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AbstractArticle Info

Importance of the work: Titanium dioxide nanoparticles (TNPs) can enhance rice 
production; however, few studies have systematically investigated the effects of both 
TNP size and concentration.
Objectives: To determine the effects of TNPs in seed submersion and soil amendments 
on rice growth and yield.
Materials and Methods: A two-factor completely randomized design was used. 
Suspensions of 23 nm, 104 nm and 486 nm diameter TNPs were prepared at concentrations 
of 0–1,000 mg/L. Pathum Thani 1 and Khao Dok Mali 105 (KDML105) rice seeds were 
submerged. The soil was amended with TNPs. Rice growth, rice yield and titanium 
accumulation were recorded. 
Results: TNP treatments promoted plant height, chlorophyll content, the number of tillers 
per plant, weight and the number of good-quality seeds. TNPs had no effect on yield 
quality. Larger TNPs at a higher concentration led to greater plant height and chlorophyll 
content in both cultivars. Smaller TNPs at higher concentrations led to greater titanium 
accumulation in rice. The improvement of rice growth by TNPs was due to the promotion 
of photosynthesis. Smaller TNPs could penetrate rice tissues more readily, causing 
greater bioaccumulation. Larger TNPs agglomerated less in water, entered cytoplasm 
more efficiently and thus promoted photosynthesis more effectively. However, improved 
photosynthesis alone would not be sufficient for enhancing yield and yield quality.
Main finding: The combination of seed submersion and soil amendment with 486 nm 
TNPs at 1,000 mg/L concentration was recommended for improving rice growth. Future 
studies should explore the use of TNPs with other fertilizers to enhance rice yield and 
yield quality.
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Introduction 

	 Nanotechnology is a key path toward sustainable 
agriculture that can address the impacts of climate change 
on crop production (Usman et al., 2020). Due to their small 
sizes and unique properties, nanoparticles can enhance 
plant production more efficiently than traditional materials 
(Singh et al., 2021). Nano-fertilizers used in small quantities 
provide sufficient nutrients to plants, while reducing soil 
contamination, due to their high absorption rate into plants 
(Butt and Naseer, 2020) and high biochemical specificity 
(Verma et al., 2022). Encapsulated nano-pesticides ensure 
the delivery of active ingredients to specific targets and  
thus are less harmful to other beings than conventional choices 
(Wang et al., 2022). Nanomaterials are also implemented 
as soil and plant biosensors (Johnson et al., 2021) and soil 
remediation agents (Hussain et al., 2022). Nanoparticles  
have been demonstrated to improve the growth, yield  
and yield quality of various crops (Wang et al., 2020; Jakhar  
et al., 2022). The production of rice, one of the most  
important sources of food, can also be enhanced by the  
use of nanoparticles (Wang et al., 2021). However, excessive 
use and inappropriate choices of particle size can have negative 
effects on plant growth (El-Moneim et al., 2021). Thus, the 
usage of nanomaterials in rice production must be carefully 
considered.
	 Various types have been explored in agriculture, including 
organic (Chandel et al., 2022), metallic (Kale et al., 2021) and 
metal oxide (Dola et al., 2022; Zhou et al., 2023) nanoparticles. 
Titanium dioxide (TiO2) nanoparticles (TNPs) have received 
considerable interest in agricultural research (Rodríguez-
González et al., 2019) due to their photocatalytic capabilities 
when exposed to ultraviolet light (Mohadesi et al., 2022). 
Activated TNPs efficiently generate excited electrons, which 
can react with oxygen and water to create reactive oxygen 
species (ROS) (Ma et al., 2019). In rice, generated ROS 
can induce the activities of antioxidants such as superoxide 
dismutase and peroxidase (Rizwan et al., 2019). Due to the 
similarity in the chemical properties of titanium and iron ions, 
TNPs can improve the electron transport chain facilitated 
by iron-containing complexes in photosystem I and thus 
promote photosynthesis (Cigler et al., 2010). TNPs have been 
widely used in several industries, including cosmetics and 
food (Hsu et al., 2024). Thus, the mass production of TNPs 
can substantially improve cost-effectiveness in agriculture  
(Parrino and Palmisano, 2020). Indeed, long-term use of 

TNPs provides more nutrients to plants and reduces the net 
cost of fertilizers (Kumar et al., 2023). However, some studies 
revealed negative effects of TNPs on rice growth and yield 
(Faraz et al., 2020). Currently, no clear consensus has been 
established regarding the effects of TNPs on rice.
	 The effects of the variation in TNP sizes have been scarcely 
explored in studies on the impacts of TNPs on plants. Debnath 
et al. (2020) investigated the submersion of rice seeds in TNP 
suspensions of varying concentrations but only using one size 
(<100 nm) of TNPs. They reported that TNP concentrations 
of 20 parts per million (ppm) and 50 ppm were the most 
beneficial to rice seedling growth and grain yield. In contrast, 
Ji et al. (2017) showed that the submersion of rice seeds in  
21 nm diameter TNP suspensions with concentrations of  
10 ppm, 100 ppm and 1,000 ppm reduced root length and 
plant height. Additionally, TNPs can be added to the soil.  
For example, Zahra et al. (2017) investigated the addition 
of 20 nm diameter TNPs in P-deficient soil and the rice 
response. They reported that the addition of TNPs at  
50–750 ppm increased shoot length and dry weight.  
However, Waani et al. (2021) revealed that the addition of  
26.5 nm diameter TNPs into a silt-loam soil at 500–700 ppm  
reduced root length, shoot length and rice biomass. The effects 
of TNP size cannot be determined from these studies due to 
the differences in experimental conditions and the lack of 
size variation. A systematic study that varied both size and 
concentration would elucidate the proper usage of TNPs in rice 
production.
	 Theerak et al. (2023) and Theerak (2024) studied the 
effects of TNP size and concentration on rice growth and yield 
when rice seeds were submerged in TNP suspensions. In the 
early development of rice, the treatments with larger TNPs 
improved seedling and plant height, fresh and dry weight,  
as well as the survival rate more than those with smaller TNPs 
(Theerak et al., 2023). However, Theerak (2024) revealed 
that on days 90 and 120, the TNP exposure improved only 
rice plant height but had no impact on rice yield. While these 
studies revealed the limitations of TNPs, their usage was only 
implemented via seed submersion. Amending soil with TNPs 
is another viable method that could be used in conjunction 
with seed submersion. Therefore, the current work investigated 
for the first time the effects of TNP size and concentration on 
the combined usage of TNPs. The results of this study should 
provide a more comprehensive understanding of TNP usage for 
rice cultivation.



