nutrients, relative humidity and light duration) and less 
disturbance by external environmental factors, which also can prevent 
diseases from soil and reuse of water and nutrients (Lee and Lee, 2015). 
Therefore, the hydroponic experiment is a common method to evaluate 
the toxicity of chemicals (Lee and Lee, 2015). At the same time, this 
method does not mimic field conditions and may overestimate the 
phytotoxicity of NPs (García-Gómez et al., 2017). Fig. 6. 

3.6. A model for the effect of Y2O3 NPs on the growth of tomato seedlings 

NPs may affect many morphological, physiological and biochemical 
functions during the germination and growth of seedlings (Abbas et al., 
2020a). PLS-SEM was used to quantify the relationship between NPs, 
physiological and biochemical indicators, and seedling biomass using 
Smart PLS 3.0 software (Aboelmaged, 2018). All factor loadings of the 
measurement model were considered suitable because these loadings 
exceeded the threshold value of 0.7. Measurement reliability indicators, 
Cronbach’s alpha, rho_A and composite reliability surpassed 0.7, sug-
gesting adequate internal reliability of variables in this model (Wang 
et al., 2021). Moreover, the average variance extracted (AVE), the 
square of inter-construct correlations and variances loadings were more 
significant than the required threshold, which revealed a satisfactory 
convergent and discriminative validity of the model (Aboelmaged, 
2018; Henseler et al., 2016). The model fitted and predicted the data 
well, with a high R2 of all variances and predictive relevance (Q2). The 
loadings of measurement and structural models were significant 
(P < 0.01), and the T-test values greater than 2.0 confirmed the 
significance. 

The PLS-SEM model explained 97.9% of the variation in seedling 
biomass. The results showed that the concentration of Y2O3 NPs in 
nutrient solution significantly affects the distribution of NPs in tomato 
seedlings (e.g., content in shoots and roots) with a path coefficient of 
0.9. The physiological and biochemical indexes of seedlings, including 
the chlorophyll, proline, MDA, SOD, soluble protein, and root activity, 
were significantly influenced by NPs (path coefficient of − 0.9), with a 
whole indicator loading of 1.0. These indicators had a significant posi-
tive effect on the biomass of seedlings in shoot and root with a coeffi-
cient of 1.0. The concentration of NPs significantly affected plants’ 
morphology, physiology and biomass of shoot and root in plant. Hence, 
high concentration of NPs led to low biomass of plants. 

Exposure to REONPs present a stress factor affecting plant nutrient 
and water absorption and growth, leading to differences in biomass (Du 
et al., 2019). The root surface is negatively charged because of specific 
organic acid functional groups and mucus secreted by the root hairs. 

Therefore, the root tends to adsorb and accumulate the positively 
charged NPs (Abbas et al., 2021). After that, NPs must pass through a 
series of physiological barriers and translocate from root to the shoot 
through the xylem, resulting in the changes in physiological, biochem-
ical indicators and biomass of shoot and root (Abbas et al., 2020a; Lv 
et al., 2019). The transformation and uptake of REONPs on plants 
depend on the exposure concentration of NPs. It has been demonstrated 
that some plants’ growth was promoted at low concentrations of 
REONPs and inhibited at a higher concentration (Gong et al., 2019). 
Moreover, microorganisms and root exudates in the rhizosphere are the 
critical factors contributing to the uptake and translocation pathway of 
REONPs to plants (Hong et al., 2016). Herein, reducing the concentra-
tion and bioavailability of REONPs in soils and water was the primary 
way to control NPs in plants. 

The phytotoxicity of NPs on plants was determined by the charac-
teristics of NPs, such as type, particle size and shape (Yang et al., 2017a, 
2017b). For instance, the exposure to Fe3O4 NPs and TiO2 NPs induced 
stronger metabolic reprogramming in maize leaves and roots than SiO2 
NPs (Zhao et al., 2019). AuNPs were detected in tobacco (Nicotiana 
xanthi) at 3.5 nm spheres, but AuNPs in the form of 18 nm remained 
aggregated on the outer surface of the root (Sabo-Attwood et al., 2012). 
The rod-like CeO2 NPs have the largest amount of Ce in hydroponic 
cucumber plants and the highest chemical reactivity compared with 
octahedral, cubic and irregularly shaped CeO2 NPs (Zhang et al., 2017). 
Besides, plant species, growth medium and growth stage, microorgan-
isms and exudates in the rhizosphere significantly influenced the 
phytotoxicity of NPs (Yang et al., 2017a, 2017b). ZnO NPs had a 
stronger effect on oxidative stress of legumes in acidic soil than in 
calcareous soils, while the opposite was true for tomatoes (Gar-
cía-Gómez et al., 2017). There were no significant changes and suddenly 
reduced chlorophyll contents in barley leaves after the exposure to CuO 
NPs for 10 d and 20 d, respectively (Shaw et al., 2014). The addition of 
root exudates inhibited the growth rate of maize seedlings and increased 
the phytotoxicity of CuO NPs (Shang et al., 2019). 

4. Conclusion 

This study aimed to elucidate the morphological, physiological, and 
phytotoxic effects of Y2O3 NPs (mean size 25.5 nm) on the germination 
and growth of tomato seedlings. The finding revealed that most Y2O3 
NPs treatments (＞ 10 mg⋅L− 1) and soluble YIII delayed the germination 
of seeds, which inhibited the bud elongation, root elongation and root 
activity compared with the control. Similar results were observed for the 
effect of Y2O3 NPs on physiological indicators and membrane lipid 
peroxidation. Compared with soluble YIII, all Y2O3 NPs treatments had 
greater phytotoxic effect on tomato seedlings. The BAF values for shoots 
and roots were less than 1 and greater than 1, respectively. The shoot 
biomass was reduced by 0.2–6.3% across all levels of Y2O3 NPs, while 
the reduction for roots ranged between 1.0% and 11.3%. The bio-
accumulation factor, translocation factor, uptake process and biomass 
showed the translocation of NPs from root to shoot, and NPs tended to 
bioaccumulate in roots. Y2O3 NPs entered the cell wall through endo-
cytosis and were present in the intercellular spaces and cytoplasm of 
tomato seedling mesophyll cells. These results contributes to under-
standing of the translocation mechanism of Y2O3 NPs and the interaction 
between Y2O3 NPs and plants. Besides, the result of PLS-SEM confirmed 
the phytotoxic impact of Y2O3 NPs on the tomato seedlings under all 
treatments. Here, the translocation of Y2O3 NPs was also affected by 
characteristics of NPs, plant growth and exposure medium. This study is 
conducive to understanding and evaluating the influences of REONPs on 
the physiological uptake, translocation and phytotoxicity in plants. At 
the same time, it provides a basis for assessing the ecological and health 
risks caused by NPs through the food chain. 

Fig. 6. The relationship between NP concentration, physiological and 
morphological indicators, and biomass of plants. The circles and rectangles 
represent latent variables and manifest variables, respectively. The arrows 
represent the cause-total effect of the four variables with the path coefficient. 
The solid red and dotted blue lines represent negative and positive correlations, 
respectively. All path coefficients are significant at the 99.9% confidence level. 
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