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Table 1. The results of soil analysis
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1. Field Emission Scanning Electron Microscopy
2. Fourier Transform Infrared Spectroscopy
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Fig. 1. Fourier transformed infrared (FTIR) spectrum of the synthesized TiO2 nanoparticles
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Fig. 2. Field Emission Scanning Electron Microscopy (FE-SEM) images of synthesized TiO2 nanoparticles in
(a) 5 um field, (b) 2 um field, (c) 500 nm field, and (d) 200 nm field.
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Fig. 3. Final seedling emergence percent of sorghum in soil treated with TiO2 nanoparticles (TiO2 NPs); Error bars represent standard
deviation and different letters represent significant differences between the treatments (LSD, p<0.05).
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Fig. 4. Biomass (A) and length (B) of root and shoot of sorghum grown for 60 days in different TiO2 nanoparticles (TiO2 NPs)
concentrations; Error bars represent standard deviation and different letters for each trait represent significant differences between the

treatments (LSD, p<0.05).
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Table 2. Effect of TiO2 nanoparticles (TiO2 NPs) concentration on titanium (Ti) concentration in root and shoot, bioconcentration
factor (BCF) and translocation factor (TF) of Ti in sorghum plant grown in soil for 60 days (+ standard deviations are presented).

TiO2 NPs concentration

. ‘ b Ti concentration (mg kg™!) BCF TF
e 'L”':&kul;;fb el clle s B sl o
mg Xg
Root 4.5, Shoot ;|5 ol

0 460.65+58.57 336.27+63.43 2.05+0.06 0.75+0.22

100 667.5£51.25 513.984+34.86 2.18+0.12 0.77+0.07

250 755.35+82.77 679.82+93.74 2.68+0.07 0.90+0.12

500 951.44+104.21 970.47+88.29 3.08+0.23 1.03+£0.20

800 1175.67+158.23 822.92+76.69 2.43+0.09 0.71£0.14

1000 1331.80+117.29 865.63+60.23 2.31£0.10 0.65+0.08
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Abstract

Titanium dioxide nanoparticles (TiO, NPs) are being used widely for different purposes such as plant science
and environmental remediation. Soil remediation using TiO, NPs with the aim of minimizing their toxicity in
plants requires sufficient knowledge about the fate of these nanoparticles in the soil. Excessive amounts of
nanomaterials may pose inhibitory effects on the growth of plants cultivated in TiO, NPs-affected soils. The
main aim of this study was to investigate the effect of different levels of TiO, NPs in soil on sorghum
(Sorghum bicolor) growth and the fate of these nanoparticles in plants. Sorghum seeds were sown in plastic
pots containing different concentrations of TiO, NPs. Sorghum was found to be a tolerant plant species in the
presence of TiO, NPs in soil; however, addition of higher doses of TiO, NPs (i.e., 800 and 1000 mg kg™! soil)
adversely affected seed germination and plant growth. Results indicated that the total titanium (Ti) contents
in sorghum treated with nanoparticles increased compared to the control. Significantly higher accumulation
of Ti in the root compared to the shoot of sorghum was observed in all of the treatments. Results indicated
that the total Ti contents in the plants treated with TiO, NPs were higher than those in control, with the
highest Ti accumulation capacity of 21.32 mg per pot obtained in the soil treated with 500 mg kg TiO» NPs.
Toxicity of higher doses of TiO, NPs to the plants was observed in this study. The results showed that
sorghum has an acceptable tolerance in the low to moderate concentrations of TiO> NPs, whereas the high
concentrations of these nanoparticles have inhibitory effects on the sorghum growth. Selection and
application of proper doses of nanomaterials may prevent their negative effects on affected plants, while
promoting the plant phytoextraction ability.

Keywords: Environmental remediation, Phytoextraction, Plant growth, Nanoparticles, Toxicity.

Background and Objective: The use of nanomaterials in environmental remediation has attracted
considerable attention. Some plants are able to take up synthesized nanomaterials from soil and accumulate
them in their tissues. Nanomaterials may interact with plants by altering gene expression and corresponding
biological pathways, altering plant establishment and growth behavior in nanomaterials-affected soils. Many
of these nanomaterials were originally developed in order to increase the productivity of edible plants.
Titanium dioxide nanoparticles (TiO, NPs) have a wide range of applications, including environmental
remediation. Concerns over the adverse impacts of nanomaterials on the environment and human health have
been increased as the use of nanomaterials has increased significantly (1). This study examined the effect of
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excessive amounts of nanomaterials on the growth of sorghum plants cultivated in soils containing TiO, NPs.
Additionally, the fate of TiO, NPs in the plant was studied.

Methods: Seeds of sorghum (Sorghum bicolor) were sown in plastic pots containing varying concentrations
of TiO, nanoparticles. Sorghum plants were cultivated over a 60-day period in a greenhouse. Each pot was
planted with seeds at a depth of 1.5-2.0 cm below the surface soil. To simulate the natural conditions, pots
were kept under natural sunlight (10—12 hours of light) and watered twice or three times a week. The
experiments was carried out in three replicates. As a result of monitoring the emergence rate of seedlings in
pots in different treatments, the biomass and length of root and shoot of the plants were measured 60 days
after seeding. In order to determine the dry weight of the biomass, the plants were dried in an oven at 70 °C
for 48 h (2). The SPSS Statistics v. 24 was used for all statistical analyses. Significance of differences was
determined using one-way analysis of variance (ANOVA), followed by least significant difference (LSD)
test at p=0.05.

Results: The results indicated that sorghum is a tolerant plant species to TiO> NPs; however, the rate of seed
germination was significantly reduced when the soil contained 800—100 mg kg™ TiO, NPs. Plant biomass
yield was increased by applying 100 to 500 mg kg™ TiO» NPs to the soil, while plant biomass yield was
inhibited by higher TiO, NPs levels. The plants treated with TiO, NPs had greater Ti contents than those not
treated with TiO» NPs. The Ti contents of root and shoot of plants grew in the presence of TiO» NPs
increased by 2.06 and 2.88 times, respectively, in comparison with the control. In all treatments, the root
accumulated significantly more Ti than shoot, suggesting that root is the preferred organ for storing Ti. With
the addition of TiO, NPs at low to moderate concentrations, the accumulation capacity of sorghum for Ti was
effectively increased. The total Ti contents in the plants treated with TiO, NPs were higher than those in the
control. The soil treated with 500 mg kg!' TiO, NPs showed the highest capacity for Ti accumulation (i.e.,
21.32 mg per pot). Low to moderate concentrations of TiO, NPs did not have toxic effects on the plant,
whereas the concentrations of 800 and 1000 mg kg TiO» NPs had inhibitory effects on the sorghum growth.
It seems that low to moderate concentrations of TiO> NPs enhanced the phytoextraction ability of sorghum
for Ti as confirmed by literature (3).

Conclusions: This study aimed to assess the effect of TiO, NPs on the sorghum growth and the fate of the
nanomaterials in the plant. It was found that sorghum tolerated low to moderate concentrations of TiO, NPs,
however, toxicity of higher doses of TiO, NPs to the plants was observed. Selection and application of proper
doses of nanomaterials may prevent their negative effects on the plants, while promoting the plant
phytoextraction ability.
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