577W. Theerak et al. / Agr. Nat. Resour. 58 (2024) 575–584

Materials and Methods

	 An experiment with a complete randomized design with  
two factors (size and concentration) was conducted to 
investigate the use of TNPs (anatase) in the form of colloidal 
suspensions in rice seed submersion and soil amendment.  
The three nominal TNP sizes were 20–30 nm (small),  
80–120 nm (medium) and 400–600 nm (large) in diameter. 
The six TNP concentrations were 0 mg/L, 10 mg/L, 50 mg/L, 
100 mg/L, 250 mg/L and 1,000 mg/L. Two rice cultivars 
were studied—Pathum Thani 1 and Khao Dok Mali 105 
(KDML105)—being photoperiod insensitive and sensitive, 
respectively. Pathum Thani 1 rice was selected because of  
its high yield and popularity among local farmers. KDML105 
rice was chosen due to the high demand from consumers and  
its aromatic scent. Each treatment was repeated three times, 
with each repetition consisting of three pots.
	 TNPs were collected based on Theerak et al. (2023)  
and Theerak (2024) and used without modification.  
Briefly, the small and medium TNPs were purchased from 
US Research Nanomaterials Inc., while the large TNPs  
were synthesized via a modified sol-gel method (Tian  
et al., 2015). TNP size was characterized via scanning and 
transmission electron microscopy. The dynamic light scattering 
technique was used to investigate the agglomeration behavior 
of the TNPs and to measure the average hydrodynamic size. 
An IKA T25 digital Ultra-Turrax sonicator probe was used 
to prepare TNP suspensions of various concentrations at a 
speed of 1,000 rpm for 30 min to improve TNP dispersion.  
Before the experiment, the rice seeds were washed with  
clean water; only good-quality seeds were selected for the 
experiment. The soil used for this work was acquired from  
a local farm in Tumbon Khlong Ha, Khlong Laung district,  
Pathum Thani province, Thailand. The soil sample was 
characterized via proximate analysis at the Science Center, 
Valaya Alongkorn Rajabhat University under Royal  
Patronage, to quantify its pH, electrical conductivity, organic 
content, nitrogen content, phosphate content, potassium 
content and carbon-to-nitrogen ratio. The results of 
the soil analysis are presented in Table 1. To determine 
the Ti content in the soil, soil samples were dissolved in 
a 1:3 mixture of concentrated hydrochloric acid and 
concentrated nitric acid and then digested in closed vessels 
at 180°C for at least 30 min, until the solutions became  
clear. The solutions were diluted until the acid concentration  
reached 1% and were then characterized using inductively 

coupled plasma mass spectrometry (ICP-MS; Shimadzu 
ICPMS-2030).
	 In each treatment, 15 healthy rice seeds were submerged 
in 10 mL of a TNP suspension for 48 hr. The rice growth 
experiment began on 3 August 2022, for both cultivars, 
so that they were both ready for harvest on 1 December 
2022. Thus, the total growth period was 120 d. The rice 
seeds were transferred to a plastic pot (20 cm in diameter)  
filled with the local soil. The rice plants were watered daily and 
no other fertilizers were added. On average, the temperature 
was 32–35°C in the morning and 36–39 °C in the afternoon. 
After 25 d, 20 mL of the various TNP suspensions of similar 
size and concentration was added to separate pots of soil.  
The number of days until 50% flowering and until 50%  
harvest were recorded. On day 120, measurements were 
recorded of: plant height, leaf color (SPAD index),  
number of tillers per hill, fresh and dry weights, number  
of seeds per panicle, percentage of good-quality seeds and seed 
weight, width and length. Soil properties and seed nutrient 
profiles (starch, protein, fat, ash, humidity, calcium and 
potassium contents) were determined via proximate analysis. 
The Ti contents in each of the soil, rice roots, rice stems, 
rice leaves and rice grains were quantified using ICP-MS.  
The samples of rice roots, stems, leaves, and seeds were 
thoroughly washed with deionized water and ground separately. 
Then samples were prepared using the same procedure in 
preparation for ICP-MS. The collected data were analyzed 
based on a one-way analysis of variance using Fisher’s least 
significant difference and a two-way analysis of variance  
using Tukey’s honestly significant difference test. Pearson 
correlation coefficients were computed between significant 
variables.

Table 1	 Properties of soil used for this work

Soil property Value

pH 6.5

Electrical conductivity (mS/cm) 4.5

Organic matter (%) 1.30

Total N (%) 1.06

Total P2O5 (%) 1.31

Total K2O (%) 2.52

Carbon-to-nitrogen ratio 1.6
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Results and Discussion

	 The average sizes of the small, medium and large TNPs 
were 23 nm, 104 nm and 486 nm, respectively, while the 
average hydrodynamic sizes of the small, medium and large 
TNPs were 6.2 µm, 3.5 µm and 0.45 µm, respectively. The 
impact of TNP exposure on the plant height of the Pathum 
Thani 1 and KDML105 rice samples and the corresponding 
one-way analysis of variance results are shown in Table 2.  
TNP treatment highly significantly (p < 0.01) increased plant 
height for both rice cultivars, with the treatments with a higher 
concentration and larger TNP size showing better improvement. 
The two-way analysis of variance analysis (not shown in the 
Table) confirmed that the effects of TNP size and concentration 
and their interaction effects were highly significant (p < 0.01). 
The effects of TNP exposure on the SPAD indices of rice 
leaves, indicating chlorophyll content, were similar, as shown 
in Table 2. This similarity in the effects was confirmed by 
the positive correlation coefficients between plant height and 
SPAD index for both the Pathum Thani 1 and KDML105 rice 
cultivars, as shown in Figs. S1 and S2, respectively. However, 
there were some differences in plant response based on the 
effects of the TNPs on other growth quantities. As shown in 
Table 3, the TNP treatments enhanced the number of tillers 
per hill for both rice cultivars; however, according to the  
two-way analysis of variance, only the TNP concentration  
had a significant effect. Furthermore, among the treatments  

Table 2	 Plant height and leaf SPAD index of two rice varieties (Pathum Thani 1: PT 1 and Khao Dok Mali 105: KDML 105) subjected to titanium dioxide 
nanoparticle (TNP) exposure

TNP concentration
(mg/L)

Plant height (cm) for TNP size (nm) SPAD index for TNP size (nm)
20–30 80–120 400–600 20–30 80–120 400–600

PT 1
0 72.22±0.34f 72.22±0.24e 72.22±0.25f 11.06±0.07f 11.06±0.07e 11.06±0.07e

10 104.27±0.37e 109.71±0.37d 110.64±0.59e 11.81±0.03e 11.68±0.56de 13.67±1.11d

50 106.63±0.54d 110.30±0.25d 112.78±0.21d 12.48±0.13d 12.71±0.47cd 14.56±1.18cd

100 107.38±0.23c 112.56±0.28c 115.45±0.28c 13.45±0.11c 13.51±0.50c 15.07±0.63bc

250 108.70±0.30b 113.25±0.26b 116.26±0.26b 14.62±0.07b 14.78±0.48b 16.48±0.57ab

1,000 109.82±0.40a 116.26±0.55a 117.23±0.55a 16.12±0.11a 16.16±0.67a 18.23±0.25a

p-value, %CV <0.001, 13.2 <0.001, 14.5 <0.001, 15.0 <0.001, 13.3 <0.001, 13.9 <0.001, 16.1
KDML105
 0 75.06±1.20d 75.06±1.20d 75.06±1.20d 13.33±0.39e 13.33±0.39d 13.33±0.39c

10 107.36±1.08c 112.59±1.38c 113.56±1.69c 14.56±0.50de 14.62±1.37cd 16.94±1.64b

50 109.62±1.19b 113.59±0.86bc 115.40±1.59c 15.17±0.65cd 15.75±1.03bd 17.77±1.11b

100 109.65±1.11b 115.52±2.11b 118.76±1.76b 16.77±1.01c 16.73±0.97bc 17.69±1.08b

250 110.80±1.05b 115.56±0.72b 119.42±0.91b 17.48±0.66b 17.77±0.81b 19.35±0.64b

1,000 112.93±1.11a 120.00±1.46a 121.93±0.52a 20.26±0.42a 20.58±0.49a 22.59±0.26a

p-value, %CV <0.001, 12.8 <0.001, 14.3 <0.001, 14.9 <0.001, 14.6 <0.001, 15.3 <0.001, 16.5
CV = coefficient of variance; Values (mean ± SD) in same column with different lowercase superscripts are highly significantly (p < 0.01) different.

Table 3	 Number of tillers per hill of two rice varieties (Pathum Thani 1: 
PT 1 and Khao Dok Mali 105: KDML 105) subjected to titanium dioxide 
nanoparticle (TNP) exposure

TNP concentration
(mg/L)

Number of tillers per hill for TNP size (nm)
20–30 80–120 400–600

PT 1
0 4.50±0.84b 4.50±0.84b 4.50±0.84b

10 12.83±0.98a 13.17±1.33a 14.17±1.17a

50 14.00±1.10a 14.00±0.63a 12.83±0.98a

100 13.33±0.82a 14.17±1.17a 13.67±1.21a

250 12.83±0.75a 13.83±1.17a 13.50±1.38a

1,000 14.00±1.26a 13.17±1.17a 14.17±0.75a

p-value, %CV <0.001, 29.5 <0.001, 29.9 <0.001, 29.9
(KDML105) 0 3.67±0.52b 3.67±0.52b 3.67±0.52b

10 9.67±1.21a 9.83±1.33a 9.83±1.17a

50 10.17±0.75a 9.33±1.37a 9.83±1.33a

100 10.17±1.33a 10.17±1.17a 9.67±1.21a

250 9.67±1.21a 9.83±1.47a 9.33±1.37a

1,000 9.67±1.21a 8.83±0.76a 9.33±1.03a

p-value, %CV <0.001, 29.0 <0.001, 29.3 <0.001, 29.0
CV = coefficient of variance; Values (mean ± SD) in same column 
with different lowercase superscripts are highly significantly (p < 0.01) 
different.

with TNP concentrations above the control level, the effects 
were not different, indicating that increasing the TNP 
concentration above 10 mg/L provided no additional benefits 
and was thus wasteful. The effects of TNPs on the number of 
days until 50% flowering and 50% harvest (shown in Table 4)  
were similar to the effects on the number of tillers per hill. 
Nevertheless, despite the differences, these growth parameters 
were all positively correlated, according to Figs. S1 and S2.

https://li01.tci-thaijo.org/index.php/anres/article/view/265280/179190
https://li01.tci-thaijo.org/index.php/anres/article/view/265280/179190
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Table 4	 Days until 50% flowering and 50% harvest of two rice varieties (Pathum Thani 1: PT 1 and Khao Dok Mali 105: KDML 105) subjected to 
titanium dioxide nanoparticle (TNP) exposure

TNP concentration
(mg/L)

%50 flowering (days) for TNP size (nm) %50 harvest (days) for TNP size (nm)
20-30 80-120 400-600 20-30 80-120 400-600

PT 1
0 94.33±1.03b 94.33±1.03b 94.33±1.03b 111.83±0.75b 111.83±0.75b 111.83±0.75b

10 101.33±1.75a 102.00±1.26a 102.00±1.41a 123.83±0.75a 124.67±1.21a 125.50±1.38a

50 102.33±1.37a 102.17±1.60a 101.33±0.82a 124.67±1.21a 125.00±0.63a 126.00±0.89a

100 103.00±1.10a 102.67±1.51a 102.00±1.41a 125.50±1.38a 125.67±1.21a 125.67±1.21a

250 101.33±1.21a 103.83±0.41a 101.83±1.47a 126.00±1.26a 125.17±1.60a 125.50±1.38a

1,000 102.17±1.17a 101.50±1.76a 101.83±1.47a 125.17±0.75a 124.83±1.47a 125.33±1.03a

p-values, %CV <0.001, 3.2 <0.001, 3.4 <0.001, 3.1 <0.001, 4.2 <0.001, 4.1 <0.001, 4.2
KDML105
0 105.17±0.75b 105.17±0.75b 105.17±0.75b 119.67±1.03b 119.67±1.03b 119.67±1.03b

10 111.50±1.05a 111.67±1.03a 112.83±1.83a 134.50±1.38a 134.50±1.76a 135.67±1.51a

50 112.83±1.60a 112.83±1.17a 112.67±1.51a 135.83±1.60a 134.17±1.47a 136.00±0.89a

100 113.17±0.98a 111.50±1.38a 112.17±1.33a 135.67±0.82a 134.67±1.03a 135.17±1.17a

250 112.00±0.63a 112.33±1.51a 112.33±1.51a 135.17±1.47a 136.00±1.55a 135.83±0.75a

1,000 111.33±1.03a 111.50±1.52a 111.17±1.60a 135.83±1.83a 135.00±1.55a 135.83±1.17a

p-value, %CV <0.001, 2.6 <0.001, 2.6 <0.001, 2.7 <0.001, 4.6 <0.001, 4.5 <0.001, 4.6
CV = coefficient of variance; Values (mean ± SD) in same column with different lowercase superscripts are highly significantly (p < 0.01) different.

	 In addition, the effects were not uniform of TNPs on rice 
yield and yield quality. Table 5 summarizes the positive effects 
of TNPs on the fresh and dry weights of both rice cultivars. 
The two-way analysis of variance showed that the effects 
of size and concentration and the interaction between both 
effects were highly significant (p < 0.01). However, there was 
no difference among the treatments with TNP concentrations 
above 10 mg/L for each TNP size, which was similar to the 
TNP effects on the number of tillers per hill. In Table 6,  
the number of seeds and the percentage of good-quality  
seeds were positively influenced by the TNP treatments.  
Similar to the effects on fresh and dry weight, increasing the 
TNP concentrations beyond 10 mg/L did not have a positive 

impact on those seed qualities, though both the size and 
concentration effects were significant, as was their interaction. 
Still, these positive effects were positively correlated  
(Figs. S1 and S2) with the effects of TNP on rice growth and 
chlorophyll content, showing the link between the promotion 
of photosynthesis by TNPs and rice yield. However, as 
shown in Table 7 and Tables S1–S5, the TNP treatments had 
no significant (p > 0.05) effects on seed weight, seed width, 
seed length and the seed nutrient profile, which consisted of 
the contents of starch, protein, fat, humidity, ash, calcium and 
potassium. Therefore, while the application of TNPs alone 
improved the growth and some yield parameters of both rice 
cultivars, it did not enhance the yield quality.

Table 5	 Fresh and dry weight of two rice varieties (Pathum Thani 1: PT 1 and Khao Dok Mali 105: KDML 105) subjected to titanium dioxide nanoparticle 
(TNP) exposure

TNP concentration 
(mg/L)

Fresh weight (g) for TNP size (nm) Dry weight (g) for TNP size (nm)
20–30 80–120 400–600 20–30 80–120 400–600

PT 1
0 45.52±1.43b 45.52±1.43b 45.52±1.43b 6.50±0.88b 6.50±0.88b 6.50±0.88b

10 201.34±1.69a 268.13±1.55a 351.20±2.42a 24.50±0.81a 36.80±3.23a 39.90±3.54a

50 199.78±1.02a 272.49±1.55a 349.41±3.92a 24.46±2.76a 33.65±4.07a 48.95±3.67a

100 201.20±1.51a 270.90±3.01a 349.93±3.20a 23.63±2.52a 36.00±5.00a 44.29±7.06a

250 201.30±1.35a 269.29±2.60a 351.60±3.48a 24.78±2.50a 38.72±4.44a 43.87±7.65a

1,000 201.21±1.70a 271.77±3.38a 349.47±3.26a 24.94±2.96a 33.03±4.34a 44.23±7.42a

p-value, %CV <0.001, 33.6 <0.001, 36.5 <0.001, 38.5 <0.001, 33.1 <0.001, 38.2 <0.001, 40.6
KDML105
0 36.44±1.32b 36.44±1.32b 36.44±1.32b 4.94±0.66b 4.94±0.66b 4.94±0.66b

10 151.86±1.57a 171.24±1.89a 201.99±2.23a 21.31±2.51a 25.12±3.27a 28.83±4.10a

50 152.68±1.54a 170.91±2.56a 199.60±3.22a 21.50±1.97a 25.62±3.03a 31.29±2.53a

100 149.19±1.82a 172.08±1.84a 200.94±2.44a 21.02±3.26a 24.48±3.10a 26.23±2.68a

250 151.42±1.20a 171.72±2.35a 202.07±2.52a 21.06±0.86a 24.18±3.73a 27.90±2.76a

1,000 150.08±1.66a 169.39±1.99a 200.79±2.46a 21.72±1.73a 27.54±2.75a 27.74±3.78a

p-value, %CV <0.001, 32.8 <0.001, 34.2 <0.001, 35.9 <0.001, 34.9 <0.001, 37.6 <0.001, 38.4
CV = coefficient of variance; Values (mean ± SD) in same column with different lowercase superscripts are highly significantly (p < 0.01) different.

https://li01.tci-thaijo.org/index.php/anres/article/view/265280/179190
https://li01.tci-thaijo.org/index.php/anres/article/view/265280/179190
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Table 6	 Number of seeds and percent of good-quality seeds of two rice varieties (Pathum Thani 1: PT 1 and Khao Dok Mali 105: KDML 105) subjected 
to different titanium dioxide nanoparticle (TNP) sizes

TNP concentration
(mg/L)

Number of seeds for TNP size (nm) Percent of good-quality seeds (%) for TNP size (nm)
20–30 80–120 400–600 20–30 80–120 400–600

PT 1
0 29.50±0.84b 29.50±0.84b 29.50±0.84b 2.34±0.39c 2.34±0.39c 2.34±0.39c

10 149.33±3.98a 164.50±2.43a 178.67±3.27a 95.19±0.17b 96.33±0.15b 96.24±0.18b

50 148.17±3.13a 163.50±3.89a 180.67±3.01a 95.23±0.19b 96.28±0.16b 96.31±0.18b

100 146.83±2.56a 164.67±2.34a 178.17±2.56a 95.28±0.16b 96.20±0.12b 96.16±0.11b

250 148.83±3.25a 165.83±2.99a 178.67±3.08a 95.21±0.08b 96.21±0.14b 96.34±0.12b

1,000 152.17±3.66a 166.17±1.33a 181.83±1.33a 97.30±0.15a 97.99±0.17a 98.72±0.11a

p-value, %CV <0.001, 35.1 <0.001, 36.0 <0.001, 36.7 <0.001, 44.0 <0.001, 44.1 <0.001, 44.1
KDML105
0 27.67±2.25b 27.67±2.25b 27.67±2.25b 2.44±0.33c 2.44±0.33c 2.44±0.33c

10 139.50±3.62a 150.83±3.66a 161.67±2.42a 95.23±0.14b 96.32±0.19b 9.62±0.17b

50 138.83±2.71a 152.50±1.87a 158.83±3.49a 95.24±0.18b 96.24±0.16b 96.35±0.20b

100 137.83±3.19a 150.83±2.79a 161.33±1.86a 95.20±0.09b 96.20±0.13b 96.24±0.19b

250 140.00±2.10a 150.50±3.33a 160.67±4.18a 95.34±0.15b 96.27±0.16b 96.18±0.16b

1,000 141.17±1.17a 152.33±1.03a 162.00±1.63a 97.22±0.16a 97.95±0.13a 98.65±0.17a

p-value, %CV <0.001, 35.0 <0.001, 35.8 <0.001, 36.4 <0.001, 44.0 <0.001, 44.0 <0.001, 44.1
CV = coefficient of variance; Values (mean ± SD) in same column with different lowercase superscripts are highly significantly (p < 0.01) different.

Table 7	 Starch and protein content in grains from two rice varieties (Pathum Thani 1: PT 1 and Khao Dok Mali 105: KDML 105) subjected to titanium 
dioxide nanoparticle (TNP) exposure

TNP concentration
(mg/L)

Starch content (%) in grains for TNP size (nm) Protein content (%) in grains for TNP size (nm)
20–30 80–120 400–600 20–30 80–120 400–600

PT 1
0 - - - - - -
10 76.76±1.61 76.73±1.67 77.50±0.90 6.79±0.76 7.28±0.41 6.63±0.40
50 76.80±1.29 77.08±1.57 76.94±1.56 6.89±0.42 6.87±0.48 7.35±0.44
100 77.49±0.90 77.18±2.01 76.95±1.13 6.48±0.41 6.80±0.52 7.00±0.49
250 76.11±1.44 75.75±1.14 77.14±1.12 6.97±0.79 6.92±0.51 7.06±0.74
1,000 77.52±1.07 76.07±1.45 76.54±1.65 6.90±0.58 6.66±0.61 6.89±0.49
p-value, %CV 0.32, 1.70 0.46, 2.07 0.79, 1.62 0.66, 8.78 0.34, 7.52 0.23, 7.76
KDML105
 0 - - - - - -
10 77.27±1.46 76.31±1.68 75.81±1.90 7.11±0.60 7.45±0.30 7.17±0.73
50 76.30±1.54 76.75±1.64 75.86±1.47 6.90±0.51 6.51±0.59 7.28±0.54
100 77.79±0.93 76.36±0.73 76.83±0.79 7.25±0.33 6.79±0.68 7.04±0.54
250 76.58±0.86 75.77±0.57 76.84±1.91 7.45±0.62 6.98±0.65 6.88±0,67
1,000 76.76±1.12 76.40±1.75 76.86±1.73 6.94±0.54 7.00±0.62 6.52±0.37
p-value, %CV 0.26, 1.62 0.81, 1.71 0.60, 2.06 0.38, 7.48 0.12, 9.01 0.22, 8.63

CV = coefficient of variance; - = no grains produced

	 Soil properties and Ti accumulation in soil were 
characterized to further investigate the effects of TNPs. Soil 
pH, electrical conductivity, organic matter, total nitrogen,  
total phosphate, total potash content and carbon-to-nitrogen 
ratio were not impacted by any TNP treatment compared to 
the control treatment. Compared to those properties before  
rice cultivation, soil electrical conductivity, organic matter,  
total nitrogen, total phosphate and total potash content 
decreased, while the carbon-to-nitrogen ratio increased.  
These changes represented nutrients in soil being consumed 
by rice plants and were expected since no fertilizers (other  
than the TNP) had been added during the treatment.  

Ti accumulation in the soil in each treatment is shown in  
Table 8. When higher concentrations of TNP and larger TNPs 
were applied, more Ti was found in the soil. The higher Ti 
in the soil under the treatments with larger TNPs applied at 
similar concentrations suggested that the size might have had 
an impact on the absorption of TNPs by the rice. Indeed, this 
effect could be observed in the ICP-MS data in Tables 8 and 9,  
where Ti bioaccumulation in rice tissues was quantified. 
More Ti was accumulated in rice roots, stems and leaves 
when smaller TNP sizes and higher TNP concentrations  
were used. Therefore, smaller TNPs were more capable of 
passing through rice roots and reaching other plant parts. 
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Table 8	 Titanium content in soil and roots of two rice varieties (Pathum Thani 1: PT 1 and Khao Dok Mali 105: KDML 105) subjected to titanium dioxide 
nanoparticle (TNP) exposure

TNP concentration 
(mg/L)

Ti in soil (ppb) for TNP size (nm) Ti in roots (ppb) for TNP size (nm)
20–30 80–120 400–600 20–30 80–120 400–600

PT 1
0 4.2±0.1a 4.2±0.1a 4.2±0.1a 0.17±0.01f 0.27±0.01f 0.24±0.01f

10 77±1.1b 85±1.4b 103±0.8b 180.60±5.68e 162.07±5.10e 144.22±0.79e

50 295±3.7c 431±9.0c 543±11c 360.07±6.47d 324.76±13.98d 288.58±2.52d

100 912±7.1d 942±22d 1,091±10d 860.32±28.60c 774.49±26.76c 688.25±14.68c

250 2,874±42e 3,002±65e 3,193±41e 1280.81±44.25b 1152.33±47.68b 1024.50±43.24b

1,000 10,119±22f 10,375±9.0f 11,412±12f 2060.31±86.32a 1854.27±63.89a 1648.60±68.58a

p-value, %CV <0.001, 130 <0.001, 135 <0.001, 141 <0.001, 92.8 <0.001, 95.1 <0.001, 98.6
KDML105
0 4.6±0.1a 4.6±0.1a 4.6±0.1a 0.21±0.01f 0.16±0.01f 0.23±0.01f

10 67±1.4b 80±1.5a 94±2.1b 167.86±6.22e 151.40±2.81e 133.16±4.58e

50 278±2.6c 417±9.5b 477±12c 337.45±12.41d 303.81±10.45d 265.78±4.09d

100 856±12d 901±12c 953±7.6d 792.97±17.25c 717.21±25.18c 638.38±27.83c

250 2,340±29e 2,881±65d 3,013±65e 1194.85±21.36b 1070.04±41.06b 960.27±40.15b

1,000 10,231±22f 11,138±18e 12,264±26f 1903.23±41.07a 1734.72±74.58a 1517.46±70.93a

p-value, %CV <0.001, 138 <0.001, 132 <0.001, 129 <0.001, 92.5 <0.001, 98.9 <0.001, 94.6
ppb = parts per billion; CV = coefficient of variance; Values (mean ± SD) in same column with different lowercase superscripts are highly significantly 
(p < 0.01) different.

Table 9	 Titanium content in stems and leaves of two rice varieties (Pathum Thani 1: PT 1 and Khao Dok Mali 105: KDML 105) subjected to titanium 
dioxide nanoparticle (TNP) exposure

TNP concentration
(mg/L)

Ti in stems (ppb) for TNP size (nm) Ti in leaves (ppb) for TNP size (nm)
20–30 80–120 400–600 20–30 80–120 400–600

PT 1
0 0.25±0.01f 0.29±0.01f 0.23±0.01f 0.13±0.01f 0.25±0.01f 0.10±0.01f

10 2.14±0.01e 1.48±0.06e 2.01±0.08e 2.82±0.03e 2.33±0.06e 2.51±0.11e

50 3.36±0.07d 3.15±0.10d 2.64±0.08d 5.31±0.21d 5.10±0.20d 4.35±0.15d

100 7.39±0.18c 6.56±0.13c 5.82±0.18c 11.86±0.05c 11.27±0.41c 10.04±0.22c

250 9.89±0.21b 8.61±0.24b 7.97±0.21b 17.75±0.51b 16.05±0.14b 13.99±0.53b

1,000 15.50±0.36a 14.62±0.58a 13.16±0.45a 28.22±0.60a 25.49±0.79a 22.53±0.39a

p-value, %CV <0.001, 83.1 <0.001, 86.7 <0.001, 89.5 <0.001, 90.3 <0.001, 89.0 <0.001, 88.4
KDML105
0 0.24±0.01f 0.23±0.01f 0.12±0.01f 0.19±0.01f 0.23±0.01f 0.16±0.01f

10 1.72±0.04e 1.94±0.01e 1.49±0.03e 2.45±0.08e 2.84±0.08e 2.08±0.04e

50 3.36±0.08d 2.37±0.03d 2.30±0.04d 4.59±0.12d 4.72±0.11d 4.12±0.07d

100 6.46±0.24c 6.23±0.27c 5.62±0.16c 10.93±0.52c 10.26±0.21c 9.29±0.38c

250 9.36±0.23b 8.29±0.10b 7.52±0.06b 16.35±0.58b 14.94±0.37b 13.37±0.31b

1,000 14.86±0.57a 13.39±0.30a 11.36±0.37a 25.45±0.45a 22.79±0.99a 21.16±0.86a

p-value, %CV <0.001, 85.4 <0.001, 90.9 <0.001, 84.3 <0.001, 90.4 <0.001, 85.8 <0.001, 89.2
ppb = parts per billion; CV = coefficient of variance; Values (mean ± SD) in same column with different lowercase superscripts are highly significantly 
(p < 0.01) different.

However, Ti was not found in the grains of rice subjected to 
any treatment, revealing that TNPs could not reach rice grains. 
Since the usage of TNPs in food is under increasing scrutiny, 
especially in Europe (Bucher et al., 2024), the lack of Ti in the 
rice grains in the current experiments should help to ensure 
that current TNP application methods will remain viable under 
future TNP regulations.
	 Different responses to TNPs were observed in the 
current work compared to Theerak et al. (2023) and Theerak 
(2024) where the TNPs were used only in seed submersion.  
Rice height in both the current and earlier studies was impacted 

by TNPs; however, in the earlier study, the use of TNPs above 
10 mg/L provided no additional benefits, while in the current 
work, the TNP concentration at 1,000 mg/L led to the greatest 
plant height for all TNP sizes. The chlorophyll contents of 
leaves on day 120, as measured by SPAD indices, were not 
influenced by TNP treatments in the earlier work; however,  
in the current work, the use of the TNPs significantly  
improved the contents. More strikingly, in the earlier work,  
the TNP exposure did not improve the number of tillers 
per hill, and rice plants under all treatment did not reach 
flowering stages nor provide any grains. This discrepancy in 
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the effects showed that using TNPs for seed submersion and 
soil amendment was more beneficial than using them for seed 
submersion alone. While the earlier work revealed that seed 
submersion could improve photosynthesis in the seedlings 
of both rice cultivars, this effect only lasted for 30 d. Thus, 
to further enhance the photosynthesis in rice, the addition of  
TNPs to the soil should be conducted before day 30. In the 
current work, the addition occurred on day 25, with this timely 
TNP usage being sufficient to enhance rice growth and yield 
further.
	 The positive effects of TNP treatments in the current work 
were in general agreement with other studies, with some  
slight differences due to diverging experimental conditions.  
In a study by Zahra et al. (2017), soil amendment with 20 nm 
TNP suspensions with TNP concentrations up to 750 ppm 
enhanced both plant height and weight, which was in agreement 
with the current work. Notably, Zahra et al. (2017) also found 
that the TNP treatment with concentrations above 25 ppm 
did not necessarily provide additional benefits to rice weight, 
which matched well with the current results. The effects of 
TNP addition shown in both studies suggested that there were 
processes other than photosynthesis that were not influenced by 
the TNP treatments but were limiting factors for rice growth, 
flowering and grain filling. These processes could include plant 
transpiration (Peng et al., 2023) and carbohydrate metabolism 
(Hong et al., 2021). Because in both studies no additional 
fertilizers were added, these processes might be impeded and 
become limiting factors, leading to the diminished effects of 
TNP treatment on growth and yield parameters. Therefore,  
it is important to further study and optimize the use of TNPs, 
along with other fertilizers, so that all mechanisms responsible 
for plant growth and yield are enhanced. For example, Ullah  
et al. (2020) found that the use of TNPs along with phosphorus 
fertilizer improved wheat growth and yield more than the use 
of TNPs alone. Studies such as theirs on rice would promote 
more effective use of TNPs.
	 The study by Rafique et al. (2018) also investigated 
the use of 20 nm TNPs to amend soil for Galaxy 2013 rice 
cultivation. Those authors added TNPs in the form of powder 
rather than a suspension. Based on a comparison of soil mass, 
the TNP treatment in the current study with the suspension of 
1,000 mg/L was equivalent to the addition of 40 ppm of TNP 
powder in the work by Rafique et al. (2018) Similar to the 
current experiment, their study found that the TNP treatment 
improved rice height and chlorophyll content. This result 
supported the current findings regarding the effects of TNPs  
on rice growth and the underlying mechanism of TNPs. 

Rafique et al. (2018) also explored the addition of TNP powder 
at a concentration of 60 ppm, which was found to be even more 
beneficial to rice growth and photosynthesis, suggesting that  
a TNP suspension treatment above the maximum applied in the 
current experiment (1,000 mg/L) might provide better effects, 
which should be explored in future work. However, in the 
study by Xu et al. (2021), TNPs with a wide size distribution  
(20–100 nm) in powder form were added to the soil in which 
Wuyunjing 23 rice was grown. The concentration of TNPs 
was 200 ppm, which was more than eight times the maximum 
(1,000 mg/L) in the current treatment. The treatment in  
Xu et al. (2021) reduced the chlorophyll content of rice and 
grain weight, showing that excessive use of TNPs could 
become toxic to rice and that the toxicity of TNPs was related 
to the chlorophyll content. Thus, the link between TNPs and 
photosynthesis in rice identified in the current work was 
confirmed by Xu et al. (2021). 
	 The positive links between TNP treatment, rice growth 
and yield, and chlorophyll enhancement (shown in Figs. S1 
and S2) in the current work were confirmed by other works; 
however, the underlying mechanism was still not conclusive. 
Nonetheless, based on the results from the current study,  
it could be surmised that when TNPs were transported into the 
cytoplasm of rice cells, the titanium ions of the TNPs enhanced 
electron transport in photosystem I used in photosynthesis 
(Cigler et al., 2010). Due to the similarity in the chemical 
properties of titanium (Ti4+ and Ti3+) and iron ions (Fe3+ and 
Fe2+), redox reactions between the two types of ions could 
enhance the activities of iron ions that are crucial components 
in the complexes involving in photosystem I. In addition,  
Ti4+ and Fe3+ ions have similar ionic radii and thus can similarly 
bind to the electron donor proteins used in photosystem II. 
Thus, Ti4+ from TNPs may improve rice photosynthesis via 
photosystem II as well. The effects of TNP size observed in the 
current work were consistent with the proposed explanation 
given by Theerak et al. (2023) and Theerak (2024). According 
to Tripathi et al. (2017), TNPs must be transported from soil 
into rice roots and then pass through several plant tissues, 
with each tissue having a size exclusion limit, resulting in 
the passage of TNPs whose size is larger than this limit being 
hindered, though not completely blocked. One boundary that 
might play an important role in limiting TNP translocation is 
the endodermis, where TNPs and water transport are controlled 
by a Casparian strip. The size exclusion limit was reported to be 
around 1 nm (Wang et al., 2016). Because water is also limited 
by a Casparian strip, the size of TNPs, not the hydrodynamic 
size, is a salient factor in regulating the TNP passage.  

https://li01.tci-thaijo.org/index.php/anres/article/view/265280/179190
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Therefore, fewer TNPs of larger sizes will be transferred into 
rice. This was supported by the findings from the current 
work, which showed that smaller TNPs accumulated in rice 
roots, stems and leaves. Nevertheless, once the TNPs reach the 
rice leaves, they must be transported into the cell cytoplasm 
to influence photosynthesis. This passage into the cytoplasm 
is mediated by water making the hydrodynamic size the  
deciding parameter. Therefore, TNPs with a smaller 
hydrodynamic size would be transported more efficiently  
and could influence photosynthesis to a greater extent.  
For this reason, the large TNPs in the current study, with the 
smallest hydrodynamic size, had a better impact on rice growth 
and yield, despite accumulating in rice tissues to a lesser 
degree.
	 In conclusion, the current work highlighted the combined 
use of TNPs in seed submersion and soil amendment for 
enhancing rice growth. The large TNPs with an average 
diameter of 468 nm were the most beneficial to rice growth 
and resulted in the least Ti accumulation. Increasing the TNP 
concentration above 10 ppm further improved rice height and 
chlorophyll content but provided no benefits to other yield 
parameters. The TNP treatments did not have any effects on rice 
yield quality. Overall, TNPs improved rice growth and yield by 
promoting photosynthesis in the rice; however, other metabolic 
processes could be limiting factors to growth, flowering and 
grain filling in rice, which might, in turn, hinder the positive 
effects of TNPs. Therefore, the combined use of the large 
TNPs should be recommended to improve rice growth. Future 
work should explore the use of TNPs accompanied by other 
complementing fertilizers so that rice growth and yield can be 
optimized.
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